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Abstract. Laser-induced damage in optical components has long been acknowledged as a localized phenomenon linked to the presence of defects. Destructive
investigations combined to optical characterizations have led to the conclusion
that in high quality components the damage initiators are typically a few nanometers in size and have low densities. The understanding of damage phenomena
requires the development of non destructive evaluation techniques with both high
spatial resolution and sensitivity to detect these defects. In this context, a High
Resolution Photothermal Deﬂection microscope (HRPD) has been developed and
coupled with a damage facility at the same wavelength 1.064 µm. The behavior
under irradiation of model defects such as gold inclusions (3 to 250 nm) has
been studied. We show how HRPD gives determining information about damage
mechanisms.

1 Introduction
Laser-induced damage in case of pulse duration in the nanosecond range has long been
acknowledged as a localized phenomenon associated with the presence of defects such as nodules, scratches, fractures, polishing or cleaning residues, metal or dielectric contaminants [1–3].
Absorbing inclusions for example may induce thermal stress initiating damage in the material.
With the successive improvements in optical engineering especially on polished and coated surfaces, the damage initiators are no longer detectable by the usual optical methods. Destructive
investigations (statistical measurement of damage probability versus energy density, correlated
with damage morphology characterization) have led to the conclusion that defects, typically a
few nanometers in size, were responsible for laser damage initiation [4–6]. The understanding
of damage phenomena requires the development of non destructive tools with both high spatial
resolution and sensitivity to study precursors under intensive irradiation. These techniques have
to be implemented in damage set-up at the same wavelength for a detailed analysis of damage
mechanisms [7]. In this context, Photothermal microscopy (PM) has been widely employed
to characterize localized absorption and study the behavior of materials. A High Resolution
Photothermal Deﬂection microscope (HRPD) has been developed and coupled with a damage
facility at the same wavelength 1.064 µm [8]. It allows 50 nm-gold inclusions to be detected
and studied under illumination. The behavior of model defects such as gold inclusions of
diﬀerent sizes has been studied and experimental results compared with numerical simulations
of laser-matter interaction [9,10]. In this paper we ﬁrst give some information about the size
and the density of damage nanoprecursors on optical surfaces. Secondly we quickly present
the calculation tools used for absorption and photothermal deﬂection in case of spherical
a
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Fig. 1. a) AFM image of a damaged area in a silica ﬁlm. The diameter of the pulsed YAG beam
was 100 µm. We observe under the beam 3 to 7 damaged sites in 1000 µm2 , linked to precursor sites.
b) Damage probability curves measured at 1064 nm on 200 nm-silica ﬁlms prepared by diﬀerent
deposition techniques. The order of magnitude of precursor densities calculated from these curves
is the same, about 10 precursor sites in 1000 µm2 or 10−2 µm−2 .

inclusions. Then the HRPD experimental set-up is described with the method for calibration in
term of absorption. At least we present some examples of results obtained with model defects.

2 Density and size of nano-precursors of damage on optical surfaces
Making an absolute measurement of damage probability curves requires perfect control of all
experimental parameters and procedures which are described in details elsewhere [11–13].
Thanks to a statistical analysis, damage probability curves can give the density of damage
initiators in bulk, on bare surfaces and in thin ﬁlms [11–13]. We present in ﬁg. 1 an example
of result in case of silica thin ﬁlms. The order of magnitude of the defect density [13] is 10−2
defect/µm2 (ﬁg. 1b). Furthermore this calculated value is corroborated by AFM characterization of damage morphologies (ﬁg. 1a).
The size of these defects has been determined by using an indirect method based on the convergence of several optical data obtained from photothermal measurements and laser-damage
probabilities [14]. The size range of precursors is 20–240 nm: metallic ones are close to 20 nm and
dielectric close to 200 nm. Because the low values of area density, the mean distance between
defects is high compared with the defect size and the defects are isolated. Thus their detection
is a single particule problem.

3 Calculation of absorption and modulated temperature distribution
in case of spherical absorbing inclusions
The eﬀects of reduction of the pump beam diameter to 1 µm are well-known for photothermal
deﬂection : a strong reduction of the spatial extension of the thermal wave and the photothermal
signal is independent on modulation frequency over a large range. In order to have a physical insight of phenomena occurring in optical absorption, thermal diﬀusion and photothermal
deﬂection, in case of observation of nanoscale objects, it is important to calculate ﬁrst the electric ﬁeld around the particle by using Mie theory (ﬁgure 2a). By integration of the electric ﬁeld
we can thus calculate the absorption due to the inclusion and by solving the classical heat diffusion equations, obtain the distribution of temperature (ﬁg. 2b). We observe that the thermal
wave does not extend beyond a domain related to the absorbing domain (about 5 times the
diameter of the inclusion). A consequence is that pump and probe beams have to be focused
at the same point with a high precision, inside the absorbing domain.
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Fig. 2. (a) Example of calculation of the normalized E-ﬁeld distribution inside and outside a 3-nm
spherical gold inclusion embedded in silica irradiated at 1064 nm with polarization described in ﬁgure.
This calculation is performed in the plane of incident ﬁeld, thanks to Mie theory. (b) Normalized
modulated temperature distribution inside and outside the inclusion versus normalized distance for
two diameters 3 and 250 nm and for modulation frequency 106 Hz.

4 High Resolution Photothermal Deflection microscope combined
with damage facility and calibration in term of absorption
The microscope (ﬁgure 3a) is based on photothermal deﬂection of the transmitted probe beam:
the CW pump beam (1064 nm wavelength) and the probe beam are collinear and focused
through the same objective. The diameter of the pump beam on the sample surface is 1 µm.
Laser damage thresholds are measured thanks to a pulsed beam (1064-nm wavelength and 6-ns
pulse) and the relative spatial positions of beams are controlled by a Nomarski microscope
coupled to a CCD camera (not presented in the ﬁgure). To control the focalization of both
probe and pump beams, translation stages with a precision of 0.1 micrometer have to be used.
The experimental system is automated and piezoelectric translation stages with a precision of
10 nanometers permit the 3 axis-movement of the sample. The Nomarski microscope allows easy
positioning on a deﬁned area of the sample. We performed calibration of signal when imaging
gold nanoinclusions of various diameters by using the usual procedure with a sample of known
absorption (titanium implanted silica with adapted dose) and we compared these values with
calculations of absorption using Mie theory [30]. We obtained consistent results for calculated
and measured values of absorption (ﬁg. 3b).

5 Example of results on model defects such as gold inclusions
With the aim of observing the initiation of damage, engineered defects of nanometric size
have been used. In these model samples, diﬀerent sizes (250, 100 and 3 nm) of calibrated gold
inclusions are embedded in ultra-pure silica deposited by evaporation or sputtering. Using an
atomic force microscope (AFM), we were able to study the topography of the sample surface.
The localization of the gold particles is made by coupling AFM observations and Nomarski
microscopy. The height of the dome rising above each inclusion corresponds roughly to the
diameter of the inclusion, permitting us to evaluate its size. We have used the HRPD microscope
to measure the local absorption change through irradiation [15]. This study permitted us to
discriminate between two distinct stages of material modiﬁcation vs. ﬂuence of irradiation: one
detectable at the surface with apparition of cracks (ﬂuence noted Ts) and the second in the
neighbourhood of the embedded particle with the decrease of its optical absorption at lower
ﬂuence (noted Tp and called “pre-damage” threshold). Fig. 4 describes the pre-damage stage.
The evolution of the absorption of several 250 nm gold particles after diﬀerent single shot laser
irradiations is presented. In each case the ﬂuence of the incident beam is less than the laser
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Fig. 3. (a) High resolution photothermal microscope combined with a damage test set-up, both at
1064 nm wavelength. The diameter of the CW YAG laser used as a pump beam for photothermal
microscope is 1 µm at the sample surface. (b) Absorption of gold inclusion in silica calculated by Mie
theory (continuous line) versus inclusion diameter and measured by photothermal deﬂection (dots).

damage threshold. In ﬁg. 4a we have the evolution of HRPD images of the diﬀerent 250 nm-gold
inclusions after one shot at the given ﬂuence (from 0.5 to 7.5 J/cm2 ). In ﬁg. 4b we present the
evolution of the normalized gold inclusion absorption under single shot irradiation, deduced
from HRPD images (maximum value of absorption). At low ﬂuence, we can notice that the
local absorption of the gold inclusion is constant, at the initial value. When the ﬂuence of
irradiation increases, an important and apparently linear decrease of the optical absorption
is experimentally observed. In this framework, we may call the intersection of this line with
2
the value 1, the “pre-damage” threshold. We ﬁnd the result Tp = 1.5 ± 0.1 J/cm . In these
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Fig. 4. Pre-damage stage for 250 nm-gold inclusions. a) Evolution of HRPD images of 250 nm-gold
inclusions after one shot at the given ﬂuence (from 0.5 to 7.5 J/cm2 ). b) Evolution of the gold inclusion
absorption under single shot irradiation, deduced from HRPD images.

conditions, the ratio Tp/ Ts is equal to 7. We can notice here that photothermal microscopy
allows a quantitative and accurate determination of Tp/Ts. Comparison of this value with
numerical simulations show that the pre-damage stage is linked to the melting of the gold
inclusion.
The spatial resolution of the HRPD set-up is not suﬃcient to resolve 3 nm-gold inclusions
even in the case of isolated defect. However it is possible to study by this way the damaged
sites. Similar study has been performed on 3 nm-samples with an area density of 1 defect/µm2
and a 30 nm-ﬁlm thickness. At high ﬂuence (23 J/cm2 ) and in case of single shot irradiation we
observe a strong change of the material through Nomarski microscope (macroscopic damage).
For lower ﬂuences (8 J/cm2 ), localized damages appear initiated by the metallic inclusions but
the damage density is lower than the inclusion density: the deposited energy is not suﬃcient
to reveal all the model defects. Thus we observe again the “pre-damage” eﬀect through the
Nomarski microscope. AFM study shows that pre-damage stage is characterized by a buckling
of the ﬁlm with as mall pit (ﬁg. 5b). In Fig. 5 we present an observation of the damages on
the surface by using three diﬀerent microscopes: Nomarski, atomic force and photothermal
deﬂection. HRPD images show a small increase of absorption in pre-damaged areas only near
the borders of the pit. The absorption increases from 10−5 (mean value in non irradiated areas)
to 4 · 10−5 . In damaged areas the absorption is 10−4 . This measured increase of absorption is
an experimental proof of the growth mechanism proposed by Papernov [16].

6 Conclusion
A High-Resolution Photothermal Deﬂection Microscope permits to detect nano-sized absorbing
defects responsible of the laser-induced damage. Particularly, the collinear conﬁguration coupled
with a reduction of the pump beam diameter to 1 µm allows to study the defects localized in a
coating. Currently, metallic inclusions of few tens nanometers can be detected. The use of 3D
piezoelectric translation stages permits to obtain a mapping of the optical absorption in the
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Fig. 5. Case of gold inclusions of diameter 3 nm inserted at a depth of 30 nm with an area density of
1 incl./µm2 . Observation of the damages on the surface by using three diﬀerent microscopes: Nomarski
(a), atomic force (b) and photothermal deﬂection (c). We observe the small increase of absorption in
the ﬂaked regions showing the modiﬁcation of the surrounding silica.

three directions. It gives images of spatial distribution of absorption and calibration of signal
in term of absorption can be performed. Moreover, the coupling with a laser of damage has
permitted to study with high accuracy the initiation stage of damage process.
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