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The microstructural thermal response of fused silica subjected to laser-induced breakdown was investigated. Rapid 

thermal annealing of laser modified material at the surface was achieved using a CO2 laser, and the relaxation 

response of photoluminescence, infrared (IR) reflectance, electron, and white light microscope images were 

recorded. Subsequent nanosecond pulsed laser damage threshold measurements revealed thermally-driven kinetics 

which were dominated by absorbing defect annealing at heat treatment temperatures (THT) below ~1200 K and 

material toughening at higher THT. A decrease in the peak photoluminescence lifetime with THT revealed two types 

of defects which were correlated with non-bridging IR vibrational modes. Near the glass transition temperature, a 

weakening of the laser modified material was observed and explained in terms of a residual compressive stress 

relaxation. A nonlinear absorption model was used to predict optical breakdown threshold and compared with 

critical fracture predictions based on crack tip annealing. Combined with a qualitative stress relaxation analysis, our 

model agrees well with the experimental data and yields insight to the rate-limiting contributions driving the onset of 

laser-induced breakdown in defective silica.

Subject Classification Numbers: 42.70.Ce, 78.55.Qr, 78.30.-j, 81.40.Ef, 81.40.Tv, 65.60.+a, 81.40.Np
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1. Introduction

Demand for increased output from high-power laser systems is driven by a number of technologies 

including ultraviolet (UV) lithography, micromachining, and laser-driven inertial confinement fusion 

(e.g., Laser MegaJoule and National Ignition Facility). The corresponding energy densities are ultimately 

limited by the susceptibility of the internal optical components to laser-induced breakdown. In particular, 

localized breakdown at the surface of fused silica under nanosecond-pulsed laser conditions can lead to 

the formation of a crater and associated subsurface cracks (collectively referred to as a damage site) [1].

Though such a site is typically only a few to few tens of microns in diameter when created [2], if left 

without intervention it can grow large enough to render even a large (1000 cm2) optic unusable [3]. In the 

case of high quality, occlusion-free large aperture optics, replacement can be costly. 

Recent improvements in post-processing technology have resulted in fused silica optics which exhibit 

an order of magnitude fewer damage sites [4]. Because of this reduced number of sites per optic, the 

ability to repair individual sites has the potential to extend the useful lifetime of large aperture optics by 

more than a factor of ten.  For example, it has been known for some time that surface heating using a 

continuous wave (cw) CO2 laser increases resistance to damage initiation by nanosecond pulsed laser 

exposure compared to that of conventional mechanically polished optics [5]. Despite this early discovery, 

the mechanisms involved in damage threshold increase from such laser ‘fire polishing’ have never been 

established, nor has there been a systematic study linking changes in material properties to direct thermal 

characterization. It was later demonstrated that CO2 laser polishing of an already existing SiO2 surface 

damage site can increase its resistance to damage by UV laser pulses and therefore arrest growth [6]. CO2

laser exposure in this sub-ablation threshold regime was later identified with local flow and redistribution 

of the material in the damaged volume [7-9]. However, it is not known how these modifications in the 

microstructure directly relate to the observed increase in damage threshold fluence (th).

Several mechanisms that may be responsible for the re-initiation of damage of optical materials 

subject to high average power nanosecond laser exposure have been suggested. In particular, 1) local 
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intensification of the incident light field due to irregular optical surface morphology [10, 11], 2) 

absorption of incident laser pulse energy via the presence of electronic defects[12], followed by local 

heating [13], expansion, and magnification of the stress intensity factor, and 3) decrease in the fracture 

toughness due to the higher density of micro-cracks in the damaged material [14] all may lead to damage 

re-initiation. Although each of these can interact with the others in a complex manner, we hypothesize 

that they manifest with distinct structural relaxation behaviors as a function of heat treatment temperature 

(THT) and time (tHT). 

For example, in a previous study we found an inverse correlation between the peak THT of a CO2

laser-irradiated damage site and photoluminescence intensity for a constant tHT, revealing distinct 

relaxation behaviors of electronic defects being probed under different UV excitation wavelengths [15].

Damage that disrupts bonds and modifies the local electronic structure of pristine silica (intrinsic band 

gap ~9 eV) can generate such optical absorption states at energies of just a few eV. These sub-band gap 

states were originally detected in the silica bulk [8], but similar states have also been found at the surface 

and are treatable by local CO2 laser heating [16, 17].

A number of studies have focused on generating the theoretical framework for CO2-laser based 

mitigation of laser-induced damage in fused silica [18-20]. None, however, have included all of the 

previously proposed phenomena presently known to occur in the glass substrate during damage, namely 

influence of cracks, local stress, absorber concentration and distribution, and local light intensification.

In this work, we critically assess the onset of nanosecond pulsed laser damage and identify three 

distinct annealing regimes of defective fused silica as expressed in the complex th dependence on THT

and tHT. This complex dependence arises from the co-occurrence of morphological, mechanical, and 

electronic structure relaxation that can be antagonistic. We probe the thermal kinetics of these 

microstructural modifications under rapid (relative to conventional oven-based) thermal anneal using 

temporally and spectrally-resolved optical spectroscopy and relate the results to measured UV laser-

induced breakdown threshold. Photoluminescence (PL) and µm-scale spatial resolution Fourier transform 

infrared (FTIR) spectroscopy reveal two distinct defect populations which anneal with different kinetics. 
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At low annealing temperature and short heating time, the laser-induced breakdown threshold of damaged 

silica depends mainly on the annealing of photo-active defects. Under more aggressive annealing 

conditions, the damage threshold is determined by crack tip blunting and the resulting material strength 

increase. At intermediate annealing conditions a decrease in breakdown threshold is observed and 

explained in terms of stress relaxation. A theoretical model is developed and used to rationalize the 

experimental results and gives insight to the rate-limiting contributions to breakdown fluence as a 

function of thermal annealing conditions. 

2. Experimental procedure

A regular array of localized laser-induced damage sites was created on the rear surface of a type III 

(Corning 7980, 800-1000 [OH] ppm by wt.) fused silica window by a focused 355 nm 7-nanosecond, 50 

J/cm2 pulse as described previously [21]. Initiated sites were then exposed to additional (3-4) pulses at 

~10 J/cm2 until grown to d0 ~150 µm in diameter. An SEM micrograph of a typical grown damage site is 

displayed in Fig. 1(a).  Each site was then exposed under ambient conditions to a rapid thermal anneal 

using a 10.6 µm continuous-wave (cw) CO2 laser (Synrad Firestar V20, 1/e2 beam diameter of 0.77 mm) 

as described in Section 2.1.  Section 2.2 describes the photoluminescence measurements to characterize 

electronic defect density.  Section 2.3 details microstructural characterization using synchrotron-based 

FTIR.  Finally, Section 2.4 describes the pulsed laser damage testing and damage threshold determination 

methods.

2.1 Sample preparation

In situ thermal emission measurements based on a calibrated mercury cadmium telluride (MCT) 

camera were used to measure local CO2 laser heat treatment temperature (THT) as described previously

[22, 23]. Each site received a single exposure of 1100<THT<2250 (±50) K and heat-treatment exposure 

time tHT of 3 – 300 seconds, with n=8 sites per (THT, tHT) group. These laser annealing conditions represent 

near steady-state heating in the treated area of our fused silica samples[22]. Each group was chosen so as 
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to span relevant critical surface temperatures (from below the glass transition temperature Tg ~1315 K for 

Type III silica to 2500 K, just below the onset of evaporation ~2800 K) and expected bulk relaxation 

kinetics of SiO2 [24]. This range of treatment parameters reflects the large span (~1012 s) of shear 

relaxation times R=HT/G) where  is viscosity and G=31 GPa is the shear modulus) under which 

damage annealing evolves. Owing to the relatively rapid annealing conditions (tHT ~10’s of s compared to 

several hours for an oven anneal), no devitrification was observed as a result of any of the thermal 

treatments. Additionally, 8 sites received no CO2 laser heat-treatment and served as control. An SEM 

micrograph of a damage site distinct from that shown in Fig. 1(a) and treated at 2250 K for 30 s is shown 

in Fig. 1(b). Smoothing of crater features was observed in SEM images only for treatments ≥ ~1650 K.

2.2 Time-resolved photoluminescence spectroscopy

In order to estimate the residual concentration of electronic defects following annealing, a pulsed, 

focused laser beam (405 nm, 150 ps full width at half maximum, 20 MHz repetition rate) was used as a 

PL excitation source. A time-resolved histogram of the emission filtered above 450 nm was detected by a 

time-correlated single photon counting system described in detail elsewhere [25]. This choice of 

excitation-emission wavelength corresponds to absorption-emission of defects previously associated with 

UV laser-induced damage silica [16, 25]. While CO2 laser exposure can theoretically drive off hydrogen 

from OH groups and generate dangling oxygen bonds on the undamaged surface, no additional PL due to 

CO2 laser heating was observed. Time-resolved PL emission of silica flaws has been interpreted as being 

derived from a distribution of lifetimes [26]. Following this approach, the data were fit to the function 

obtained by convolving the instrument response function (IRF) with the following stretched exponential 

model 

exp( ( / ) )y A t   (1)
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using maximum likelihood estimator fitting in order to determine the relationship between treatment 

conditions and the nature of the lifetime decay. As β decreases from 1, the simple exponential becomes 

increasingly stretched.

In a separate measurement, the same excitation source was used to collect an emission spectrum from 

each site. The emission was delivered to a spectrometer (Acton 300i) and detected by an avalanche 

photodiode capable of single photon counting. This arrangement yielded a spectral range of 360 – 800 nm 

with resolution of 1 nm. 

2.3 Synchrotron-based Fourier transform infrared spectroscopy

To determine microstructural features related to the molecular bond network of treated sites, µm-scale 

spatial resolution IR reflectivity measurements were performed at beam line 1.4.3 of the Advanced Light 

Source (ALS) at Lawrence Berkeley National Laboratory under ambient conditions. Coherent IR light 

from the synchrotron was directed through a Nicolet Magna 760 Fourier transform infrared (FTIR) 

interferometer bench with a KBr beam splitter and a Spectra Tech Nic-Plan IR microscope (32× 

objective, NA = 0.65, diffraction-limited spot size of ~10 m). An MCT detector collected the reflected 

light over a frequency range of 650–4000 cm-1 with a spectral resolution of ~4 cm-1. Sample images were 

acquired with an automated microscope stage (Prior ProScan II) with step size of 10 μm. 

2.4 Damage testing with diagnostic imaging

Following PL and FTIR characterization, the local UV laser damage fluence threshold (φth) at each 

site was measured. Sites were exposed in vacuum (10-6 Torr) to a series of temporally flat 5-ns laser 

pulses of increasing fluence between 2.5-13.0 J/cm2, in ~1J/cm2 steps using a custom-built, large aperture 

(30 mm diameter) 351 nm laser system [27]. For sites that did not damage up to the 13 J/cm2 system limit, 

the laser energy was focused down to a 17 mm diameter beam, allowing a local fluence of 14-30 J/cm2. 

Ex situ high resolution microscopy (10×/0.28NA) was used to detect laser breakdown events on sites. The 

damage threshold φth was defined to be the mean laser fluence over a 500 μm × 500 μm square patch 

surrounding the damage site at which the site exhibited an increase in its initial diameter [28, 29]. Figure 
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1(c) shows an SEM micrograph of a damage site treated at 2200 K for 100 s. Inset is an optical 

micrograph of the site shown in c) prior to damage testing. Arrows are registered and correspond to the 

location where damage re-initiated.

3. Results

Section 3.1 presents the thermally-induced change in UV excited state population densities and lifetimes, 

identifying two distinct species contributing to optical emission.  Section 3.2 associates these changes to 

the microstructure of silica, revealing two types of Si-O dangling bond defects.  Section 3.3 presents UV 

laser damage threshold enhancement as a function of thermal anneal.  Section 3.4 offers a thermo-

mechanical model and analysis which combines optical defect absorption and crack tip blunting effects to 

predict optical damage threshold changes.

3.1 Evolution of excited state decay lifetimes

An example fit to the lifetime histogram of an untreated site, which does not obey a single lifetime-

valued decay, is shown in Fig. 2(a). Rather, a distribution of lifetimes was expected based on the variety 

of defects found in laser-damaged silica [16, 25]. The background-subtracted PL intensity is shown in 

Fig. 2(b). Low treatment temperature (THT=1250 K) PL emission intensity was roughly half that of 

untreated sites. As THT approached the softening point (1860 K for Type III silica), total PL intensity 

began to substantially decrease to levels 2 orders of magnitude lower than that of the untreated sites. In 

addition, at a given THT, longer anneal exposure times reduced the PL emission intensity by ~2× for every 

10× increase in tHT. A more meaningful visualization of the effect of thermal treatment on PL lifetime is 

achieved by plotting the distribution of lifetimes derived from the fits. Assuming a Gaussian distribution 

of lifetimes, we see in Fig. 3(a) that for the case for tHT = 30 s, the peak of the distribution tends to shift to 

shorter lifetimes with increasing THT, plotted explicitly in Fig, 3(b) (with the exception of the 100 s case 

and data at THT = 2250 K, the latter which exhibits significant noise). First, a negligible change in lifetime 

(300 K vs. 1250 K) is associated with a ~2× decrease in PL intensity, while a strong decrease in lifetime 

from ~2.1 to 0.7 ns (~0.7× decrease between 1250 K and 2250 K) is associated with a much larger 
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decrease in PL intensity (50×, Fig. 2(b)).  This suggests that there may be multiple types of emitting 

defects within the UV laser damaged regions of fused silica. 

To identify specific electronic defects, a PL spectrum from an untreated site is shown in Fig. 4. A 

broadband emission is observed under this excitation covering bands previously observed in spectra of 

laser-damaged silica: oxygen deficiency centers (ODC, centered at 2.7 eV), non-bridging oxygen hole 

centers (NBOHC, centered at 1.9 eV) [8, 16], and continuum-like sub-microsecond emission lifetime 

(broadband emission centered at 2.2 eV) [25], respectively.

Normalized FTIR microreflectance spectra of the core region of UV laser damage sites exposed to a 

range of THT for 30 s are shown in Fig. 5. The spectrum of untreated, as-received silica is shown, 

indicating three broad features in the frequency range 650 – 1400 cm-1, corresponding to the Si-O-Si 

symmetric stretching vibration (SS ~790 cm-1), the transverse optic (TO) Si-O-Si asymmetric stretching 

vibration (AS-TO~1120 cm-1) and the longitudinal optic (LO) Si-O-Si asymmetric stretching vibration 

(AS-LO ~1250 cm-1) [30].  We note that there was some degree of variation among damage sites, but that 

the additional features relative to the as-received case were generally consistent among them. As THT

increases, a red shift and decrease of the AS-LO mode intensity (relative to AS-TO mode intensity) is 

observed. This AS-LO mode intensity only starts to decrease significantly in the THT range where 

smoothing of the damage site became visible under SEM (~1650 K) and approaches that of as-received 

silica at 2250 K (Fig. 5). This observation is consistent with oblique angle scattering [30] from an 

irregular surface that is reduced as the morphology evolves toward planarity with decreasing viscosity. 

An unexpectedly large decrease in this mode occurs following the highest THT. This is perhaps due to the 

elimination of local roughness that is otherwise present at lower THT and which is also related to the 

dependence of what spatial frequencies can be smoothed at various THT and tHT [9]. Thus, the AS-LO mode 

serves as a sensitive probe of the morphology and microstructure which evolves with annealing.

Between 850 and 1050 cm-1, additional structure was observed that was recently reported [31] which 

is not typical of as-received amorphous SiO2.  In particular, a weak shoulder is observed in the range 
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1000-1050 cm-1 that appears close to previously reported A2u modes of UV laser shock-induced stishovite

[32]. More distinctly, between 850 and 1000 cm-1 (shaded region of Fig. 5) a band is observable which 

has previously been attributed to non-bridging SiO vibration [31]. A low frequency (~875 cm-1) and high 

frequency (~940 cm-1) component of this band can be identified in the untreated spectrum.  The low 

frequency component appears to quench under THT=1250 K thermal anneal while the high frequency 

component blue shifts and quenches for THT>1250 K annealing. Collectively, these bands decrease with 

both THT and tHT.

3.2 Optical breakdown threshold enhancement

Figure 6 shows the damage threshold φth dependence on THT and tHT. Sites which received no 

treatment (control) exhibited a mean φth of 4.9 ± 0.9 J/cm2. The same value for φth was obtained for the 

mildest treatment conditions (THT, tHT) = (1150 K, 3 s) and is the value to which all of the data converged 

at low THT. For long tHT (>100 s), φth increased monotonically from this value with THT. However, for 

shorter tHT, φth un-expectedly decreased for a THT interval before increasing again at high THT; for 

example, for the series at 30 s, a slight decrease in φth was observed at THT =1350 K (just above the glass 

transition temperature Tg ~1315 K for Type III silica) [33]. For even shorter times, this decrease was more 

significant and occurred at higher values of THT (1600 K for the 10 s series). This decrease in φth suggests 

a THT interval (~1500-1850 K) for tHT on the order of 10 s or less over which the sites actually damage at a 

lower fluence than those left untreated. Furthermore, the slope of the φth curves vs. THT was progressively 

steeper for THT > 1750 K treatments. The differences in behavior of each of the curves of Fig. 6 suggest 

that there could be competing time- and temperature-dependent kinetics involved in the thermally-driven 

modification of the breakdown threshold as discussed later. 

3.3 Modeling of optical breakdown and material strength

In Section 3.4.1 we apply a transient thermo-mechanical model explicitly incorporating the change in 

UV absorber concentration, temperature-dependent physical properties, and absorption due to free 

carriers.  Section 3.4.2 uses the Inglis equation to estimate material strength based on an evolving crack 



10

tip geometry.  The fluence, absorber concentrations, tensile stresses, and fracture strengths of damaged 

silica are estimated by comparing the φth data to this model. 

3.3.1 Laser energy deposition and thermal strain

Recently, a model for laser absorption, which includes a temperature-induced band collapse and 

electronic contribution to the thermal conductivity, was proposed to explain pulse length-dependent 

changes in initiated damage site morphology [34]. An initially-heated region which triggers an 

‘absorption front’ dependent on laser intensity I was used to simulate a high absorptivity precursor in an 

otherwise featureless silica-air interface.  In our case, the PL emission data suggests the presence of more 

than one defect precursor which can anneal away with heat treatment, but are in contact with less 

defective, as-received silica.  Thus we model two zones within a damage site: one in the ‘core’ region 

with a single fixed absorption coefficient, �� (for simplicity) producing a heat source �� = ��� and one 

with a temperature-dependent absorption coefficient ��(�) of bulk silica producing a heat source 

�� = ���.  A schematic of the geometry near an absorbing core region is shown in left side of Fig. 7.  

The laser-driven heat transport equation is given in terms of a total heat source � = �� + �� by

���
��

��
+ ���� ∙ �� = � ∙ (���) + � (2)

where �, �� and � are the temperature-dependent mass density, heat capacity and thermal conductivity 

respectively. The temperature, T, associated with the nanosecond laser heating process discussed here 

and in what follows is not be confused with the previously described annealing temperature, THT.  In this 

model radiation transport is neglected as noted previously [34]. The second term on the left includes heat 

transport due to elastic body motion in terms of the velocity field �.  Light-matter coupling is described 

by a simplified photon transport expression (Beer-Lambert absorption), 

��

��
= −��,�� (3)

with incident radiation taken to be in the z-direction in our simulations.  In terms of core region size, we 
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chose a 100 nm radius hemisphere, consistent with observed defect region thicknesses of mechanically-

indented features [35].  In fact, the size of the core region had little effect on the peak temperatures but 

moved the location of the absorption front edge accordingly.  Similarly, planar absorbing regions were 

studied, and the effect on peak temperatures was small compared with overall changes in �� and I0. An 

example of the simulated temperature profile for ��=1.5x103 cm-1 and I0=20 J/cm2 after 2.5 ns of laser 

irradiation is shown in the right side of Fig. 7. 

At the high temperatures generated by laser absorption (T~104 K), the mechanical behavior of silica 

will include viscoplastic and ductile response. In addition, a shock wave can be launched after rapid 

heating and plasma generation which is not included in our model.  However, because brittle failure 

criterion in the damaged area might be achieved at much lower temperatures (<3000 K), we include only 

(linear) thermoelasticity in our model for stress induced by laser heating and limit any quantitative 

discussion of stress calculated with the finite element model to these lower temperatures. At higher 

transient temperatures where thermal runaway occurs (T>3000 K), the estimates for stress should serve as 

a lower bound to those expected from shock waves [36] .  Calculated stress fields can then be compared 

with failure criterion derived from linear elastic fracture mechanics.  The equations of elasticity to be 

solved are then

�
���

��� − � ∙ � = 0,

� = �: (� − ����), ��� = ��� − ����� (4)

� =
1

2
(∇� + ∇��)

where � and � are the isotropic stress and strain tensors respectively, C is the elasticity tensor and α is the 

coefficient of (volume) thermal expansion. Equation (2) and (4) are thus coupled through �. All material 

properties for fused silica were taken from Ref. [24].  Equations (2)-(4) were solved numerically in a 2D 

axisymmetric geometry using COMSOL Multiphysics finite element analysis software.  The model 
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domain consisted of a 22 m sample with variable meshing of ~10,000 elements.  For the heat transport 

equation, insulating boundary conditions were used on the side and exit surfaces, while the input surface 

was held at T=293.15 K.  The photon intensity equation was solved with fixed values for I = I0, the initial 

intensity. We imposed a fixed constraint at the input surface and free surfaces on other boundaries in 

solving the elastic equations.  Figure 8 shows the peak axial temperature generated by a 5 ns pulse as a 

function of (log) core absorption coefficient, �� and incident laser fluence. A steep increase in 

temperature can be observed at about 500 cm-1 for high fluence (~20 J/cm2) and at about 4x103 cm-1 for 

fluence in the range 2~5 J/cm2.  At higher fluence and/or higher ��, a plateau in T near 15,000 K can be 

seen due to large contributions of electronic transport to heat losses.  We note however, that at these high 

temperatures other heat loss processes such as evaporation and radiation will contribute implying that our 

high T results are an over-estimate. Nonetheless, our results are in good agreement with T values 

previously calculated using a T=8,000 K initiating temperature seed [37].

The absorbed laser energy leads to heating, plasma formation, launch of a shock wave and eventually 

(>1 ns) the propagation of a pressure wave outward from an absorbing region [38, 39].  Besides local 

breakdown from the aforementioned rapid absorption mechanisms, damage may ‘grow’ when stress fields 

generated at arbitrary temperatures overlap spatially with material most prone to fail, i.e. material 

containing pre-existing cracks.  Because the macroscopic behavior of the failure is that of brittle fracture, 

we calculate the maximum mode 1 tensile stress generated from pulsed laser heating. Figure 9 displays 

the simulated principal hoop stress profile following a 2 GW/cm2, 5 ns (10 J/cm2) laser pulse with ��=103

cm-1 and =1.65 ppm/K. At the end of the laser pulse, a peak compressive (negative) stress of ~60 MPa 

occurs on axis at the location of the absorber (as expected) below the surface along with peak tensile 

(positive) stress at the surface ~150 nm off-axis. The temporal evolution of the maximum tensile hoop 

stress and temperature are plotted in Figs. 9 (b-c), respectively.  From this simulation we see that peak 

stresses approach ~10 MPa for laser intensity less than 3 GW/cm2 (15 J/cm2) with maximum temperatures 

reaching ~2900 K. In contrast, the 3 GW/cm2 case leads to tensile stresses in excess of 500 MPa as well 
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as thermal runaway.  However, the high density of pre-existing cracks will compromise the effective 

strength of the damage site. We now consider this point in more detail.

3.4.2 Material strength and crack healing

The Inglis equation [40] can be used to describe the critical stress (��) condition for crack 

propagation and ultimately the failure criterion for brittle materials in terms of crack morphology and the 

theoretical strength ��� of a material:

�� >
���

�
�

�

�
  (5)

In Eq. 5 above, c is the length of an idealized notch within a continuous brittle material and R is the radius 

of curvature of the crack tip in the notch.  Though the Griffith model [41] is perhaps a more widely used 

alternative for brittle failure criterion, the Inglis equation contains explicit information on crack tip 

morphology which has been argued crucial for a thermodynamically consistent model [42].  Furthermore, 

while a more complete description of crack tip stresses can be achieved using atomistic modeling [43],

our goal is to capture the essential features of the crack morphology-stress relationship as it pertains to 

laser damage threshold. Specifically, Eq. 5 quantifies the stress concentration � = 2�� �⁄ , at the crack tip 

where the applied load is magnified, causing the material to fail far below its theoretical limit.  For 

example, as a result of polishing-induced micro-fracture, the aforementioned tensile strength of an as-

received silica slab is ~50 MPa, whereas the theoretical strength is ���~25 GPa implying �~500.  With a 

fracture toughness of 0.75 MPa√m for silica, this tensile strength implies a crack length of 145 m. We 

have previously evaluated the critical stress criterion for laser-induced damage and found the crack length 

to be roughly equal to the average damage site diameter [24, 44].  Thus, we expect the yield point of the 

untreated damage site studied here to fall in the range 50~75 MPa.  Referring to Fig. 9, we expect then 

that a critical stress is only achieved for absorptivity-fluence pairs which lead to thermal runaway.  

However, for annealed sites, the critical stress threshold can increase due to changes in crack morphology 

as discussed below.
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For THT>>Tg the viscosity of fused silica decreases to the point where capillary forces and surface 

diffusion will start to affect surface morphology [45]. Cracks will recede with blunting at the crack tip, 

and fuse together, until no cracks remain and the surface is smooth and devoid of cleaved-like features

[46, 47]. In terms of fracture strength or brittle failure criteria, Eq. 5 implies that  will decrease from a 

decrease in c, an increase in R, or both.  We postulate that at the onset of annealing, crack tip blunting will 

first drive decreases in , owing to the short (~nm) length scales of the crack tip. A simple formalism for 

estimating morphological changes of a periodic structure due to annealing was proposed previously by 

Mullins, where capillarity, diffusion and evaporation-induced smoothing was cast in terms of spatial 

filtering in the frequency domain [9].  Despite the expectation that surface diffusion could be important in 

general, recent studies suggest that at submicron length scales, capillarity is the dominant surface 

smoothing mechanism for heated (~1700 K) silica surfaces [45, 48]. Under such conditions, the rate of 

change of the surface height S under annealing is expressed as

dS
S

dt





  (6)

where  is the surface energy,  is the viscosity, and  is the spatial frequency.  Generally  is a weak 

function of temperature in the temperature range studied here, so consider it a constant =0.3 N/m2 [49].  

Fused silica viscosity, however, varies as an Arrhenius with temperature as  0 exp aE RT  where we 

take =3x10-10 Pa·s and Ea=603 kJ/mole from recent measurements of laser induced surface smoothing

[45]. An idealized 1D saw tooth surface with 44.5o slopes was chosen to simulate a crack in evaluating 

Eq.(6) numerically [50]. The initial crack tip radius was 1.1 nm, as inferred by combining the Griffith and 

Inglis equations for brittle failure.  Taken together, Eqs. (5) and (6) allow us to estimate the effect of crack 

tip healing on strength to assess its impact on the laser damage threshold. 

4. Discussion
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The SEM images of Fig. 1 suggest a distinct difference in the nature of the damage that occurs near 

the low THT, near-constant fluence regime vs. the high THT regime of the damage threshold curve (Fig.6). 

In Fig. 1(a) the large lateral crack seen in the upper left corner of the site represents a mechanically weak 

region and likely propagates at stresses achieved long before evaporative temperatures. In comparison, 

the re-initiated damage of Fig. 1(c) occurred at a fluence of 7 J/cm2, above the 4.9 J/cm2 baseline, and on 

a smoother, mechanically stronger surface devoid of fracture. 

We discuss the laser-induced mechanical strengthening and defect healing portions of the model to 

determine their relative contributions to the enhancement in fluence threshold. From a material response 

standpoint, it is instructive to unify the temperature and time variables into a dimensionless material state 

variable ≡tHTG/. Figure 10 displays a comparison of the damage threshold behavior and predicted 

strength (c=100 m) behavior as a function of . The log-log plots for φth and f shown span a scale of 2 

to 42 J/cm2 and 20 to 420 MPa, respectively.  Our model is represented by the solid line of the strength 

plot. 

It is interesting to compare our results to those of Hirao and Tomozawa [14] who modeled the failure 

strength, f, of abraded silicate samples as a function of annealing time, t and temperature T as

�� =
���

�
�

�

��
�

�/�
�

�

���

�

�(�)
t + B�

�/�

(7)

where a is the crack radius (proportional but not equal to crack tip radius) and B is a constant on the order 

of unity determined by initial crack geometry.  To compare with our crack tip blunting model in section 

3.4.2, we consider a 100 m crack length, B=1 and an initial strength of 41 MPa (a=2.3 nm).  As shown, 

both our model and the Hirao model agree fairly well, with the latter increasing with  more slowly due to 

the 1/3 power law dependence. For mild anneal conditions 103, change in predicted crack morphology 

and hence damage site strength does not vary appreciably.  This is to be compared with significant 

changes in φth for 10-5<103 where φth either decreases (tHT=3, 10s) or increases (tHT=30-300s).  This 

observation leads us to the conclusion that crack tip blunting does not play a role in the damage threshold 
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improvement under these heat treatment conditions.  Indeed, the lack of a unified dependence of φth on 

103 implies that simple capillarity is not the dominant physical phenomenon. However, the steep 

increase in φth for 103 does, in fact, correlate well with the steep onset of capillary flow-induced 

strengthening. Furthermore, the similar dependence of φth vs. in this heat treatment regime also suggests 

that capillarity is a plausible mechanism for damage threshold increase at high (tHT, THT). This predicted 

behavior in damage threshold can also be compared with direct strength measurements of ~100 m 

indents on silicate glass surfaces subjected to thermal annealing [51] as shown by the symbols plotted in 

Fig. 10. Consistent with our model, strengthening due to crack tip blunting in those experiments did not 

occur for  less than about 103~104.  

Near 102, a dip occurs in the 3 and 10 s data which is not immediately addressed in any of our 

modeling so far. We rationalize this behavior as follows. Previously, a decrease in the laser damage 

threshold fluence of as-received silica was observed upon removal of a compressive stress load, 

suggesting that such an observed enhancement is stress-related [52]. Indeed, residual stresses have 

recently been observed in and around damage sites caused by successive UV laser damage events through 

birefringence measurements [53]. Therefore it is reasonable to assume that stress relaxation will influence 

damage threshold, depending on whether the stress field will stabilize or weaken regions of the damage 

site. Assuming Maxwellian viscoelastic behavior with simple rheological behavior [54], stress relaxation 

in silica glass will evolve as 

��(�, �) = �����(−�/��) (8)

where R=G is the shear stress relaxation time.  For example, for a 100 s laser exposure that caused 

the glass temperature to rise to T~1315 K (=1013.6 Pa·s), the stress in the glass would relax to roughly 

7.5% of its original value.  Noting that  is also equal to tHT/R, we plot R/0 in the graph of Fig. 10 

associated with the right vertical scale, and compare it with the damage threshold behavior for 102.  As 

shown, the decrease in damage threshold appears correlated with the calculated decrease in residual stress 
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that may be present in the damage site.  Similar to the scaling argument given above for f, the decrease 

in th tends to scale with , supporting the idea that the effect is viscosity driven.

From Eq. 7 it can be shown that for high THT (THT>~1600 K), the term 3γt/2πaη >> B and Hirao’s 

crack tip blunting model predicts φth ~ tHT
1/3. If we plot φth vs. tHT on a log-log scale (Fig. 11), we see that 

around Tg, (specifically for the THT < 1580 K) there is no strong temporal dependence on φth. This could 

be expected since the proposed weakening of the material attributed to stress relaxation is countering the 

threshold enhancement due to electronic defect annihilation as discussed below. But at intermediate THT

(1580-1680 K), a 1/3 power dependence does become apparent as expected by the Hirao model. At higher 

THT corresponding to the regime where crack tip blunting dominates damage sites strengthening, the tHT

dependence climbs beyond 1/3, agreeing (at least qualitatively) with our model.

Having related threshold to crack tip blunting under aggressive annealing conditions (large tHT, THT) 

and stress relaxation at intermediary annealing conditions, we now consider the role of absorption in a 

system with no pre-existing cracks in order to model the 1) onset of a growth event and 2) threshold 

enhancement at treatment conditions well below those permitting capillary-driven crack tip blunting. 

Using our laser absorption-thermal model, we first note that the thermal runaway phenomenon is highly 

dependent on the value of the absorption coefficient in the core region, c.  This establishes a natural 

threshold effect (φth vs. c) for a given laser intensity, as observed in Fig. 8 of section 3.4.1.  That is, if c

is too small, the precursor will heat, possibly inducing some densification but will not lead to explosive 

material vaporization and cracking. We intend to use this fact to explore how the annealing of optical 

defects should influence the damage threshold, assuming  is constant.  For φth = 4.9 J/cm2, our thermal 

model (Fig. 8), would predict an absorbing core absorption coefficient of 2.1x103 cm-1, assuming a 

temperature threshold equal to the boiling point of silica (~3000 K).  We then assume that the measured 

PL intensities of Fig. 2 (���) are linearly proportional to the concentration of defects and therefore scale 

with estimated absorption coefficient as ��  =  ���� , where M = 0.24 cm-1 is the proportionality constant 
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determined from the intersection of the 3000 K isotherm with data from untreated sites (solid curve) and 

our laser absorption model Eq. 2.

Figure 12 plots φth as a function of βc as derived from the total PL intensity measurements. For the 

THT range of 300-1250 K, the results from Figs. 2(b) and 6 show that the substantial decrease (~2×) in PL 

intensity (and therefore defect concentration n for a constant lifetime) was not accompanied by an 

expected decrease in φth: for log(c) > 5, the thermal model (curves, Fig. 12) predicts a continued decrease 

in φth with increasing c in which the higher the density of absorbers generating heat, the lower the 

fluence necessary to heat SiO2 above its boiling point. Instead, in this low THT limit, φth appears from 

experiment to clamp at ~4.9 J/cm2 and suggests that other physical phenomena for absorption exist. It 

should be emphasized that the M-curves of Fig. 12 were derived solely from thermal runaway conditions, 

in which subsequent stresses cause failure, and do not depend on stresses from finite element modeling 

(which beyond thermal runaway are not well understood).

Due to the observed threshold phenomenon at higher absorber concentration, the treated sites do not 

lie along this same curve. Moreover, the data points in Fig. 12 corresponding to different time series do 

not overlap with each other when plotted against a generalized material parameter c, thus requiring 

modeling of additional kinetics regarding the defects or damage mechanism more generally to explain 

more completely. The 3000 K isotherm was then fitted to the various time series data (Fig. 12, dashed 

lines) and the best-fit value of M is indicated. Modifying M to 0.097 cm-1 shows good agreement with the 

low temperature φth observed in the 300 s series and its corresponding thermal runaway isotherm. In fact, 

good agreement continues through shorter tHT series until the high THT case of the 10 s series and all data 

from the 3 s series. In these cases we note the onset of observed stress relaxation effects and poor 

agreement with failure by absorption alone. It is interesting to note that this deviation from 10 s data and 

model occurs after the shaded region corresponding to δ=103, the normalized treatment time parameter 

value which marked the boundary between capillary-driven crack tip blunting and stress relaxation. This 

result further supports the dominance of each of these two phenomena in these respective regimes.
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It is possible (and suggested by the observed PL spectra and stretched exponential lifetime 

distributions) that in fact multiple types of defects are present. This postulation is further supported by the 

two distinct temperature-dependent behaviors of the non-bridging oxygen modes observed in the FTIR 

spectra, namely the population that depletes with THT (mode at 875 cm-1) and the population that blue 

shifts with THT (mode at 940 cm-1). In an attempt to confirm the nature of these defects, we immersed 

unannealed laser damaged sites in 100% H2 gas at room temperature and pressure to chemically probe the 

presence of NBO dangling bonds [55].  An 80% decrease in total PL was observed after ~30 minutes of 

soaking, consistent with hydrogen passivation of NBO defects typical at Si/SiO2 interfaces of metal-

oxide-semiconductors [56], followed by a slow (~18 hours) recovery to pre-soak PL levels. More 

interestingly UV damage tests, which were performed immediately after soak when PL was low, showed 

no significant increase in damage threshold expected from our model (Eq. 2).  Hence we conclude that an 

NBO defect population around 875 cm-1 exists that is both PL active but un-related to laser induced 

breakdown. A more precise characterization of this defect population is ongoing and will be reported 

later. In contrast the modes around 975 cm-1 were previously observed in damage sites induced by 

nanosecond UV laser exposure of increasing pulse length [31]. It was proposed that the blue shift 

observed in that study may be due to the generation of a larger fraction of dangling bonds on the surface 

relative to bulk with increasing pulse length. Analogously, higher THT may be healing defects 

preferentially in the bulk compared to the exposed defects (fewer interactions) at the surface. Higher 

spatial resolution in situ spectroscopic measurements during laser annealing would permit a more detailed 

determination of relaxation mechanisms at the atomistic level.

In general, the existence of a φth limit at low THT suggests that the population being annealed does not 

contribute to damage and is dominated by radiative relaxation mechanisms. In this scenario, less of the 

absorbed UV pulse energy gets converted to catastrophic heat and a change in threshold fluence is not 

observed. Such an enhancement in PL efficiency has been detected in semiconductors despite relatively 

high (though inhomogeneous) defect density [57]. The shortening of the peak PL lifetime suggests that as 

the different defect types are healed with THT, they possibly become more interacting due to increased 



20

mobility at higher THT despite healing and decreasing in absolute concentration. 

5. Conclusions

Thermal annealing of laser modified SiO2 was used to study microstructural defect evolution and 

relate the results to laser-induced breakdown threshold limits.  Photoluminescence and infrared 

spectroscopy revealed two populations of defects which correlated with two annealing regimes of the 

laser modified material.  Under slower annealing conditions (THT~1250 K, tHT~300 s), the annihilation of 

absorbing defects was the dominant threshold enhancement contributor while at high THT material 

toughening caused by crack tip blunting is argued to play a more important role.  Near the glass transition 

temperature, a weakening of the laser modified material was observed and explained in terms of a 

residual compressive stress relaxation. A nonlinear thermo-mechanical model was extended to include 

non-uniform absorber concentrations and used to predict optical breakdown threshold and generated 

stress fields. By estimating defect concentrations using measured PL, a reasonable agreement between 

model predictions and experiment was achieved.  
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Figure 1. SEM images of 3 typical damage sites at various stages of annealing at three distinct 

annealing regimes: (a) a site after several damage growth exposures with no thermal treatment, 

(b) a site treated at 2250 K for 30 s, and c) another site treated at 1750 K for 100 s and then 

tested for damage threshold at 7.0 J/cm2. Inset shows optical micrograph of site prior to damage 

test. Arrows indicate region where damage re-initiated and are co-registered.

a)

b)

c) Optical
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Figure 2. (a) Example of stretched-exponential fit to lifetime histogram of untreated site. (b) 

Total long-pass PL intensity under pulsed 405 nm excitation, excluding constant component 

from fits. Results from damage sites are shown over a range of CO2 laser treatment temperatures 

for given exposure time. 
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Figure 3. (a) Lifetime distributions derived using best-fit parameters obtained from sites treated 

at various temperatures for an exposure time of 30 s. (b) Value of lifetime at peak of distribution 

is shown for all treatment conditions.  
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Figure 4: PL spectra under cw 405 nm excitation of an untreated vs. a treated damage site.
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Figure 5: FTIR microreflectance spectra (semi-log scale) from core region of damage sites for 

different THT at tHT = 30 s. Two modes associated with non-bridging oxygen are indicated with 

arrows in the SiO band. Shaded portion of spectrum corresponds to non-bridging oxygen modes.

The dotted line indicates the position of νAS-LO, the asymmetric stretch longitudinal optic mode in 

silica.
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Figure 6: Damage threshold fluence of CO2 laser-heated damage sites for the indicated treatment 

exposure times. Error bars represent ±1 standard deviation (n=8 for each data point).
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Figure 7: Simulation geometry near region of UV absorbing precursors at the exit surface 

indicated by an absorption coefficient .  The calculated temperature map corresponds to t=2.5 

ns after laser irradiation and for =1.5x103 cm-1 and I0=20 J/cm2.
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Figure 9: a) Principal hoop stress profile at the end of a 5 ns, 2 GW/cm2 laser pulse incident 

on a c=103 cm-1 nano-absorber. Maximum (tensile) hoop stress (b) and temperature (c) over 

a 2x2 m domain as a function of time and laser intensity for a 5 ns pulse incident on a 100 nm 

absorbing hemisphere. The horizontal band in b) denotes the expected range of critical stress for 

the damage sites studied here.  The square trace in c) indicates the temporal position of the laser 

pulse. 
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Figure 10: Threshold fluence (top graph) and stress predictions (bottom graph) plotted against 

normalized by CO2 laser treatment time. The failure strength (stress) predicted by Hirao et al. 

(dashed line) is compared with our crack healing model (solid). Also shown in the bottom graph 

(right axis) is the predicted stress relaxation behavior for a rheologically simple glass.
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Figure 11: tHT-dependence of φth (log-log scale) shown with results of corresponding linear 

regression for indicated ranges of THT.
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Figure 12: Comparison of the predicted T=3000 K isotherm (lines) to experimentally observed 

c-dependent enhancement in φth. Dotted lines represent fits to data for given best-fit parameter 

M. Shaded region indicates range of log(βc) corresponding to δ = 103 representing the 

demarcation between stress/defect relaxation regime and crack tip blunting regime of Fig. 10.
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