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Initiation, Growth and Mitigation of 
UV Laser Induced Damage in Fused Silica 

A.M. Ruben&* and M.D. Feit 

Lawrence Livermore National Laboratory, P.O. Box 808- L-491, Livermore, CA 94550 

ABSTRACT 

Laser damage of large fused silica optics initiates at imperfections. Possible initiation mechanisms are considered. 
We demonstrate that a model based on nanoparticle explosions is consistent with the observed initiation craters. 
Possible mechanisms for growth upon subsequent laser irradiation, including material modification and laser 
intensification, are discussed. Large aperture experiments indicate an exponential increase in damage size with 
number of laser shots. Physical processes associated with this growth and a qualitative explanation of self- 
accelerated growth is presented. Rapid growth necessitates damage growth mitigation techniques. Several 
possible mitigation techniques are mentioned, with special emphasis on C02 processing. Analysis of material 
evaporation, crack healing, and thermally induced stress are presented. 

Keywords laser damage, initiators, crater formation, mitigation 

1. INTRODUCTION 

The damage of optical elements is one of the main concerns for builders of large laser systems. The problems are 
especially severe for UV optics due to the more efficient interaction of high-energy photons with optical 
materials. Powerful laser light initiates a breakdown in fused silica and ionized material effectively absorbs laser 
radiation. This absorbed energy generates high temperatures and pressures and modifies and destroys the fused 
silica. The spatial extent of damage increases with repetitive pulses so that finally the optic becomes 
nonfunctional due to large obscurations or mechanical failure. 

In the present paper, we discuss the physical phenomena associated with damage initiation and growth in fused 
silica, as well as methods to mitigate growth. Typically, laser damage studies deal with damage threshold 111. 
However, the useful optics lifetime is determined mainly by the damage growth rate with repetitive pulses. Even 
the observable damage threshold is strongly influenced by damage growth during the laser pulse. As a result, 
much of our focus will be on damage growth. 

First, we discuss the relations between intrinsic and defect-related damage. What kind of defects can initiate 
damage and how are they related to the polishing process? Laser absorption in defects and the surrounding 
matrix generates high pressure and temperature and produces a microexplosion. We will estimate the absorbed 
energy density and generated pressure and will evaluate the crater size, and extent of damage. 

Damage sites continue to grow with repetitive pulses. We will discuss the growth mechanisms and experimental 
data on growth rate of damage spots. A qualitative explanation of the observed self-accelerated damage growth 
will be presented. 

*Correspondence: Emaik rubenchikl@llnl.gov; Telephone: 925422-6131; Fax: 925422-5099 



Optics lifetime extension requires mitigation of damage growth. Among the few mitigation schemes explored, 
mitigation by C 0 2  laser radiation looks most promising. We will analyze the physics of this mitigation process 
and will discuss the optimal mitigation schemes 

2. INTRINSIC AND DEFECT-RELATED DAMAGE 

Optical damage is produced by laser energy deposition in nominally transparent material. The photon energy is 
smaller than the bandgap and, hence, laser damage is intrinsically a nonlinear process. The hysics of damage is 
evident for the case of ultra-short laser pulses[2]. If the laser pulse duration is shorter than g e  electron-phonon 
scattering time of about 10 ps, heated electrons have no time to transfer energy to the lattice during the laser 
pulse. Again because the pulse is so short, a large number of seed electrons is necessary for dielectric breakdown 
to occur. These can be produced by multiphoton ionization. Oscillating in an intense laser field, the electrons 
collide with atoms and are heated. When the electron energy exceeds the bandgap a new electron is produced by 
impact ionization and an electron avalanche is initiated. For short pulses, the only factor limiting development of 
the avalanche is the pulse duration. 

To produce macroscopic damage, one must deposit a minimal energy per atom on the order of the lattice binding 
energy. Practically, one considers the optical material to be at the threshold for damage when the density of free 
electrons reaches the plasma critical density, 1021 for 1 pm light. At the critical density, laser light absorption 
becomes very efficient, so the deposited density of laser energy is extremely high -sufficient to produce 
macroscopic damage. Ultimate manifestations of damage-material melting and ejection, crack formation, etc. 
takes a much longer time to form. Typically, they are produced well after the USLP pulse termination. 

Because the processes determining threshold are intrinsic to the material, the threshold fluence for USLP is well 
defined, reproducible, and independent of spot size.The physics of damage initiation is much different for pulse 
durations well above 10 ps. In this case the energy electrons gain through collisions with atoms can be balanced 
by the energy transfer from electrons to the lattice. To keep an electron avalanche going the energy gain must 
overcome losses giving the criteria for avalanche existence [2] 

o E 5 F p h  (2.1) 

Here E is the laser electric field and up, is the typical phonon energy. The electrical conductivity, o-and the rate 
of energy transfer to the lattice, y , are taken for electron energy near the bottom of the conduction band. The 
electron collisional rates and energy transfer rates in fused silica have been measured experimentally [3]; for 1 p m  
light the critical intensity Id to establish the avalanche is estimated as 80 GW/cm* [2]. If we assume the Drude 
formula for the conductivity for 355 nm light, we find Id=150 GW/cmz. The above estimate is only a lower 
estimate for the intrinsic damage threshold of long pulses, since other possible energy losses are disregarded. 

From Eq.(2.1), it follows that the intrinsic threshold fluence is proportional to pulse duration z . This result is in 
strong disagreement with multiple experimental data [4] which demonstrates a scaling Fth-4, 0.3cxt0.5. The 
intrinsic threshold fluence at 355nm for a 3 ns pulse according to the above estimate is about 450 J/ an’, at least 50 
times higher than the typical threshold fluence observed in experiments. 

These facts indicate that the threshold for long pulses is actually determined by defects in the nominally 
transparent material. The occurrence of damage depends on the probability of finding suitable defects so that the 
damage probability now increases as the laser spot size increases. For small laser spots, the threshold fluence can 
be very high, close to the intrinsic threshold. 

As a result of the probabilistic nature of defect caused damage, the threshold fluence is not an adequate 
characteristic of the material. A more useful characteristic, which can be assumed independent of spot size and is 
a function of the material only is the density of defects damaged at given fluence n(F) [5]. Typically, the 
dependence on fluence is a power law where k is typically -8-12. 

n(F)=bFk 



Materials are available for modem large optics in which the optical quality is high enough that bulk damage is 
either rare or completely absent compared to surface damage. Most of the observed damage is concentrated near 
the optics surface and, consequently, associated with defects arising from the polishing process. More prevalent 
and dangerous is the rear (exit) surface damage. For front side damage, plasma produced by the laser pulse 
shields the material and reduces material destruction. For rear side damage, the absorption zone moves toward 
the beam and laser energy is deposited inside the optical material. The confinement of the plasma produced 
increases the generated pressure and increases material destruction [6]. As a result, rear side damage is more 
visible and dangerous. 

3. INITIATORS AND POLISHING PROCESS. 

Damage in fused silica is typically localized on the surface and is related to the polishing process. Contributions 
to the damage initiators potentially include distributed point defects, residual micro-inclusions produced by the 
polishing process and microcracks generated during the polishing process. For high quality polishing, the 
thickness of material modified by polishing does not exceed 1 pm [7]. 

First, let us evaluate the role of point defects. To damage material one must heat it up to some high temperature 
To. At high temperature, the bandgap collapses and the material starts to absorb laser light, thereby initiating a 
thermal explosion. The exact value of To is not known, but the results are not sensitive to this value. We will use, 
for estimates, To -2000°C. During a nanosecond pulse, thermal conduction is negligible and the local temperature 
increase can be estimated from the energy balance. 

pcT= 05 

For fluence F=!5 J/anz, to increase temperature by To the absorption coefficient - must be larger than 300 an-'. For 
homogeneously distributed defects the susceptive parts of material must have a high absorption and must look 
black. Fused silica can have a variety of point defects, see e.g. the review [8]. To estimate the number of defects 
needed we suppose that every defect can absorb 2 eV of energy. This corresponds, for example, to non-bridging 
oxygen centers (NBOC). It is easy to see that to heat the material up to T- To the density of defects n must be 
about lp This density is too high to be real, and we can conclude that distributed point defects can not be 
respnsible for the observable damage. It is realistic if the defects are combined into small clusters or if some 
small inclusions are present in the material. Such an absorber can be, for example, ceria microparticles, which are 
commonly used in the polishin5 process.The energy absorbed by a small particle with radius a much smaller than 
the laser wavelength is Q=dm . The absorption efficiency a=dmz is given by expression [9] 

12nm r n2 1 1 ~ o t ( k a ) l  1 2 n m  n2 a=- ----+--- =-- Im- 
(3.1) c "1 E+2n2 6 2(ka)' 2ka 1 c E +2n2 

Here n=1.5 is the refractive index of the glass matrix and E is the dielectric constant of the particle. The ceria 
particle refractive index at wavelength 355 nm is & =2+0.2i [lo]. For this case a=0.45wa/c =O.OOSa nm-' Due to 
the small particle size the temperature distribution can be treated as stationary. For linear thermal conduction, the 
temperature To near the particle surface is given by the formula 

(3.2) d U  To= - 
4K 

A plot of the ceria particle temperature as a function of the inclusion radius a is presented in Fig.1 for laser 
intensity 3 GW/cm2 and thermal conductivity d.02 W/anK. The temperature dependence of the thermal 
conductivity doesn't change the situation qualitatively even for very small inclusions, and particles a few tens of 
nanometers in size can initiate damage in fused silica. 
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where n, is the electron density, n, is the critical density, and v is the electron collision frequency. 

Consider the situation having the plasma density in a fireball close to critical and the electron scattering rate 
smaller than the light frequency. We assume that most of the absorbed energy is spent ionizing the material and 
only small part of the absorbed energy is spent heating the material. The rate of growth of the plasma ball canbe 
estimated from energy balance: 

I 

. Here I,, is the ionization potential and n, is the electron density. If one uses only the first term in Eq (3.1) for the 1 

absorption cross section, the radius of the fieball grows exponentially: a = a( 0 )  ex*, where the growth factor 
G is aven by 

(4.3) 

- 
FO 1 

G =  1O-h-  
nz,c &+2  

The growth factor is independent of pulse duration and is determined by the fluence only. Let us discuss the 
value of the electron density in the plasma fireball. The plasma temperature in this very dense plasma cannot be 
higher than a few eV due to huge radiation losses. Exyrimental data of Carr et al[18] indicates a plasma 
temperature below 1 eV for fluences of about 10 J/ an . The equilibrium electron density at this temperature, 
determined from the Saha formula, is much smaller than the critical density and cannot provide the effective 
absorption. 

The additional non-equilibrium ionization is produced by laser radiation. Free electrons oscillate in the laser 
electric field, gain energy due to collisions and produce new free electrons. The ionization rate by electron impact 
is given by 

dn 
dt 

=&ne (4.4) 

We will take the coefficient a from ref[2], for fused silica awl0 cm’/nscGW. One can see from the arguments 
presented in re421 that a for the dense cold plasma must have the same order of magnitude. For laser intensity 
1=2 GW/ ad, the ionization time is about 50 ps. We see that the impact ionization can easily increase the electron 
concentration during the pulse up to the critical value. Electron density cannot greatly exceed the critical density 
value. In this case, the absorption depthbecomes smaller then the fireball radius and the absorption efficiency 
drops. For absorption at 30, a solid state density even about ten times critical, ionization potential of 10 eV, 
fluence F of 1OJ/an2, and scattering rate 0.5 of the optical frequency, the growth factor G (4.3) is about 10. Taking 
into account the growth of absorptivity with increase of radius, we can say that if plasma formation starts, the 

0 
plasma ball will rapidly grow to a size for which ka>l, k= - & . In this case kax-1 while kcel the absorption 

c 
cross-section is 

2 1  

JZ cs = 6xa nRe- 
(4.5) 

which grows only proportionally to the geometric area. Using Eq. (4.5) for the absorption cross-section, we have 



1 
a( t )  = 3.5Re - JE nI,, 

The plasma sphere radius at the end of the pulse is seen to be 

1 F  
a=3.5Re-- & nI, (4.7) 

where F is the fluence and Io the ionization energy. 

For the parameters used above, this radius a is about 500 nm, comparable with the size of wavelength. Now the 
strongly absorptive plasma ball shields its rear surface. There is no simple description for fireball absorption; Mie 
theory must be used to calculate it [19]. The plasma can expand toward the laser light from the front surface like 
the laser-supported detonation wave (LSDW). But the lateral losses due to thermal conduction and light 
scattering arrest the LSDW propagation. As a result the fireball doesn’t grow larger then the laser wavelength. 

We argued above that absorption of laser light by small particles can produce a plasma fireball with size 
comparable to the laser radiation wavelength h. Such a fireball of size, a, will absorb almost all incident energy, so 
the energy of the fireball can be estimated as E-Fnh’, where F is the laser fluence. The energy density in the 
fireball is about F/4/3h. For a fluence of F=5 J/cmz and 1-350 nm, the total deposited energy is about 20 nJ and 
the energy density is-110 kJ/cm3, approximately 10 times larger than the typical evaporation energy density E,. 

One can obtain a better estimate for the energy density in the fireball from a fireball temperature measurement 
[MI. It was found that the temperature of the fireball 10 ns after the pulse is about 0.5 eV. Due to the confinement 
by the surrounding material, the density in fireball is the same as in solid state. From the equation of state for 
fused silica presented in Fig.(2), one can find the energy density in the fireball and the generated pressure. The 
above temperature corresponds to a pressure about 150 kbar and energy density 15 kJ/ cm”, which is roughly 
consistent with estimate presented above taking into account that assumption of total energy absorption in the 
fireball is clearly an overestimate. 

5. CRATER FORMATION 

After the pulse termination the absorbed energy is concentrated in a small fireball with energy density well above 
the evaporation energy. It means that the damage extent is determined by the total energy of the fireball, not the 
fireball size and structure. The problem of describing laser damage crater formation is similar to that for 
underground explosions or meteorite impacts, and we will use some of the ideas developed there [20]. 

The microexplosion creates a strong shock wave. After this shock wave passes, the resulting crushed material can 
be described as an incompressible liquid. The strength of the material is taken into account by assuming that the 
region of crushed material is bounded by the point at which the material velocity v becomes smaller than a 
critical velocity, c. This velocity, c, can be estimated by p&G where G is the characteristic ”strength” of the 
material. For example, the compressive strength of fused silica, G=l GPa, corresponds to velocity c470 m/s, 
much less than the sound speed 5.8 km/s. 

Before presenting specific results, we make some general comments based on scaling. The radius, R, of a crater 
produced by an explosion with released energy E, buried a distance h beneath the surface, is determined by E, h, 
G and p. The most general relation between these parameters is of the form 

R=hf(E/Gh3) (5.1) 



Crater radius as function of charge depth is given by.& eqnwabn ~ ,*- . €221 L 



We can derive an idea of the size of the various terms above for the laser damage regime by considering some 
typical values for fused silica. We take the laser fluence of 5 J/an2, and the absorbed energy Fnh’ - 15 nJ. We can 
also apply the experimental explosion data from Fig. (3 ) laser damage regime. To use these data, we must take 
into account that glass is much stronger then alluvium, with G-1 GPa, so we rescale the energy according to 
Eq.(5.1). Taking the experimental value of 2 MPa for the strength of fractured rocks [20], we get b-2 pm and R,- 
1.2pm. The usual estimate of the thickness of the layer modified by polishing process is (1 pm, and it means all 
craters must be wide open. 

Fig. 5 Crater produced by 45 J/ anL pulse. SEM images show molten central region surrounded 
by fractured material.[22] 

This estimate is consistent with size of crater presented in Fig. 4,  produced by a low fluence shot. The situation is 
different for damage produced at high fluences. The image of such a crater is presented in Fig. 5 One can see that 
the size of the crater is 20-30 pm, inconsistent with above estimates. Also, the morphology of the craters are 
different, the material around the crater produced by the powerful shot is cracked and modified. The discrepancy 
can be explained by the modification of fused silica by the strong shockwave. 

It has been found experimentally that propagation of strong shocks in glass are followed by a slower moving 
”failure wave” [23]. After passage of the failure wave, the glass, under the effect of high pressure, is densified, 
modified in structure, lower strength and crushed. This process occurs more rapidly than excavation by 
hydrodynamic motion. Thus, for high laser intensities it would be ~tura l  to use the strength of crushed rock of 2 
MPa in the estimate above. In this case, the maximum crater diameter at 45 J/anz increases to about 40 pm, 
which agrees with experiment. 

This su 
E= FnX and use the experimental data from Fig.(3), the crater diameter can be given as 

ests a practical formula for estimates of crater size. If we estimate the energy absorbed by the fireball as Bg 

Here, all lengths are in an, F is in J/an2, G is the effective strength of silica, and G, is the strength of alluvium. 
It is not clear now at what fluence the transition from one type of crater to another takes place. Is the boundary 
sensitive to pulse duration and absorber size? We will argue later that this question is important for estimates of 
the damage growth by the repetitive pulses. 

Self-consistent, comprehensive modeling of crater formation must include various physical effects including the 
laser interaction with plasma fireball, fireball expansion, phase transformations in surrounding materials, the 



flow of crushed material, etc. The existent modeling includes only a part of the important physics [11,24]. 
Nevertheless, the modeling is able to catch some essential features of crater formation. 

Experimentally, the possibility of initiating damage at a nanoparticle was demonstrated in experiments [25,16]. In 
the experiments of ref.[W] tiny gold nanoparticles with diameters about 5 nm were attached to the surface of SiOz 
material and then were coated by 60 nm of deposited Si02 The material was irradiated by 351 nm pulses with 
pulse duration 0.5 nsec. The damage was observed as a formation of wide open craters with threshold about 1.2 
J/cmz. According to our estimate Eq.(3.2) the temperature on the surface of the gold nanoparticle must reach 
3200"C, a temperature sufficient to start the thermal explosion. The crater size is smaller than predicted by 
Eq.(4.6); for a fluence of 7.2 J/an2 the lateral crater size was slightly bigger than 200 nm. Probably the small burial 
depth (60 nm) can explain it. According to Eq.(4.5), the lateral size is predicted to be about 350 nm, not very far 
from experiment. An additional factor can be the short pulse duration, which can affect the fireball growth. In the 
experiments of ref.[l6] the nanoparticles were larger (6Onm) and the burial depth was 500 nm. The final craters 
were about 1 pm in size, in agreement with the above arguments. The experiments with craters formed which are 
many times larger than the initial nanoparticle confirms the pattern of damage induced by nanoparticles 
presented above-formation and growth of a plasma fireball, with storage of enough energy to produce the 
observed crater. 

6. DAMAGE GROWTH 

The density of defects in modem optics is very low. So the appearance of a few small craters doesn't appreciably 
affect optic performance. Unfortunately, the damage spots grow larger with consequent shots and finally the 
obscuration exceeds a specification limit or hysical integrity will be destroyed. To estimate the useful optics 
lifetime, one must know the damage growgrate and factors affecting the growth. The key question to answer is 
why does the damage spot grow at all? 

To have any modification of the damaged site by a new pulse, the absorption of laser radiation must take place. 
The material around the crater can be crushed, and strongly scatter light, but microscopic pieces of the original 
material has the same bandgap as the bulk material and are unable to absorb the light. We still are very far from 
a full understanding of light interaction with the damaged material. Below we list several mechanisms we think 
most likely to explain the absorption in the damage spot. 

Heating of fused silica stimulates the loss of oxygen. Oxygen depleted material can efficiently absorb W 
radiation. In Fig.(6) we show the absorption coefficient for SiO, material as a function of oxygen depletion. One 
can see that oxygen depletion results in high absorption efficiency. For example, the absorption of a 3 ns 5 J/a2 
laser pulse in a 1 nm film of Si0 embedded in a glass matrix produces a local temperature increase over 5OOOK. 
This effect suggests an explanation for the difference in damage growth in vacuum and air observed in 
experiments. It is easier for the oxygen to escape in vacuum so the damaged material must be more absorptive. 
Unfortunately, to date, there is no conclusive evidence that the damage is related to oxygen deficiency in damage 
spots [26]. The experiment of refI261 did not find a direct relation between the formation of sub-stoichiometric 
silica on the surface and an increase in damage vulnerability. 

The high pressure generated by laser light absorption modifies fused silica [23]. Material is densified, and the 
structure changes. For example, the number of 3 and 4 member rings increases. The electronic structure also 
changes and the modified material can start to absorb W. A layer of 20% densified material with thickness of a 
few microns was found in damaged spots by J.Wong et al[28]. Recently, a n  attempt to model this effect from first 
prinaples was carried out by A. Kubota et al[29]. Modification of fused silica due to the damage-induced shock 
wave was studied using the molecular dynamics method. Densification on the level of 2%, consistent with 
experiment, was found. After that the electronic structure of the modified material was modeled and a shift of the 
absorption edge toward the longwave part of the spectrum was found (see Fig.7). The calculated shift is large 
enough to greatly enhance two photon absorption. This initial result demonstrates at least the possibility of strong 
absorption in the shock-modified material. 
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It must be emphasized again that modern high quality optics have a very low density of defects, and it is very 
difficult to find and to grow damage site initiated at more typical laser operating fluences of 10 J/cmz. For this 
reason, the initial damage in the experiments [30] was initiated at high fluence, typically at 45 J/cmz. The crater 
produced at such fluence is shown in Fig. (5) and must be very susceptible to owth. As a result, the initial stage 
of growth for craters initiated closer to 10 J/cmz may be much longer than in &se particular experiments. In the 
real situation, various initiators produce different craters, and not all may grow at 5.5 J/cmz. But when 
exponential growth starts, the optics become nonfunctional after l/a shots. 

7. GROWTH MITIGATION. 

It appears impossible in large-aperture laser systems to escape laser damage. Even initially perfect optics can be 
damaged due to mishandling or contamination during operation. For a system operating with peak fluences 
above 5 J/cm2, some scheme of damage mitigation must be found to extend optics lifetime. From our previous 
discussion it is clear that for damage mitigation, the modified material must be removed from the damage spot 
and cracks must be removed or healed. 

A few different methods of mitigation were proposed and tested [31]. The most promising now appears to be 
mitigation by COz radiation [31]. Fused silica absorbs 85% of the incident C02 radiation on the scale few p. 
Local heating increases the surface temperature and evaporates the material. Heated up to high temperature 
material is revitrified and heals the microcracks. Treatment replaces the damage spot with a smooth Gaussian- 
shaped pit. 

Let us discuss optimal parameters for damage spot mitigation. We will suppose that at high enough temperature 
the modified material will be transformed to the initial fused silica. Due to the extremely high viscosity of fused 
silica the most sensitive part of mitigation process is the crack healing. We will see that the temperature required 
for crack healing is so high that substantial evaporation is inevitable. 

The steady state evaporation rate (velocity of evaporation front) is very sensitive to the surface temperature [32] 
1J - - 

V=-=Vge dZ T 
dt (7.1) 

Here U is the latent heat of evaporation per atom, 3.6 eV for glass, and T, is the surface temperature. The constant 
Vo is determined by the kinetics of the flow in the Knudsen layer near the surface, but its value is on the order of 
the sound speed in the condensed phase [32]. For validity of Eq.(7.1), it is clear that the laser pulse duration must 
be longer than the time for onset of steady temperature distribution: a2/4D, where a is the damage spot radius 
and D is the thermal diffusivity. If the pulse is shorter than this time, a high evaporation rate takes place only in 
the end of the pulse and the removal rate will be sensitive to the pulse shape. In the steady state regime the 
removal rate is less sensitive to the pulse details. 

Also, for the short pulse the high temperature zone has no time to diffuse deep enough to heal the cracks; in the 
steady state re 
Due to the higf$&sitivity of evaporation rate to the temperature of the surface it is difficult to find the optimal 
laser power. Low power will not remove any material; high power will produce a huge hole. A plot of the 
evaporation rate as a function of laser beam power is presented in Fig.10. 

e temperature is high in a thick enough layer to anneal the damaged material. 





The surface tension - for glass is about 300 dynelcm [35] and not very sensitive to temperature. In the range of 
1600-2000"C, the viscosity q is given by the expression [36] 

E 

(7.4) 

where E is an activation energy, E-6.44 eV. For a deep crack, we must use the crack de th for 1. If we know the 
crack depth and the acceptable annealing time, we can determine from (7.3) and (7.4) g e  annealing temperature 
T. 

Let us consider now crack mitigation by local heating. The time for crack healing is given by (7.3). During this 
time d= VT of material will be ablated. The total amount of ablated material is given by the expression 

32944 - E- U q 1v - 
d=-e =1.75*lde 

(T 

Here d and 1 are in microns, T in Kelvins. The amount of material ablated during the crack healing process as a 
function of surface temperature is presented in Fig.(ll). One can see that for the temperature 2245K used above, 
ablation of more than 1.5 pn guarantees that the cracks in the subsurface layer will be annealed. Hence, in 
experiments [31] the laser-induced temperature must be high enough to heal the subsurface layer around the 
damage spot. Due to the nonlinearity of thermal conduction, the temperature distribution around the heated spot 
is pretty flat and the wide zone around is annealed of microcracks. 

8. CONCLUSION 

We demonstrated that the intrinsic damage threshold in silica for nanosecond pulses is well above the observed 
values. Damage is initiated at defects, mainly the surface imperfections produced by the polishing process. 
Improvement of the polishing process has been shown to increase damage threshold. 

The model of small, nanoscale initiators is consistent with experimental data. The absorption of laser energy in an 
inclusion initiates a thermal explosion, formation of plasma fireball, and growth of the fireball up to a size 
comparable with laser light wavelength. The energy storage in the fireball is released as a microexplosion, 
forming a crater on the optics surface. 

The damage crater is surrounded by mechanically and electronically modified material. The light radiation in this 
material results in damage spot growth with re ated shots. The damage growth has a fluence threshold. The size 
of the damage spot increases exponentially wirnumber of shots, and growth takes place via generation of 
conical cracks on the spot periphery. 

Growth of the damage spot can be mitigated by the removal of modified material. CO, laser annealing can 
effiaentl mitigate local damage sites by removal of modified material and improvement of material structure 
around x e damage spot. 
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