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Abstract 
 

Point defects are induced in high quality optical-grade fused silica by high fluence (>30 

J/cm2) 355nm laser pulses. The microscopic depth distribution of laser irradiation 

induced defects has been nondestructively determined using Cathodoluminescence (CL) 

microanalysis. CL emissions have been observed at 1.9eV, 2.2eV, 2.7eV and 4.4eV. In 

addition following CO2 laser treatment for damage mitigation an emission at 3.2eV is 

also observed. The CL emissions have been identified with the NBOHC (non-bridging 

oxygen hole center), the STE (self-trapped exciton), an ODC (oxygen-deficient center) 

and an aluminum impurity centre. The spatially resolved CL data is consistent with 

damage initiation at the exit surface. The concentration of 355 nm laser induced defects is 

greatest at the surface and monotonically decays to pre-irradiation levels at ~10 µm depth 

below the surface. With CO2 processing to mitigate damage, the defect concentration and 

spatial distribution is reduced to a maximum depth of ~6µm. CL microanalysis provides a 

sensitive and nondestructive method of assessing the magnitude and submicron 

distribution of irradiation induced damage in technologically important materials. 
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Introduction 

 

Recent industrial interest in far ultraviolet (UV) lithography for microelectronics 

and telecommunication,1 has excited considerable scientific and technological interest in 

UV laser- induced damage processes induced in materials used for transparent optics2,3 in 

particular silicon dioxide (SiO 2) (see Hosono et al4  and Kajihara et al5 and references 

therein). Multi-disciplinary methods are being applied in an effort to understand the 

nature of laser-material interaction leading to damage initiation and development. In 

addition technically viable solutions are being sought to prolong the lifetime of optical 

components by reducing susceptibilities to laser- induced catastrophic breakdown. 

Because of its excellent optical transparency and uniformity in the UV region, high 

quality fused silica (SiO 2) is the material of choice for use in high-average and high-peak 

power laser systems.6-8  

Obscuration loss and near- field intensity modulation resulting from laser- induced 

damage on the optical surfaces largely determines the operational lifetime of SiO 2 

components. The obscuration arises from two processes: initiation of damage at an 

absorbing site at or near the exit surface, and damage growth upon subsequent irradiation. 

While defects on polished silica optics due to contamination and subsurface defects 

induced by polishing processes have been minimized,9 the currently attainable surface 

defect densities can still result in an unacceptable number of damage initiation sites on 

optics used in high power UV laser systems. Techniques for inhibiting the growth of UV 

laser- induced surface damage on fused silica are being developed and investigated.10 The 

technique that has been found to be most consistent and effective at stopping the growth 

of the laser damage in the fused silica optics is the CO2 laser processing technique.10,11 



 

 3

The pre- initiated damage sites are exposed to single pulses of a CO2 laser to locally treat 

the laser damage ensuring it does not propagate further. Systematic complementary 

evaluations of UV laser-induced damage sites in fused silica following damage initiation 

and after mitigation with CO2 laser processing determining the material morphology12 

structural defects13 and defect distribution will aid identification of the damage initiators 

and help to elucidate the mechanism associated with the damage initiation, damage 

growth and mitigation processes. This will enable the development of a knowledge-based 

methodology to mitigate or preclude laser induced damage. 

 

This paper reports the non-destructive cathodoluminescence (CL) micro-analysis 

of the spatial distribution of point defects induced in fused silica by high fluence 3ω, 

355nm laser pulses following damage initiation and after damage mitigation using a CO2 

laser treatment process. The corresponding laser induced morphology and microstructure 

in SiO2 are reported elsewhere.12,13 Cathodoluminescence (CL) is the non- incandescent 

emission from a material irradiated with electrons. CL microanalysis (spectroscopy and 

microscopy) in a scanning electron microscope (SEM) enables high sensitivity detection 

of diamagnetic and paramagnetic defects. Local variations in the bulk and surface defect 

structure can be nondestructively characterized with high spatial (lateral and depth) 

resolution by adjusting electron beam parameters to select the specimen micro-volume of 

interest.14 CL complements the defect structure information available from electron spin 

resonance (ESR) and optical spectroscopic techniques. To our knowledge, this is the first 

non-destructive determination of the microscopic depth distribution of defects in fused 

silica irradiated with high fluence laser pulses. These results complement and are 

consistent with published data on the irradiation response of fused silica and give insight 
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into the fundamental processes associated with UV irradiation induced defect generation 

in this technologically important material.  

 
Experiment 

 

The fused silica substrates were 50mm diameter x 10mm thick, and optically 

polished on both surfaces. The fused silica which is characterized by a low thermal 

expansion co-efficient and excellent UV optical properties, is manufactured by flame 

hydrolysis and contains 800-1000ppm by weight of OH (Corning 794015). For CL 

experiments, 10 mm cubes were cut prior to laser irradiation. During cutting the optical 

surfaces were protected with a solvent-removable paint. Laser damage sites were created 

in ambient conditions using a 3ω, 355 nm beam from a frequency tripled Spectra Physics 

GCR Nd-YAG laser with pulse length (full width half maximum) of 7.5ns and laser 

repetition rate of 10.16 The beam profile was near-Gaussian with a 1/e2 diameter of 

~0.9mm at the sample plane. Damage sites were produced exclusively on the laser exit 

surface17 using single or multiple pulses with fluences ranging from 30-45 Jcm-2. Damage 

sites were separated by several mm.  

 

The CL experiments were performed in a SEM equipped with a Gatan/ Oxford 

Instruments MonoCL2 cathodoluminescence imaging and spectral analysis system. The 

CL was excited using a continuous stationary electron beam at normal incidence, and 

measured using a retractable diamond machined paraboloidal mirror collector. CL spectra 

were collected by photon counting using a Hamamatsu R943-02 Peltier cooled high 

sensitivity photomultiplier using a 1200 line/ mm grating, blazed at 500nm. In energy 

space the CL emission bands generally have a Gaussian profile,14 and this is particularly 
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the case for defects involving the silicon dioxide tetrahedral structure which typically 

have Huang Rhys factors of ~10 18 due to relatively strong defect- lattice coupling. CL 

spectra which are collected as a linear function of wavelength λ(nm), were therefore 

converted to energy E(eV), and corrected for total instrument response prior to peak 

fitting/ componentization.19-21 The total instrument response has been determined 

experimentally from NIST traceable standard lamps. The response function is a non-

linear and smoothly varying function between ~250-900nm. The instrument response is  

~10% of maximum at ~275nm, monotonically increases to a maximum at ~500nm then 

decreases to ~10% of maximum at ~850nm and to a minimum at ~900nm. The estimated 

maximum uncertainty in the CL emission intensities is ~5% where the system response is 

poor, and <0.5% (at ~2eV) where the system response is optimized. For spectra with 

broad emissions, such as is typical for silicon dioxide, it is essential to correct for 

instrument response to avoid errors in the band profiles and energy positions. 

Discrepancies in emission energy positions, peak shapes and relative intensities in the 

SiO2 luminescence literature may be at least partially attributed to the lack of instrument 

response corrections in some reports.  

 

Results and Discussion 

 

Damage initiation 

 

There are significant differences between CL spectra and spatially (lateral and 

depth) resolved images from the laser damaged and undamaged fused silica surfaces. The 

intensity of the CL emission is low from this high quality pure fused silica. Fig. 1 shows 
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typical experimental CL spectra collected from (a) unirradiated silica and (b-d) 3ω, 

355nm laser irradiated silica. The CL emission was excited with a normal incidence 

electron beam from ~1702 µm2 regions (ensuring all damage features were included, and 

equivalent specimen volumes were sampled). The spectra in Fig. 1 were excited with a 

25keV, 1.5nΑ electron beam. The number of spectra included in each data set, the beam 

current, beam power density and spectral collection times were minimized to reduce 

electron irradiation induced effects, as silicon dioxide polymorphs are susceptible to 

electron beam induced radiation.22 

 

 
CL emissions are observed at 1.9 eV and 2.7 eV from the undamaged specimens. 

The CL spectra collected from different regions of the undamaged specimens are the 

same indicating uniform distributions of pre-existing defects prior to laser irradiation, as 

expected from homogeneous high purity fused silica. As has been reported previously13, 

following laser irradiation the intensities of the 1.9 eV and 2.7 eV emissions increase. In 

addition, low intensity emissions at 2.3 eV, 4.4 eV and 0.97 eV (not shown) may also be 

observed (e.g. see Fig. 1(d)).13 An increase in laser power and/or number of laser pulses 

enhances the CL emission indicating increases in the concentration of associated defects. 

The CL emissions can be identified with a variety of known fundamental point defects. 

The observed defects resulting from the high fluence laser irradiation are consistent with 

those resulting from other energetic irradiations (e.g. electron,22,23 ion,24 x-ray,25 γ ray,26 

etc). 
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In defect free silica, each silicon atom is surrounded by four tetrahedrally co-

coordinated oxygen atoms and adjacent silicon atoms are bridge bonded through a single 

oxygen atom. The local defect free tetrahedral SiO 2 bonding structure can be simply 

denoted as O3≡Si-O-Si≡O3 , where the dashes represent silicon-oxygen bonds. In 

crystalline SiO 2 the bond lengths and the Si-O-Si bond angles connecting the silicon 

dioxide tetrahedra are well defined.27 There is a broader range of slightly different atom 

sites in the random amorphous structure of fused SiO 2.28 Although the basic  tetrahedral 

configuration is maintained in amorphous SiO 2, the local lattice structure is less dense, 

more easily deformed and there is more local disorder due to slightly different bond 

lengths and a range of bond angles.27 

 

The 1.9eV emission is associated with the non-bridging oxygen hole center 

(NBOHC) and attributed to the recombination of electrons in the highly localized non-

bridging oxygen band-gap state, with holes in the valence band edge29 and is denoted 

O3≡Si−O• where (•) represents an unpaired electron.  

 

Irradiation of amorphous SiO 2 produces luminescence at energies between 2.2-

2.6eV, which has been attributed to the radiative recombination of the STE (see Stevens-

Kalceff20 and references therein). The low intensity 2.3 eV emission observed following 

laser irradiation is possibly associated with the self trapped exciton (STE) which is a 

correlated electron-hole pair localized in a self- induced lattice distortion. The radiative 

relaxation of the STE restores the local tetrahedral structure, O3≡Si-O-Si≡O3 . It is noted 

that luminescent emissions (such as the STE) that are difficult to observe by photo-

excitation may be more readily observed using CL techniques.30 Localized thermal 
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annealing of the molten core region associated with the laser induced thermal explosion12 

results in the reduction in concentration of competitive non-radiative defect centers, 

which may thereby enhance the STE emission within the molten core region.  

 

In addition, the observation of STE emission in the CL experimental spectra is 

consistent with the complementary Electron Spin Resonance (ESR) spectroscopy data 

showing significant concentrations of high fluence 3ω, 355nm laser irradiation induced 

E' type oxygen deficient centers.13 The general form of the E′ center is denoted O3≡Si• 

which represents an unpaired electron (•) in a dangling tetrahedral sp3 orbital of a single 

silicon atom (Si) bonded to three oxygen atoms (O3≡) in the SiO2 structure (i.e. threefold 

coordinated silicon). E' centers are not associated with any known luminescence within 

the detection range of these experiments. However excitation of these E' centers and 

other defect centers by the electron beam during CL measurements may allow localized 

complementary defect pairs to be annealed via radiative relaxation processes including 

STE emission. In fused silica examples of complementary defect pairs include oxygen 

deficient (e.g. E′ centers, two-fold coordinated silicon centers or oxygen vacancies) and 

oxygen excess centers (e.g. oxygen interstitials, peroxy radicals or NBOHCs).28,31 

Radiative decay of the STE from the electron beam induced annealing of laser irradiation 

induced E' centers with NBOHCs for example, results in the restoration of the defect free 

SiO2 tetrahedral structure. This electron beam induced annealing may be energetically 

preferred depending on dynamic factors such as local strain in the damage craters.  An 

example of a possible electron beam annealing process is O3≡Si• (E') + •O-Si≡Ο3 

(NBOHC)→e beam excitation→ O3≡Si-O-Si≡O3 (defect free SiO2) + 2.3eV emission 
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(CL). Thus the observation of the 2.3 eV CL emission may indirectly confirm the 

presence of the laser irradiation induced E' centers, consistent with ESR observations. 

 

The 2.7eV and (very low intensity) 4.4eV emissions are attributed to transitions 

involving an oxygen deficient defect (ODC). The most commonly proposed models for 

the oxygen deficient centers include the ODC(I) and ODC(II) centers. In the ODC(I) or 

relaxed neutral oxygen vacancy (≡Si−Si≡) the adjacent silicon atoms relax towards the 

vacancy site and form a covalent bond.32 Two models are proposed for the ODC(II) 

including the un-relaxed neutral oxygen vacancy (≡Si…Si≡), where the original silicon 

atom positions are maintained,33 and the two-fold coordinated silicon defect (=Si:).26 CL 

data cannot uniquely distinguish between the models and the data is consistent with either 

or all of these defects. The infrared 0.97eV emission13 (not shown in Fig. 1) has been 

identified as the singlet oxygen transition associated with interstitial neutral molecular 

oxygen dissolved in the relatively open vitreous silica structure.22,34  

 

CL microanalysis enables the microscopic spatial distribution of individual 

defects to be determined using monochromatic (i.e. wavelength/energy selective) 

imaging. The radial spatial distribution of defects induced by the 3ω, 355nm high fluence 

laser damaged fused silica has been reported previously.13 Comparison of the secondary 

electron image (topography) and CL image from laser damaged fused silica damaged by 

a pulse of 3ω, 355nm laser photons at 45 Jcm-2 is shown in Fig. 2(a, b, c and d). It can be 

seen that the CL emission is spatially correlated with the molten core regions produced 

by thermal explosion and the near concentric regions of fractured material resulting from 

the laser generated shock wave. Fig.2(c and d) shows the CL images of a damage crater 
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excited with a 15keV electron beam which penetrate to a maximum depth of ~2.15 µm 

and ~5 µm respectively, in fused silica. Thus the CL is generated closer to the surface at 

lower beam energy and the 15 keV image shows a stronger correlation with surface 

features than the 25 keV image. In particular, comparison of the secondary electron 

image (topography) and CL image in Fig. 2(e and f) indicates the molten nodules and 

micro-fibers resulting from the thermal explosion35 are composed of strained oxygen 

deficient silica. Thus CL data is consistent with altered glass topology resulting from 

enhanced local strain in the vicinity of the laser damaged regions associated with mass 

loss (desorption and ejection) and/or densification (observed high concentration of 

oxygen deficient centers) due to laser generated shock waves and thermal explosion.12 

 

Depth resolved information on defect distribution in a material can also be 

determined non-destructively from CL microanalysis. This is achieved by varying the 

electron beam energy and hence the depth at which the CL emission is generated, while 

keeping the beam power constant.36 Visible CL spectra have been collected for a range of 

energies between 7-40 keV, from both undamaged and laser damaged fused silica (See 

Figure 3(a)). The spectra are then fitted with Gaussian components using a non-linear 

least squared fitting algorithm (see typical example shown in Fig 3(b)). The experimental 

integrated CL intensities for each emission component are plotted as a function of 

electron beam energy (see point plots in Fig. 4(a), (b) and (c)). Fig 4(a) has been 

collected from a typical series of spectra from unirradiated (as received) fused silica. Fig 

4(b) and (c) have been collected from high fluence 3ω 355nm laser damaged fused silica 

following one and two 30 Jcm-2 pulses respectively. 
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CL intensity is proportional to the electron-hole pair generation by the electron 

beam which is dependent on the energy transfer processes within the specimen. The CL 

intensity, ICL may be expressed as the integral over the energy transfer function, dE/dz 

and the depth distribution of CL centers, n(z), where α is a constant and R is the 

maximum electron range depending on E0 
36 

 

 

 

The energy transfer function, dE/dz for SiO2 has been experimentally determined 

and verified36 and is plotted (for beam energies relevant to these experiments) in Fig. 5. 

The depth distribution of defects, n(z) can then be determined from the experimental CL 

intensities. As the volume from which the CL signal is collected is not constant, an 

iterative approach assuming a range of functions for n(z) has been used to calculate CL 

intensity versus depth data for comparison with experiment (e.g. see line plots of 

calculated CL intensity data in Fig.  4(a) (b) and (c)). A variety of defect depth 

distribution profiles including uniform, step, Gaussian, exponentially decreasing, linearly 

decreasing, and half Gaussian functions were tested. In all cases the CL intensity 

approaches zero at non-zero energy due to the presence of an optically inactive or “dead 

layer”.36 The dead layer can arise from the reduced concentration of luminescent defects 

and/ or increased concentration of competitive non-radiative centers in the near surface 

region. The dead layer may result from polishing damage, surface related asymmetry 

which reduces the recombination of electron hole pairs (exciton recombination), and non-

radiative recombination associated with surface impurities, oxides etc. 

 

( ) dzznE
dz
dE

I
R

CL )(0
0
∫= α Equation 1 
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The CL integrated emission intensity versus electron beam energy data from the 

unirradiated specimen in Fig. 4(a) have been fitted with a uniform depth distribution of 

pre-existing defects with dead layer of 100nm, as shown in Fig 4(d). The equivalent data 

from the laser damaged specimens are significantly different from the unirradiated 

specimen. The data from the laser damaged specimens is inconsistent with uniform or 

step profiles or defect profiles which maximize at some depth below the surface. While it 

is not possible to determine the exact defect distribution profiles with data of this 

resolution, iterative fitting clearly shows that the maximum concentration of defects 

resulting from the laser induced damage is found at the surface, consistent with damage 

initiation at the surface. Fitting of a half Gaussian type profile with the maximum at the 

surface is consistent with all laser induced defect depth distributions observed. Iterative 

fitting also confirms the presence of a thin dead layer at the surface in all cases. The 

concentration of laser damage induced defects continuously decreases within the 

specimen, extending to a maximum depth of ~10µm. The majority of the laser damage 

induced defects are found within the first ~5µm. For example, in Fig. 4(e) and (f), 

modified half Gaussian depth defect distribution profiles have been fitted to the 

experimental data in Fig. 4(b) and (c) respectively. Note in Fig. 4(e) and (f), the 

concentrations of the laser induced defects associated with the 1.9eV and 2.7eV 

emissions, decrease as a function of depth to the pre- irradiation defect concentration 

levels, consistent with the pre- irradiation concentrations in Fig. 4(d). The iteratively fitted 

dead layer thicknesses of the laser damaged fused silica are ~300nm. It is noted that the 

dead layers are significantly thicker in the laser damaged regions than in the undamaged 

fused silica. This is likely to be due to the laser induced changes in the surface 
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morphology and increase in the concentration of non-radiative defect centers particularly 

in these damaged near-surface regions. 

 

A compaction layer, approximately 10 µm thick and approximately 20% higher in 

density has been experimentally identified using x-ray tomography.12 In addition macro- 

(10-0.1 µm) and micro-cracks (200-20 nm) have been found using high resolution 

Transmission Electron Microscopy (TEM).12 It is noted that the range of electrons in 20% 

compacted fused silica is ~85% of the range in the original material. Conversely 

however, electron transport may be enhanced along cracks resulting in an increased 

electron range. These competing factors associated with the damage crater morphology 

introduce a degree of uncertainty in the maximum damage depth, estimated by CL 

microanalysis to be 10.0 ± 1.5 µm. The spatially resolved CL data is cons istent with 

damage initiation at the exit surface, in agreement with other studies where it has been 

determined, that surface imperfections resulting from residual polishing contamination 

are associated with damage initiation.9,12 The concentration of 355 nm laser induced 

defects is greatest near the damaged surface and continuously decays to pre- irradiation 

levels at maximum depth ~10µm below this surface. Following damage initiation, the 

catastrophic breakdown of the fused silica optics occurs with the damage increasing 

~exponentially with each additional pulse.37 CL microanalysis of the defect distribution 

associated with 355nm laser irradiation of more than a few pulses is limited by the spatial 

extent and non-uniformity of the catastrophic damage. For collection areas greater than 

~200µm in diameter, the spatial response of the CL paraboloidal mirror is no longer 

linear due to its focusing characteristics and therefore contribution from damage craters 

on the periphery of the irradiated area will be underestimated.  
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Damage mitigation via CO2 laser processing 
 

Techniques for inhibiting the growth of 355 nm laser- induced surface damage on 

fused silica have previously been investigated including wet chemical etching, cold 

plasma etching, CO2 laser processing, and micro-flame torch processing.10 The technique 

that has been found to be most consistent and effective at stopping the growth of the laser 

damage on the exit surfaces of the fused silica optics is the CO2 laser processing 

technique.10,11 The pre- initiated damage sites are exposed to single pulses of a CO2 laser 

to locally treat the laser damage, altering it such that the damage does not propagate 

further during subsequent irradiation with 355 nm laser pulses.38 

 
CL microanalysis has been used to (i) identify the defects and (ii) determine the 

defect distribution associated with damage mitigated sites on fused silica: A laser damage 

site was pre- initiated on fused silica with a single 355 nm laser pulse at 45 Jcm-2. This 

site was then treated with cw CO2 laser photons of 10.6 µm for one second at a power 

level of 37.5 Watts with a beam diameter of 1.5 mm at the surface. Subsequently the 

fused silica was irradiated with the 355nm laser at 12 Jcm-2 for 1000 pulses at a repetition 

rate of 10Hz. The resultant damage mitigated site is characterized by a smooth low aspect 

ratio (~750µm diameter, ~15µm deep) pit. There is no apparent cracking or fiber 

formation resulting from thermal explosion of molten silica, as is the case when the fused 

silica is irradiated with 355 nm laser photons without processing to mitigate the damage. 

The damage morphology of the pit results in much less distortion and deflection of the 

laser beam than the multiple damage craters produced by laser irradiation without the 

benefit of the CO2 laser damage mitiga tion processing. This is a very desirable outcome. 
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The damage mitigated pit resulting from (the initiation, mitigation processing, and 

subsequent laser irradiation) has also been investigated using non-destructive depth 

resolved CL microanalysis.  

 

The CL from the damage mitigated pit is ~uniform with CL monochromatic 

imaging consistent with a uniform distribution of defects across the diameter of the 

~750µm pit. CL emissions are observed at 1.9 eV, 2.3 eV, and 2.7 eV (See Fig. 6(a)). 

These emissions have also been observed from the 355 nm damage sites (see Figs. 1-5) as 

reported above and as before, are associated with non-bridging oxygen hole centers 

(NBOHC), self trapped excitons (STE) possibly with E' precursors (see previous 

discussion) and oxygen defic ient centers (ODC) respectively. In addition, a low intensity 

previously unreported CL emission is observed from the damage mitigated pit at 3.2eV in 

CL data excited with electron beam with energy <10keV. This indicates that the defect 

associated with the 3.2eV emission is located near to the surface of the fused silica. It is 

noted that photoluminescence emission has been observed at ~3.1eV from silica, and 

attributed to an oxygen deficient defect center.39-42 Luminescent emission has also been 

reported between 3.1-3.25eV from SiO 2 and has been attributed to the recombination of a 

hole trapped adjacent to a substitutional charge compensated aluminum - alkali ion center 

(Al3+ - M+), (see Stevens-Kalceff20 and references therein). The Al3+ substitutes for Si4+ 

thus requiring charge compensation, (M+) which in ultra pure hydrated fused silica 

specimens15 is most likely to be H+. Kozlowski et al9  have profiled contamination from 

polishing compounds extending ~200nm into the fused silica. Aluminum concentrations 

of up to 1000 parts per million (ppm) have been detected and attributed to residue from 

the final step in the polishing process involving Al2O3.9 It is possible that some of the 
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aluminum may have been incorporated as a substitutional (Al – H) defect into the fused 

silica as a result of the 1000 high fluence UV laser pulses. Note also that the 3.2 eV 

emission is sensitive to and attenuated by extended periods of electron beam irradiation. 

This is consistent with the dissociation via radiolysis of the hydrogen charge compensator 

from the substitutional Al.20 Thus the 3.2 eV emission is likely to be associated with the 

polishing impurities incorporated into the fused silica surface by multiple 3ω, 355nm 

laser pulses. 

 

The CL spectra have been collected with constant beam power from the laser 

damage mitigated pit as a function of incident beam energy. The integrated CL intensities 

of each emission are fitted with Gaussian components and are then plotted as a function 

of electron beam energy (e.g. see experimental scatter plots of CL intensity data in Fig. 

6(b)). The depth distributions of associated defect centers can then be determined from 

this data with iterative fitting using Equation 1 (e.g. see fitted line plots of CL intensity 

data in Fig. 6(b)) A variety of defect depth distribution profiles were tested. The 

concentration of laser damage induced defects continuously decreases within the 

specimen, to a maximum depth of ~6µm. The majority of the laser damage induced 

defects are found within the first ~3µm and the concentrations of the laser induced 

defects associated with the 1.9eV and 2.7eV emissions decrease as a function of depth to 

the pre-irradiation defect concentration levels, consistent with the pre- irradiation 

concentrations in Fig. 4(d). The iteratively fitted dead layer thicknesses of the laser 

damage mitigated fused silica are ~200nm. It is noted that the dead layers are 

significantly thicker in the laser damage mitigated regions than in the undamaged fused 

silica (~100nm) but less than the 355 nm laser damaged fused silica (~300nm). This is 
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likely to be due to the annealing of defect centers in these damaged near-surface regions 

and the resultant smoother surface morphology. Despite 1000 3ω, 355nm laser pulses the 

defect concentrations observed in the CO2 laser processed fused silica are of the same 

order as in the unprocessed fused silica specimen after only a couple of pulses. CL 

microanalysis shows that in comparison with the 355 nm laser damaged fused silica, the 

defect generation in CO2 laser processed fused silica is less and also the distribution of 

defects extends to a depth of 6.0 ± 1.0 µm rather than 10.0 ± 1.5 µm. CL microanalysis 

confirms that CO2 laser processing of fused silica is very effective in mitigating the 

355nm laser generation of point defects in the near surface region of fused silica. 

 
Conclusions  

 
Cathodoluminescence (CL) microanalysis has been used to (i) identify point defects 

induced in fused silica by high fluence 3ω, 355nm laser pulses following damage 

initiation and after damage mitigation (CO2 laser processing) and has been used to (ii) 

nondestructively determine the spatial distribution of these defects. The CL emissions are 

observed at 1.9eV, 2.2eV, 2.7eV, 3.2eV and 4.4eV, and have variously been identified 

with the NBOHC (non-bridging oxygen hole center), an ODC (oxygen-deficient center), 

substitutional (Al-H) impurity centre resulting from residual impurities from polishing 

processes, and the STE (self- trapped exciton). The enhancement of the STE emission 

from the laser damaged sites is likely to be associated with the electron beam induced 

annealing of the E′ centers generated by the 355 nm laser irradiation.13 The observed CL 

emissions and proposed identifications are summarized in Table 1. The spatially resolved 

CL data is consistent with damage initiation at the exit surface. The concentration of 3ω, 

355 nm laser induced defects is greatest at the surface and monotonically decays to pre-
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irradiation levels at ~10 µm depth below the surface. With CO2 processing to mitigate 

damage, the defect concentration and distribution is reduced to a maximum depth of 

~6µm. CL microanalysis confirms that CO2 laser processing mitigates the 355nm laser 

generation of point defects in fused silica. CL microanalysis provides a sensitive, 

spatially resolved and nondestructive method of assessing the magnitude and submicron 

distribution of irradiation induced damage in technologically important materials 

including fused silica. 
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Figures  

 

Figure captions  

 

Fig. 1. Typical visible CL spectra from fused silica: (a) undamaged area, and 3ω 

damaged area, (b) 30 Jcm-2, 1 pulse, (c) 30 Jcm-2, 2 pulses and (d) 45 Jcm-2, 1 pulse. 

Gaussian emission components are indicated by arrows. CL data was collected with 

sampling area of 150 x 200 µm2, and electron beam energy and current of 25 keV and 1.5 

nA. 

 

Fig. 2. (a) Secondary electron image (topography) of damage craters produced on the exit 

surface of SiO 2 by a pulse of 3ω, 355 nm laser photons at 45 Jcm-2. The damage crater 

arrowed in (a) is shown at higher magnification in (b). The secondary electron image (b) 

is compared with corresponding panchromatic CL images excited by a (c) 15keV electron 

beam and a (d) 25keV electron beam. Note that the contrast has been reduced in (c) 

relative to (d) to avoid saturation in the center region of the crater. The secondary 

electron image of the center of damage crater (e) is compared with the corresponding CL 

image (f). CL emission is observed from the fibers (e.g. see arrows) resulting from the 

355 nm laser induced thermal explosion which confirms these fibers consist of oxygen 

deficient silica. 

 

Fig. 3. (a) Typical visible CL spectra collected for different incident electron beam 

energies and constant beam power from an exit surface damage site of fused silica 

irradiated with 355 nm laser (30 Jcm-2, 2 pulses). (b). Typical componentized CL 
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spectrum (beam energy, 20 keV; beam current, 1.85 nA) from 355 nm laser irradiated 

fused silica (30 Jcm-2, 2 pulses). The scatter plot shows the experimental data, the dashed 

line plots show the fitted Gaussian components (see text), and the solid line plot shows 

the sum of the fitted Gaussian components for comparison with the experimental scatter 

plot. 

 

Fig. 4. Experimental (scatter plots) and calculated (line plots) integrated CL emission 

intensities from (a) undamaged, (b) laser damaged fused silica (355 nm, 30 Jcm-2, 1 

pulse) and (c) laser damaged fused silica (355 nm, 30 Jcm-2, 2 pulses). Corresponding 

iteratively fitted defect depth distributions from (d) undamaged, (e) laser damaged fused 

silica (355 nm, 30 Jcm-2, 1 pulse) and (f) laser damaged fused silica (30 Jcm-2, 2 pulses). 

The error bars indicate the errors in the fitting only. 

 

Fig. 5. (a) Electron Energy Transfer Function for fused silica, ρ = 2.2 gcm-3. (b) The 

maximum penetration depth of normal incidence electrons into fused silica.36 

 

Fig. 6. (a) Typical componentized CL spectrum (beam energy, 7 keV; beam current, 5.3 

nA) from the exit surface damage site of 355 nm laser irradiated fused silica. The scatter 

plot shows the experimental data, the dashed line plots show the fitted Gaussian 

components (see text), and the solid line plot shows the sum of the fitted Gaussian 

components for comparison with the experimental scatter plot. (b) Experimental (scatter 

plots) and calculated (line plots) integrated CL emission intensities from laser damaged 

fused silica (355 nm, 30Jcm-2, 1 pulse, CO2 laser processing, 355nm, 12 Jcm-2, 1000 

pulses) and (c) corresponding iteratively fitted depth distribution of each defect. 
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Tables 

Table 1 

 
CL Emission (eV) 

un-irradiated 3ω 3ω+CO2 

FWHM 
(eV) associated defect centers  

1.9 1.9 1.9 0.17 NBOHC 
- 2.3 2.3 0.40 STE (E' precursor induced 

by 3ω laser) 
2.7 2.7 2.7 0.35 ODC 
- - 3.2 0.85 ODC and/or (Al - H) center 
- 4.4 - 0.40 ODC 

 

Table caption 

 

Table 1 

 

Comparison of CL emissions observed from unirradiated fused silica, 355nm laser 

irradiated fused silica without (3ω) and with CO2 laser processing (3ω+CO2) for damage 

mitigation. See text for details. 
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