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Abstract
Previous studies have identified two significant precursors of laser damage on fused silica
surfaces at fluenes below ~35J/cm’, photoactive impurities in the polishing layer and surface
fractures. In the present work, isothermal heating is studied as a means of remediating the highly
absorptive, defect structure associated with surface fractures. A series of Vickers indentations
were applied to silica surfaces at loads between 0.5N and 10N creating fracture networks
between ~10um and ~50um in diameter. The indentations were characterized prior to and
following thermal annealing under various time and temperature conditions using confocal time-
resolved photo-luminescence (CTP) imaging, and R/1 optical damage testing with 3ns, 355nm
laser pulses. Significant improvements in the damage thresholds, together with corresponding
reductions in CTP intensity, were observed at temperatures well below the glass transition
temperature (Ty). For example, the damage threshold on 05.N indentations which typically
initiates at fluences <8 J/cm” could be improved >35 J/cm® through the use of a ~750 °C thermal
treatment. Larger fracture networks required longer or higher temperature treatment to achieve
similar results. At an annealing temperature >1100°C, optical microscopy indicates
morphological changes in some of the fracture structure of indentations, although remnants of
the original fracture and significant deformation was still observed after thermal annealing. This
study demonstrates the potential of using isothermal annealing as a means of improving the laser

damage resistance of fused silica optical components. Similarly, it provides a means of further

understanding the physics associated with optical damage and related mitigation processes.



I. INTRODUCTION

There is a longstanding interest in the use of high average, high-peak power lasers in
demanding applications such as inertial confinement fusion (ICF).[1-4] The peak power that can
be sustained by such lasers is typically limited by the amount of self induced damage that can be
tolerated by components making up the optical delivery system. All optical materials, including
fused silica, have intrinsic absorption properties that will ultimately lead to damage at
sufficiently high laser intensities. In practice, however, surface damage at fluences well below
the intrinsic limit have been found to limit the performance of even the highest quality optical
components.[5, 6] These components can absorb photons with energies below the material band
gap causing undesirable damage when exposed to high fluence light. There are a number of
studies that have focused on indentifying the surface defects that may lead to such optical
damage.[7-9] Recent studies[9] suggest that two sources of absorption exist which are primarily
responsible for optically induced surface damage of fused silica optics exposed to ultraviolet
wavelengths at fluence <~35J/cm’. These include absorption by photoactive impurities and by a
thin layer of electronically defective material associated with even minute fractures on silica
surfaces.

Moreover, our confocal time-resolved photo-luminescence microscopy (CTP) studies
demonstrate the spatial coincidence between locations giving rise to a characteristic fast
photoluminescent (FPL) signal and the locations at which optical damage occurs when subject to
high fluence sub-band gap laser illumination. This useful diagnostic has led us to hypothesize
that fracture surfaces generated during indentation processes[10] (including grinding, handling,

intense laser irradiation etc.) create a region rich in defects. The photoluminescence (PL)



observed from these fracture defects exhibits a broad distribution of lifetimes typically much
shorter (<1ns) than is observed from isolated point defects known to silica glass such as ODCs
and NBOHCs (>>1 ns).[11-13] We hypothesize that the local density of defects is sufficiently
high near fracture surfaces that they interact to form a quasi-continuum of electronic energy
states, which results in fast PL and high absorptivity of sub band gap light. These states provide
a means of transferring enough energy from the optical beam to the glass matrix to cause optical
damage.

One widely applied method of removing point defects is to isothermally anneal the material
in a furnace. Studies of defects induced by irradiation from neutrons or near-infrared
femtosecond laser sources have shown that point defects in fused silica start to be annealed away
at temperatures as low as 300°C and that the annealing process is accompanied by a significant
reduction in photoluminescence (PL)[14, 15] signal. At temperatures of ~500°C, the PL
characteristic of point defects almost disappears, indicating the reconstruction of broken Si-O
bonds generated during the initial irradiation.

This suggests that it may also be possible to anneal out the defects found to be associated
with fractures that form the quasi-continuum states in fused silica. It would offer a possibility of
improving the resistance of fused silica optics to optical surface damage. In this paper, we report
experimental results of isothermal annealing on both the PL characteristics of fused silica and

their corresponding laser damage propensity.

II. EXPERIMENT



Fractures with defects responsible for the sub-band gap absorption of light in fused silica
can originate from optics fabrication steps, such as shaping or polishing operations. Alternately
micro-scale fractures may be introduced as simple handling scratches or digs. In the present
work we have used a Vickers indenter[16, 17] as a reproducible means of producing surface
fractures on test specimens. The test substrates used in the present work were 2” diameter fused
silica windows from CVI-Melles-Groit. Prior to indentation, samples were chemically leached to
remove photoactive impurities[18] from the near surface of the optics. Indentation was
performed using a Shimadzu Model HVM 2 micro-hardness tester, equipped with a Vickers
indenter, using indentation loads ranging between 0.5N and 10N. Such indentations resulted in
the formation of fracture networks ~10um to ~80um in diameter and ~Ium to 20um depth as
shown in Figure 1. Although not evident by optical microscopy, a more careful secondary
electron microscopy (SEM) study revealed that small (~20nm in width) fractures are present
around the periphery of the plastically deformed zone[ 18] of even the 0.5N indentations.

In addition to optical and secondary electron microscopy, indentations were characterized
both before and after isothermal annealing using CTP imaging to look at the fast component (1<5
ns) of the photoluminescence (FPL) signal. This technique has been described in detail
elsewhere[8]. Following indentation, samples were isothermally annealed in a furnace under a
nitrogen atmosphere so that the reduction of damage precursors due to oxidation by oxygen in
the ambient is minimized. The heating and cooling cycle was carefully controlled to minimize
the possibility of introducing thermal stress into the glass by using a 5°C/minute heating rate and
a 0.5°C/minute cooling rate. Using a series of samples, the annealing temperature was varied

over a range from 750°C to 1150°C and the anneal time was varied from 3 to 96 hours.



The damage propensity of the sample was assessed using small beam R/1 laser damage
testing.[19] For optics with randomly distributed damage precursors, damage testing is typically
performed using a centimeter-sized beam and reported as damage density as a function of laser
fluence p(¢). The test results using small beams, on the other hand, may depend strongly on the
beam size. In the present study, we used small beam R/1 damage testing as we are dealing with
highly localized damage precursors. A second potential advantage of small beam damage testing
is that one can target specific regions of the sample surface with spatial selectivity.

The small beam laser damage test in this study was performed using a Coherent Infinite Q-
switched Nd:YAG laser operating at 355nm. The temporal profile of the laser pulse is Gaussian
with pulse duration of ~3ns. The laser is focused onto the indentation on the exit surface of the
silica specimen using a long focal distance lens as shown in Figure 2. The laser pulse energy and
its spatial profile are monitored by picking off a fraction of the beam and recording it using a
charge coupled device (CCD) camera. The beam has a 1/e” spot size of ~80pum. An imaging
microscope is set up to observe the sample under laser irradiation. During damage testing, the
laser pulse energy is slowly ramped until damage is registered on the imaging CCD camera. In
order to obtain an accurate measurement of the laser fluence, we cross register the laser spatial
profile with the damage feature on the sample, and calculate the local fluence of the laser where

the damage is observed.

ITI. RESULTS

In Figure 3, the damage initiation threshold, in the vicinity of a series of indentations

applied at four different loads, is compared as a function of temperature for a fixed annealing



time of 48 hours. The annealing temperatures used in the present work ranged between 750 and
1150°C, and in all cases was kept below the thermal stress relief point (~1200°C) of the bulk
glass to minimize potential distortions of the optical surfaces. As shown in Figure 3a, significant
reduction in the FPL signal was observed for all the indentations at each temperature. The
results of the FPL diagnostic were confirmed by the laser damage testing data summarized in
Figure 3b. In particular, the results shown in Figure 3b illustrate that the laser damage threshold
following thermal annealing is a function of both the extent of fracturing initially present on the
surface of the optic and the annealing temperature used. Smaller fracture networks, (i.e.
fractures formed at lower indentation loads) and higher annealing temperatures typically resulted
in higher optical damage thresholds. This suggests that the reconstruction of the defect layers on
fracture surfaces that gives rise to sub-band gap absorbtivity is a thermally activated process
which depends on the extent or severity of the initial fracture network. One can estimate the
activation energy (E,) of the thermally driven rearrangement of the defect layer by fitting the
temperature dependence of the damage threshold (F) as a function of temperature (7)) according

to an Arrhenius expression;

F=Fyexp(-E./RT) (D)

Table 1 summarizes the activation energy for the different indentation loads.
As one might expect, longer annealing times progressively reduced the FPL signal
associated with fracture surfaces (see Figure 4a) and generally increased the damage threshold of

the surface, until the threshold of the native surface is approached (Fig. 4b).



IV. DISCUSSION

A number of physical and mechanical “annealing” processes occur as a silicate glass is
heated. We have attempted to summarize several of these processes in Figure 5. As shown in
this Figure, only relatively modest temperatures (~400°C) and times are required to anneal out
isolated point defects. As the density of defect states increases in indentation fractures, one
would expect higher temperatures and/or longer times would be required to reconstruct the high
density of defects that result in the formation of the quasi-continuum of electronic states
responsible for sub-band gap absorption. As the temperature is raised further (~1200°C),
mechanical stresses in the bulk material are relieved. Further heating results first in softening of
the material and eventually in bulk material flow. The results presented here suggest that the
reconstruction of the high density of defect states associated with indentation fractures can take
place in a unique parameter space different from what results in stress relief or bulk flow (Figure
5). This implies that the annealing processes required to substantially increase the optical damage
threshold of small surface imperfections on fused silica can be achieved through a judicious
combination of temperature and annealing time. Such a method could, in principle, be used to
treat any sized optic, provided heating and cooling is spatially uniform, while avoiding figure
distortions that might compromise the optical properties of the component.

As the annealing temperature approaches that required to relieve mechanical stress
(~1200°C), one begins to observe the partial healing or closing the smaller fractures (micrometer
or less) whose surfaces are in close proximity to one another (Fig. 6). Similar behavior was not
observed on larger fractures. This could be expected[20] as temperature approaches the glass

transition temperature since the characteristic time to heal a feature of size L is pL/c where p is

the viscosity and o the surface tension. Since silica viscosity is an exponential function of



temperature, the size of features that can be closed is expected to vary exponentially with
annealing temperature.

This suggests that the proximity of the two surfaces may be of importance during the
thermally mitigated reconstruction of the defect structure that underlies optical damage.
Alternately, the thermally driven increase in laser damage threshold, reported here, may be the
result of strictly a surface diffusion phenomenon, which does not require the close proximity of a
mating surface. To explore this question we used the direct cleavage double compression
(DCDC) method to grow a matching pair of isolated fracture surfaces.[9, 21] Surprisingly, unlike
indentation fractures, very little FPL signal was observed on the fracture surfaces produced using
the DCDC technique. The high damage threshold of the fractures produced using the DCDC
method was similar to that of a fracture free polished surface. The fracture surfaces created
during the DCDC experiment are produced under pure tensile stress conditions at or near the
critical stress intensity. Fractures formed during indentation and during laser damage are
presumably created much more violently and under conditions of much higher stress intensity.
These differences likely result in a significant difference in the population of electronic defects
states remaining on surfaces following macroscopic fracture. Further study is presently underway
to better understand both the origin and population of defects associated with fracture surfaces,

and to develop more effective strategies to improve optics performance.

V. CONCLUSION

In the absence of photoactive impurities in the polishing layer, thermal processes, even at

temperatures well below that required to relive mechanical stresses, have been demonstrated to



reduce FPL defects and improve the UV laser damage threshold of fracture defects on fused
silica surfaces. We attribute this behavior to a reduction in the population of electronic defects
states that are formed on fracture surfaces during violent processes, such as indentation. It
remains unclear if the reduction in defect population evidenced by both the observed reduction
on FPL intensity and increase in local damage threshold are the result of surface diffusion or

require the presence of a mating surface in close proximity.
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TABLE

Table I. Activation energy of the thermal reconstruction of fracture defects.

Indent Load (N) | Activation Energy (kJ/mol)
0.5 7.9
2 21.3
5 51.2
10 56.2

FIGURE CAPTIONS
Figure 1. Optical microscopy images of Vickers indentations at different loads.
Figure 2. Schematic of the small beam R/1 laser damage testing setup.
Figure 3. Temperature dependent isothermal annealing and fast PL characteristics. (a) Fast PL
decreases from indentations as the result of annealing at 1150°C, and (b) damage performance
improves.
Figure 4. Time dependent isothermal anneal. (a) Fast PL reduces significantly as the annealing
time increases, and (b) damage threshold increases especially for smaller load indentations.
Figure 5. Thermal processes occur in silica glass.

Figure 6. Partial fracture healing/closing during isothermal annealing of fracture defects.
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