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Abstract. Previous studies have identified two significant precursors of
laser damage on fused silica surfaces at fluences <35 J/cm?: photoactive
impurities from polishing and surface fractures. We evaluate isothermal
heating as a means of remediating the defect structure associated with
surface fractures. Vickers indentations are applied to silica surfaces at
loads between 0.5 and 10 N, creating fracture networks. The indentations
are characterized before and following thermal annealing under various
time and temperature conditions using confocal time-resolved photo-
luminescence (CTP) imaging, and R/1 damage testing with 3-ns, 355-nm
laser pulses. Improvements in the damage thresholds with reductions in
CTP intensity are observed at temperatures well below the glass transition
temperature (T,). The damage threshold on 0.5-N indentations improves
from <8 to >35 J/cm? after annealing at approximately 750°C. Larger frac-
ture networks require longer or higher temperature treatment to achieve
similar results. At an annealing temperature >1100°C, optical microscopy
indicates morphological changes in some of the fractures surrounding the
indentations, although remnants of the original fractures are still observed.
We demonstrate the potential of using isothermal annealing to improve the
laser damage resistance of silica optics, and provide a means of further
understanding the physics of optical damage and mitigation. © 2012 Society of
Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.0E.51.12.121817]
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1 Introduction

There is a long-standing interest in the use of high average,
high-peak power lasers in demanding applications such as
inertial confinement fusion (ICF).'™ 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 com-
ponents 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 limited the per-
formance of even the highest quality optical components.>
These components can absorb photons with energies below
the material band gap causing undesirable damage when
exposed to high fluence light. A number of studies have
focused on indentifying the surface defects which may
lead to such optical damage.”” Recent studies’ suggest
that two sources of absorption exist that are primarily respon-
sible for optically induced surface damage of fused silica
optics exposed to ultraviolet wavelengths at fluence
<~ 35 J/cm?. These include optical absorption by photoac-
tive impurities and absorption by a thin layer of electroni-
cally defective material associated with even minute
fractures on silica surfaces.

Moreover, confocal time-resolved photo-luminescence
microscopy (CTP) studies demonstrate the spatial coinci-
dence between locations giving rise to a characteristic fast
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photoluminescent (FPL) signal and the locations where
optical damage occurs when subjected to high fluence sub-
band gap laser illumination. This useful diagnostic led us to
hypothesize that fracture surfaces generated during indenta-
tion processes'’ (including grinding, handling, intense laser
irradiation, etc.) create a region rich in defects. The photo-
luminescence (PL) observed from these fracture defects
exhibits a broad distribution of lifetimes typically much
shorter (<1 ns) than those observed from isolated point
defects known to occur in silica glass, such as oxygen defi-
ciency centers (ODCs) and nonbridging oxygen hole centers
(NBOHCs) (approximately 20 us).''~'* We hypothesize that
the local density of defects is sufficiently high near fracture
surfaces so that they interact to form a quasi-continuum of
electronic energy states, which results in fast P and high
absorptivity of subband 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 thermally 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 anneal away at temperatures as low
as 300°C, and that the annealing process is accompanied
by a significant reduction in PL'*! signal. At temperatures
of approximately 500°C, the PL characteristic of point
defects almost disappears, indicating the reconstruction of
broken Si—O generated during the initial irradiation.

Analogously, we have shown that it may be possible to
anneal out the defects associated with fractures that form
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the quasi-continuum states in fused silica using an isothermal
furnace without a priori knowledge of the defect locations.
This offers the possibility of improving the resistance of
fused silica optics to optical surface damage. In this paper,
we provide results on isothermal annealing on both the
PL characteristics of fused silica, and their corresponding
propensity to optical damage.

2 Experiment

Fractures responsible for the subband gap absorption of light
in fused silica can originate from optical 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'®!” as a reproducible means of producing surface
fractures on test specimens. The test substrates used in the
present work were 2-in. diameter fused silica windows
from CVI-Melles-Griot. Prior to indentation, samples were
chemically leached to remove photoactive impurities'® 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 0.5 and 10 N. Such indentations resulted in
the formation of fracture networks approximately 10 to
80 um in diameter and 1 to 20 um deep, as shown in
Fig. 1. Although not evident by optical microscopy, a
more careful secondary electron microscopy (SEM) study
revealed that small (approximately 20-nm wide) fractures
are present around the periphery of the plastically deformed
zone'® of even the 0.5-N indentations.

In addition to optical and secondary electron microscopy,
indentations were characterized both before and after iso-
thermal annealing using CTP imaging to look at the fast
component (7 < 5 ns) of the photoluminescence (FPL) sig-
nal. This technique has been described in detail elsewhere."”
Following indentation, samples were isothermally annealed
in a furnace under a nitrogen atmosphere to minimize the air
oxidation and creation of substoichiometric oxides. The
heating and cooling cycle was carefully controlled to mini-
mize the possibility of introducing thermal stress into the
glass by using 5°C/ min heating and cooling rates. Using a
series of samples, the annealing temperature was varied over

Fig. 1 Optical micrographs of typical Vickers indentations at different
loads.
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a range from 750°C to 1150°C, and the annealing time was
varied from 3 to 96 h.

The damage propensity of each sample was assessed
using small beam R/1 laser damage testing.”’ For optics
with randomly distributed damage precursors, damage test-
ing 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. We used small beam
R/1 damage testing as we are dealing with highly localized
damage precursors. Within the indentation fracture network,
there is a high density and relatively homogeneous distribu-
tion of damage precursors that can be seen in the CTP
imaging. During laser irradiation, some of these precursors
absorb laser light and initiate damage. The local laser fluence
where damage takes place is obtained by cross-registering a
laser fluence map with each damage location. A second
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 testing in this study was
performed using a Coherent Infinity Q-switched Nd:YAG
laser operating at 355 nm. The temporal profile of the laser
pulse is Gaussian with FWHM pulse duration of approxi-
mately 3 ns. The laser is focused onto the indentation on
the exit surface of the silica specimen using a long focal dis-
tance lens as shown in Fig. 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? diameter of approximately
80 um. An imaging microscope is used to observe the sample
under laser irradiation. During damage testing, the laser
pulse energy is slowly ramped to achieve an approximate
5-J/cm? step increase. A single laser pulse is fired at the
sample during each fluence step, and the sample is inspected
on the imaging camera until damage is registered. Depending
on the size of the fracture network (i.e. indentation load), the
size of the laser induced damage site ranges from a few to
several tens of micrometers. In order to obtain an accurate
measurement of the laser fluence, we cross register the laser
fluence map with the damage features observed on the sam-
ple, and calculate the local fluence of the laser in the locality
where each damage event is observed. Between four and
ten indentations at each load were tested for each annealing
condition. We then calculated the average and standard de-
viation of the damage fluence associated with each annealing
condition.

beam

splitter objective

sample

Laser damage

Fig. 2 Schematic diagram of the small beam R/1 laser damage
system.
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3 Results

As one might expect, longer annealing times progressively
reduced the FPL signal associated with fracture surfaces
[see Fig. 3(a)]. Similarly the damage threshold of the surface
exhibited a rapid initial rise as a function of annealing time
[Fig. 3(b)]. At longer annealing times, the laser damage
threshold was found to plateau to a steady state value. In
general, smaller indentations (i.e., smaller fracture networks
resulting from lower indentation loads) annealed faster and
reached a higher steady state damage threshold than did
larger fracture networks originating from larger indentation
loads. In the case of 0.5-N indentations, isothermal anneal-
ing produced a surface having a damage threshold of
approximately 35 J/cm?. This approaches the threshold of
approximately 41 J/cm?, which corresponds to that of an
acid-leached,?! fracture-free fused silica surface measured
using the same small beam R /1 method. Indentations created
using all three of the loads used in the present time study
reached their steady state value within an annealing time
of 48 h.

In Fig. 4, 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 h. The annealing temperatures used in the present
work ranged between 750°C and 1150°C, and in all cases
was kept below the thermal stress relief point (approximately
1200°C) of the bulk glass to minimize potential distortions
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Fig. 3 Time dependent isothermal annealling. (a) Reduction of char-
acteristic fast photoluminescence (PL) as a function of annealing
time for a 5-N indentation at 750°C. (b) Damage threshold as a func-
tion of annealing time at 750°C. Solid lines are an exponential fit to the
data of the form Y (t) = Y, + A exp(Bt) where A and B are the fitting
parameters, and t is the annealing time.
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of the optical surfaces. Representative FPL images of differ-
ent indentations before and after annealing are shown in
Fig. 4(a). A significant reduction in the FPL signal was
observed for all the indentations at each temperature.
Furthermore, the decreased density of metallic-like defect
states, as indicated by the decreases in the FPL image,8 was
also reflected in the laser damage testing results summarized
in Fig. 4(b). In particular, the data shown in Fig. 4(b) illus-
trates the laser damage threshold, following thermal anneal-
ing, is a function of both the lateral size of fracture network
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 tem-
peratures typically resulted in higher optical damage thresh-
olds. Since the annealing temperature was kept well below
the glass softening point, one would expect a minimal
amount of surface modification due to viscous flow. This
suggests that the improvement in the damage performance
in the vicinity of the indentation is the result of the local
reconstruction of the defect layer (e.g., the reorganization
of dangling bonds, and thus, a reduction in precursor density)
on the surface of the fracture that gives rise to subband gap
absorptivity. The extent of the annealing of the fracture
induced defects at the temperatures used in the present
work is dependent on the extent and severity of the initial
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Fig. 4 Temperature dependent isothermal annealing of indentations.
(a) Typical fast photoluminescence (PL) images of 0.5 and 10-N
indentations prior to and following 48 h of annealing at 1150°C.
(b) Damage threshold, determined by R/1 damage testing, as a func-
tion of annealing temperature for 0.5, 2, 5, and 10-N indentations.
Solid lines are Arrhenius fits to the data.
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fracture network. A detailed description of the rearrangement
of the defect layer or the specific relationship between defect
density and damage threshold is beyond the scope of the
present paper. However, the present data does suggest that
the improvement in the damage threshold associated with
the annealing process is a temperature-dependent process,
while higher annealing temperatures result in higher damage
thresholds, and improvements in the damage threshold can
be realized at temperatures well below the glass transition
temperature. Moreover, in light of the temperature depen-
dence of the damage threshold improvement, it is not unrea-
sonable to assume that the annealing process is a thermally
activated process, which might be expected to follow an
Arrhenius law. If we assume the damage threshold associated
with each indentation load depends linearly on the precursor
density, one might express the damage threshold (F) as a
function of the annealing temperature (7):

F = Froom + Fo CXp[—Ea/(RT)], 6]

where F,, is the damage threshold at room temperature, F,
is a fitting constant, E, is the activation energy of the ther-
mally activated annealing process, and R is the gas constant.
Table 1 summarizes the fitting parameters for different
indentation loads. Because of the limited number of data
used in the fit, the uncertainties in the fitting parameters
are expected to be large. As reflected in Table 1, one
would qualitatively expect higher indentation loads would
lead to lower initial damage thresholds (e.g., successively
lower values of F,,,), and progressively larger thermal bar-
riers (e.g., E,) associated with the annealing of the defect
layers. In addition, the pre-exponential factor in the Arrhe-
nius equation, also known as the frequency factor, increases
for higher indentation loads as the precursor density
increases. Nonetheless, given the small dataset and limited
knowledge relative to, for example, the functional relation-
ship between defect density and damage threshold, the
Arrhenius fit is meant to be a guide to how precursor density
(i.e., indentation load) and annealing temperature qualita-
tively affect the laser damage threshold.

4 Discussion

A number of physical and mechanical processes occur as a
silicate glass is heated. We have attempted to schematically
summarize several of these processes in Fig. 5. As shown in
this figure, only relatively modest temperatures (approxi-
mately 400°C) and times are required to anneal out isolated

Table 1 Activation energy of the thermal reconstruction of fracture
defects.

Indent load Froom Activation energy
(N) (J/om?) Fo (kJ/mol)

0.5 55 91.9 9.7

2 4.8 370 26.0

5 34 669 42.3

10 1.0 703 53.7
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Fig. 5 Schematic representation of temperature dependent pro-
cesses in fused silica.

point defects. As the density of defect states increases, 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 subband gap absorption. As the
temperature is raised further (approximately 1200°C), mech-
anical stresses in the bulk material are relieved. Further heat-
ing 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 asso-
ciated with indentation fractures can take place in a unique
parameter space different from that required for stress relief
or bulk flow (Fig. 5). This implies that the annealing pro-
cesses 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 optic of arbitrary size, provided heating
and cooling is spatially uniform, such that distortions in opti-
cal figures that might compromise the optical properties of
the component are avoided.

As the annealing temperature approaches that required
to release mechanical stress (approximately 1200°C), one
begins to observe the partial healing or closing the smaller
(micrometer or less) fractures whose surfaces are in close
proximity to one another (Fig. 6). Similar behavior was not

.05t

0.052

Before anneal After anneal

Fig. 6 Microscopy images of morphological changes exhibited by
indentation fractures prior to and following thermal annealing.
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observed on larger fractures. This could be expected”” as the
temperature approaches the glass transition temperature
since the characteristic time to heal a feature of size L is
pL/o, where u is the viscosity, and o the surface tension.
Since silica viscosity is an exponential function of tempera-
ture, 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 reconstruc-
tion 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 sur-
faces.’?® 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 sur-
faces 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 vio-
lently 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.

5 Conclusion

In the absence of photoactive impurities in the polishing
layer, thermal processes, even at temperatures well below
that required to relive mechanical stresses, reduce FPL
defects and improve the ultraviolet laser damage threshold
of fractures on fused silica surfaces. We attribute this beha-
vior to a reduction in the population of electronic defects
states formed on fracture surfaces during violent processes,
such as indentation. It remains unclear if the reduction in
defect population, as evidenced by both the observed reduc-
tion on FPL intensity and increase in local damage threshold,
is the result of surface diffusion or requires the presence of a
mating surface in close proximity.
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