Uniaxial/Biaxial Stress Paradox in Optical-M aterials Har dening

Owing to its excellent homogeneity and low-intrinsic absorp-
tion properties, fused silicaremains the preferred material for
high-power laser applications over a wide wavelength range,
but especially inthe UV. In particul ar, large-aperture glassand
excimer lasers, such as Nova, Beamlet, OMEGA, NIKE, and,
in the foreseeabl e future, the National Ignition Facility (NIF),
the Megajoule laser (LMJ, France), and others, owe their
existencetoreadily available, large-diameter fused silicafind-
ing use in the form of beam-transport lenses and windows.
Often theselensesand windows separate atmospheric pressure
from vacuum areas, such ason spatial filters and target tanks,
experiencing not only high-fluence irradiation conditions but
also pressure-differential—induced stresses. The combination
of the two presents an interesting challenge in terms of laser
damage, as the formation of pits and cracks during conven-
tional damage may get aggravated by the presenceof stressand
lead to dramatic devicefailure by fragmentation and accelera-
tion of the lens or window shards into the evacuated space.

Eveninthe absence of avacuumissuewith itsconcomitant
stress, laser damageto fused silicaunder periodicillumination
by UV light, such as found in UV-lithography or medical-
instrument applications, limits system performance and in-
creasesmaintenancecosts. Thismotivatesthesearchfor simple
methods to alleviate the onset of or, at least, the detrimental
consequences of laser damage. In earlier work,1# dynamic
aspectsof laser-induced crack formationinfused silicaandits
correlation with stress, both self-induced? and externally ap-
plied,34 have been studied by uswith an eyetoward preparing
thefoundation for such remedies. In the current work, wetry to
answer several important questions raised by this prior work.

Inbrief, alaser-initiated crack hasbeen shownto grow upon
repeated irradiation by either IR® or UV1° |aser pulses, caus-
ing a hoop stress? to form in its immediate surroundings, the
existence of whichisessential for further growth. This causal
relation wastested by breaking the hoop-stress symmetry with
the help of an external stressfield and thereby arresting further
crack propagation, even at pump fluences much larger than
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those necessary for starting the crack initialy. This was dem-
onstrated for fused silicainitiated at either the substrate exit or
entrance surface. Surfaces, with few exceptions, suffer from
lower laser-damage thresholds than bulk—a fact attributable
to the consequences of the requisite, but extremely intrusive,
acts of cutting, grinding, polishing, and cleaning the surfaces.
Cleaved surfacesthat are spared these procedures offer compa-
rably higher damage thresholds.® The surfaces of fused silica
are of special interest in that a near-surface layer of material
densification’ is surmised to be formed during polishing,
which, by itself, may prompt near-surface residual-stress
fields to develop. One key question arising from the prior
work34 thus became whether or not, in the absence of a
densification layer and its residual-stress field, the effects
observed in fused silicawill remain. Or, put another way, will
externally applied stresses also delay |aser-damage initiation
in cleaved silica bulk and/or in materials for which no such
densification layer exists? To find the answer, this work ad-
dresses, in addition to polished fused silica, aternate model
systems: cleaved silica bulk and BK-7, borosilicate glass.

A second question arisesfrom the earlier observedincrease
in surface-damage initiation threshold and crack growth ar-
rest with external stresses applied in the laser-beam direction.
Thequestioniswhether or not thedirection of the appliedload
has an effect on the surface-damage initiation threshold and
crack growth. To answer this question, different applied load
configurationsareconsideredinthiswork; amongthem arethe
uniaxial compressions in the x or z direction, the biaxial
compression in the x and z directions for rectangular samples
(fused silicaand BK-7), aswell asradially applied pressurefor
round fused-silica samples.

Sampleirradiation was carried out by the fundamental and
frequency-tripled outputs of a Nd:glass oscillator/single-pass
amplifier system. This system produced a beam of nearly
Gaussian profile after passage through avacuum spatial filter,
prior to any frequency conversion. Thebeam wasthen focused
by a2-m-focal-length fused-silicalensto a~600-Lm spot size
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at the sample entrance surface. Laser pulses, produced at a
repetition rate of one pulse every 10 s, had nominal pulse
duration of 1 nsat 1053 nm and 500 ps at 351 nm.

A PDP-1I computer and CAMAC [computer-aided mea-
surement and control (J. White Co. 800)] crate system were
used for data acquisition and experiment control. The system
included a charge-injection-device (CID) cameralocated in a
sample-equival ent planefor recording the fluence distribution
in the beam spot.

The beam-incident direction was chosen to be <10° off-
normal to the sample entrance face to prevent any back-
reflectionof residual, unconverted IR from seedingtheamplifier
in the backward direction, and setting up a 351-nm Fresnel
interference pattern between the sampl e entrance and exit sur-
facesthat would invalidate the cal cul ated fluence distribution.

Inthiswork, damageisdefined to be any visible permanent
modification to the surface of the glass material, observable
with a110x-magnification, dark-field microscope. The small-
est damage spots observed as faint scatter sites were approxi-
mately 0.5 to 1 um in diameter. Due to the thickness of the
samples, spatial and temporal distortions of the beam were
avoided; therefore, both front- and exit-surface damages were
considered. Damagethreshol dswere determined by averaging
between the highest laser fluence incident on the sample that
produced no damage and the lowest laser fluence that did
produce damage.

The samples studied in this work were rectangular, 64 x
13.6 x4.3-mmand circular, 50-mm-diam, fused-silicasampl es
of Corning 7940 UV, gradeA. They were conventionally pitch
polished to laser quality (rms< 10 A) on the entrance and exit
surfaces and to cosmetic quality around the edges to monitor
insituthe crack propagation, aswerethe BK-7 samples, which
were also commercial blocks (52 x 11.5 x 5 mm).

Samples were mechanically loaded by clamping each be-
tween aluminum plates separately attached to a load cell
(Eaton, Model 3397-25, max. |oad capacity: 25 Ibs). A prede-
termined, constant uniaxial, compressive load was applied in
each geometrical configuration. Details of the experimental
setup of the applied load used in the laser-beam direction can
be found in Ref. 8.

Laser-damage thresholds (for pulse lengths greater than
picoseconds) are always reported as average values derived
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from a statistical number of sample sites per tested specimen.
In al nondeterministic, i.e., extrinsic-impurity-driven laser-
damage processes, the damage occurrence hingeson the statis-
tical presence or absence of one or more absorbing impurities
within a given irradiated area. This statistical distribution in
defect volume density is now convoluted by a site-to-site—
varying stress distribution. In an ideal experiment, a large
enough number of tests on samples and sites with precisely
known local stress will deconvolve the two distributions. In
practice, however, this is unrealistic. Rather, simulation of
local stress conditions by finite-element methods permits one
to find with acceptable accuracy, for various loading-geom-
etry-boundary conditions, the stresses within the aperture,
based on which one may choose many irradiation sites on a
single sample. A three-dimensional, finite-element analysis
code ANSY S5.4A®, developed by ANSY SInc., was used to
determine the stress distribution within loaded samples.

Figure 79.62 shows the 500-ps/351-nm damage-onset
fluence threshold for fused-silica exit and entrance surfaces
versus the stress o, resulting from a compressive load in the
laser-beam direction. The questionto addressiswhether or not
a link exists between the silica surface—densification layer
(anditsresidual-stress distribution) and the damage-threshold
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Figure 79.62

Entrance (¢)- and exit (x)-surface, 351-nm damage-initiation thresholds as
functionsof applied stressin fused silicafor thelaser beam direction—oading
configuration.
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trend. Applying external stresseswill biastheseeffects. Inlight
of Fig. 79.62, it appears plausible that increasing stresses
within the sample are decreasing the effect of the densified
layer and, at the same time, are increasing the damage-onset
threshold. To confirm or rule out this premise, further tests
were needed on cleaved silicabulk and on amaterial that does
not densify when polished. Figure 79.63 displays the exit-
surface-damage-threshold results versus applied stress ob-
tained for BK-7 with 1-ns, 1053-nm pulses. A data point from
Ref. 9, obtained at 1 ns, 1064 nm (also represented in
Fig. 79.63), shows good agreement with our stress-free mea-
surements. Furthermore, Fig. 79.64 illustrates the front-sur-
face-damagethresholds against the externally applied stresses
obtained for cleaved bulk silica. From Figs. 79.63 and 79.64,
it becomes clear that a damage-initiation-threshold enhance-
ment in response to externally applied stress is also obtained
for borosilicate glass aswell asfor cleaved bulk silica, ruling
out causal relations between densification, applied stress, and
damage-initiation-threshold enhancement in all systems con-
sidered here.

Next, we address correlations between (1) the external
stress and the laser-beam polarization and/or (2) the external
stressand thermal stress. In other words, (1) What isthe effect
of external stress on the damage threshold and crack growth
for a certain beam polarization? and (2) What is the magni-
tude of transient, thermal stresses induced by laser heating of
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Figure 79.63

Exit-surface, 1053-nm damage-initiation threshold as a function of exter-
nally applied stresses obtained with borosilicate glass (BK-7) for the same
loading configuration as Fig. 79.62. For comparison a data point (triangle)
obtained at 1064 nm, 1 ns from Ref. 9 is reported.

the material compared to the magnitude of the externally
applied stresses?

The answer to the second question was obtained by using
ANSYS in a thermal, transient analysis. A metallic defect
(Hf) of size 200 x 200 x 100 A embedded in the fused-silica
matrix wasconsidered and assumedto havereached atempera-
ture of 20,000 K by the end of the laser pulse (1 ns). Details of
the transient thermal finite-element analysis can be found in
Ref. 10. Thethermal stresses deduced from ANSY S{~aEAT,
where a is the thermal expansion coefficient, E the Young's
modulus, and AT the temperature [relative to the strain-free
temperature (room temperature)] of a given point in the ma-
trix} were found to be two orders of magnitude larger than the
applied mechanical stresses, rendering them all but irrelevant.

The issue of mechanical stress versus beam polarization
was addressed by using the original loading setup in two
different geometrical |oading configurations; theload wasfirst
applied in the x direction (Fig. 79.65), and second in the z
direction (Fig. 79.66). For thesetwo configurations, theresult-
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Figure 79.64

Entrance-surface, 351-nm, 500-ps, damage-initiation threshold as functions
of applied pressure in the z direction (perpendicular to the laser beam) in
cleaved silicabulk.
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ing stress estimated from ANSY Sis uniaxial along the x axis
or the zaxis, respectively. For uniaxial stress, Figs. 79.65 and
79.66 show the damage threshol d to reach amaximum around
—-5psi andtodroptoitsinitial, stress-freevaluefor loadslarger
than —15 psi. The same behavior was obtained with BK-7
loaded in the z direction (Fig. 79.66), ruling out any relation-
ship between the stress-onset damage threshold and the laser-
beam polarization.

To investigate the effect of the loading geometry on the
damage threshold, a setup was designed that provided simul-
taneous stresses in both the x and z directions. Figure 79.67
shows the results obtained with this configuration for both
entrance and exit surfaces of fused silica. The damage thresh-
old reaches a maximum around o, = 0y, = -5 psi and stays
constant thereafter, a behavior similar to that found for the
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configurationin Fig. 79.62, where the ANSY S-derived stress
distribution shows stresses in both the x and z directions,
athough o, > ogy,. Onthe other hand, experiments carried out
on circular fused-silica samples are illustrated in Fig. 79.68.
Although the current setup did not permit pressureslarger than
4.2 psi to be applied, Fig. 79.68 hints that the maximum
threshold would be reached also around 4 to 5 psi.

Key results from Fig. 79.62 and Figs. 79.65-79.68 are:
(2) Independently of theloading geometry used, the maximum
threshold for fused silicais obtained around an applied stress
of =5 psi. (2) A geometrical loading approximating practical
situationsisthat of Fig. 79.62, where aplateau isreached (the
configuration used in Fig. 79.67 isvery difficult to implement
in practice).
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Entrance- and exit-surface, 351-nm, 500-ps damage-initiation thresholds as
functions of applied pressure in the x direction (perpendicular to the laser
beam) in polished fused silica. The load P is applied via two screws.

Entrance- and exit-surface, 351-nm, 500-ps damage-initiation thresholds as
functions of applied pressure in the z direction (perpendicular to the laser
beam) in polished fused silica. The load P is applied via two screws.
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Experimentson crack growthusing uniaxial stressconfigu-
rationswereal so carried out, but no crack arrest wasobserved
for any of these configurations, leading oneto conclude again
that the optimum result for both damage-threshold enhance-
ment and crack-growth arrest in fused silica can be obtained
only in abiaxial stress configuration.

In conclusion, this work presents experimental results on
stress-inhibited, laser-driven crack growth and stress-del ayed,
laser-damage-initiation thresholdsin fused silicaand borosili-
cate glass (BK-7). The use of different loading geometries
providing uniaxial and biaxial stresses shows that the biaxial
stress configuration offers superior efficiency in raising the
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Figure 79.67

Entrance- and exit-surface, 351-nm, 500-ps damage-initiation thresholds
as functions of applied stresses in polished fused silica for the case of a
compression load in the x-z plane.

laser-damage-initiation threshold by up to 78% and arresting
crack growth down to 30% relative to stress-free conditions.
Theresultsalso raisetheintriguing paradox of biaxial symme-
try breaking proving superior to uniaxial effects—a paradox
that calls for further tests.
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as functions of applied pressure in round, polished-fused-silica samples.
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