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ABSTRACT

We examine the effect of lattice temperature on the probability of surface damage initiation for 355nm, 7ns
laser pulses for surface temperatures below the melting point to temperatures well above the melting point of
fused silica. At sufficiently high surface temperatures, damage thresholds are dramatically reduced. Our
results indicate a temperature activated absorption and support the idea of a lattice temperature threshold of
surface damage. From these measurements, we estimate the temperature dependent absorption coefficient for
intrinsic silica.
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I. INTRODUCTION

Little is known about the threshold process which triggers long pulse (> 20ps) laser-induced surface damage in silica
optics. In studies of long pulse bulk (defect-free) damage it has been shown that damage in several wide-gap materials
including silica is a result of lattice heating induced by multi-photon absorption generated free carriers, not by
avalanche ionization '’ Lattice heating was measured using photo-acoustic techniques and was shown to increase
with a power characteristic of multi-photon generation until it reached a critical temperature after which damage
occurred. For several crystalline materials, this critical temperature was near the melting point.

Lattice heating has also played an important role in many models for extrinsic damage — damage as a result of defects or
absorbing inclusions — although for extrinsic damage, there has never been a direct measurement of lattice temperature
just prior to damage as in the bulk damage case. Many of these models employ a temperature threshold which assumes
that damage occurs when an absorbing defect reaches a critical temperature **!. Typically this is a thermo-mechanical
threshold; for example, Stuart et al. have suggested that surface damage in silica occurs when defect absorption is

sufficient to melt, boil or fracture the dielectric material [*.

In 2005, Spaeth ! suggested that damage occurs when the lattice surrounding a precursor (a near-surface absorbing
defect or impurity) becomes hot enough to become absorbing itself. Run-away absorption of that small region of the
lattice then leads to damage. In this absorption run-away model, lattice temperature plays a direct role by defining a
thermo-optical threshold for surface damage, Tx, the temperature above which the intrinsic bulk material becomes
strongly absorbing. Surface damage is assumed to occur in two-steps. First, a damage precursor absorbs high fluence
light and is heated to Tx. Once the precursor reaches T, the defect-free silica surrounding it begins to absorb. The
higher the lattice temperature, the more the lattice absorbs. This leads to absorption run-away which drives the bulk
material to extremely high temperatures and pressures resulting in explosive ejection of material from the surface.
Temperatures measured during a damage event for several wide band gap materials exceeded 10,000K 7.

Conceptually, the equation for the temperature of the precursor and the material around it exposed to a laser pulse can
be written as:

CV(T).l]”—f =N (k(NT)+1(t)(a,,, (-, 1,T,1 Y +a,, (T, )) (1)



where I(t) is the laser pulse intensity, | is the damage pulse wavelength, awr(T,l ) is the temperature-activated
absorption of intrinsic silica, @,ps is the absorption of the precursor, and C(T) and K(T) are the heat capacity and thermal
conductivity of silica respectively. ant(T,l ) is a strong function of lattice temperature T, rapidly becoming larger than
precursor absorption for T > Ty.

Although absorption run-away can provide a consistent picture of surface damage, there have been no low pressure
measurements of anr(T,| ) in silica that would suggest a dramatic increase in absorption near the softening point of
silica (1900K) as suggested in bulk damage photo-acoustic measurements ' Direct static measurements of high
temperature absorption in silica near or above 2000K are difficult. Saito et al. have provided careful measurements of
silica absorption heated in a furnace up to 1900K and for | < 260nm ™. Extrapolations of phonon-induced band-gap
collapse from this work would require Tx > 5400K for 355nm light to directly bridge the optical gap. Dynamic optical
reflection measurements during shock heating in silica show a dramatic increase in absorption for T > 5000K and
pressures larger than 70GPa, but pressures around an absorbing precursor are expected to be much lower than this !, At
even higher temperatures above 10,000K, silica is seen to exhibit metallic conductivity.

Inspection of equation (1) above suggests that when the lattice temperature, T, is closer to Tx, less precursor absorption
will be required to heat it to Tx at which point intrinsic absorption turns on. Therefore, the hypothesis of absorption
run-away implies that the fluence required to generate damage will be less for damage tests performed at higher lattice
temperature. The reduction in threshold will depend on the size of the precursor and the temperature and intensity
dependence of its absorption. But, above some lattice temperature, absorption run-away will occur even without an
absorbing precursor.

To estimate the magnitude of temperature-activated absorption in silica and to test whether it is large enough to drive
absorption run-away, we study the effect of lattice temperature on the probability of surface damage initiation in silica
using 355nm, 7ns laser pulses. Damage threshold measurements are performed from room temperature to temperatures
above the melting point. These measurements allow us to separate the effects of surface conditioning from the
temperature-dependent absorption which leads to damage, and to estimate temperature dependent optical absorption in
silica for 355nm light.

2. EXPERIMENTAL PROCEDURE

This experiment required damage testing at temperatures greater than 1900K (the softening point of silica). In order to
perform damage tests at these temperatures we used a CO, (10.6mm) laser to heat the surface locally while the bulk of
the optic was maintained at room temperature. The 10.6mm heating beam had an ¢ spot diameter of about 1.5mm and
was focused onto the exit surface of the optic. The surface temperature, Ts, was controlled by adjusting the power of
the 10.6mm laser, and the exposure time was 5s, long enough to reach a steady state surface temperature. To obtain a
rough estimate of Ts, we measured the material removed by evaporation at each power level tested and then computed
Ts using an expression for evaporation rate as a function of temperature, Rg(T) = 5¢9 exp(-3.8eV/kg T) in mm/s,
obtained from vapor pressure data. The temperature range spanned by the conditions of this experiment is shown in
Fig. 1. Although this is a rather rough way to estimate surface temperature, the results reported below demonstrate
important trends with respect to temperature. We are currently working to improve estimates of Ts through a series of
calibration experiments which combine thermal camera imaging, direct temperature measurements with thermo-
couples, and modeling.

The damage threshold was measured using a 355nm, 7ns laser which was focused through the optic and centered on the
region of the exit surface heated by the 10.6mm laser. The 355nm beam shape was roughly elliptical, but had an
average estimated e~ diameter of about 100mm; in the following, we quote peak fluences assuming a Gaussian beam
with an effective 100nmm diameter. Here, the damage threshold fluence, f 1y, is defined as the fluence corresponding to
a 50% damage probability, and was determined as a function of 355nm energy by performing about 30 damage tests at
energies sufficient to span the range from no damage to nearly 100% damage. Each site was inspected for damage using

bright-field in-situ optical microscopy; when damage occurred, the sites were usually about 25mm in diameter (see
Fig. 5).
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Figure 1: Estimates of surface temperature, Ts, produced by 5s 10.6mn laser exposure.

Surface heating using a CO, laser has been known to condition the surface, increasing the damage threshold of silica by
either removing absorbing precursors or reducing their absorption " In order to separate the effect of conditioning
from the intrinsic temperature dependence of the damage process, we performed damage tests on surfaces that had been
exposed to the same conditioning temperature, Tc. Two damage threshold measurements were performed for each
10.6mm heating pulse power: one with a non-overlapping 355nm damage pulse and a 10.6mn heating pulse, and one
with overlapping pulses as shown in Fig. 2. In the non-overlapping pulse configuration, the 10.6mm laser heats the
surface to Tc; then, the surface is allowed to cool for 20s after which the damage pulse is fired. The 50% damage
threshold under these conditions is defined as f ty(Ts=300K,T¢) — the surface was conditioned to T¢ and then damage
tested at 300K. In the overlapping pulse configuration, the damage pulse is triggered during the last 100ms of the heat
pulse. Damage testing under these conditions defines the threshold f ry(Ts=Tc,T¢) — the surface was conditioned to T¢
and then damage tested at the conditioning temperature (Ts=T¢). This process ensures that the precursors have been
treated the same way and differences in the damage threshold are independent of the precursor state. The absorption
run-away model requires that f ry(Ts=T¢,Tc) < f ra(Ts=300K,T¢).
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Figure2: Heat pulse and damage pulse synchronization scheme.



3. RESULTS

Figure 3 plots the damage probability tested at room temperature as a function of 355nm fluence. The conditioning
effect is strong showing an almost four-fold increase in threshold going from 300K (no conditioning) to T¢ ~ 1760K.
Figure 4 shows the 50% damage threshold, f 15(Ts=300K,T¢), corresponding to the data of Fig. 3 plotted versus T¢. For
the highest conditioning temperature tested (estimated to be about 2200K), there was no damage seen in the conditioned
region. This corresponds to an increase in damage threshold of more than a factor of six, and suggests that precursors
have been essentially removed from the treated surface region or made non-absorbing.
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Figure 3: Damage probability as a function of 10.6nmm laser conditioning temperature.
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Figure 4: The effects of conditioning on the 50% damage threshold fluence measured at room temperature, f r3(Ts=300K, T¢).



Each point in Fig. 4 reflects the threshold fluence of the surface after conditioning to temperatures up to 2200K. Figure
5 compares the damage thresholds tested at high temperature, f rz(Ts=T¢,T¢), to the thresholds tested at as shown in
room temperature in figure 4. Both the thresholds tested at room temperature and those tested at high temperature
increase with Tc up to 1760K. However, when damage tested at high temperatures, the damage threshold is
systematically lower than the thresholds in regions tested at room temperature but exposed to the same conditioning
temperature — f rg(Ts=T¢,Tc) <, fra(Ts=300K,T¢). In fact, there is almost a 50% reduction in damage threshold at
Ts=1760K compared to the room temperature threshold. These results support the absorption run-away model — less
fluence is required to heat the precursors to Tx, the temperature where intrinsic absorption in the silica dramatically
increases.

The inset microscope images in Fig. 5 show typical damage sites created under the conditions shown. The morphology
of damage sites produced at room temperature following conditioning and damage sites produced at high temperatures
appear similar to those produced at room temperature with no 10.6mm laser exposure. Consequently, no new damage
mechanisms are seen to appear after high temperature conditioning or after damage testing at high Ts.
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Figure 5: Comparison of damage thresholds and damage site morphology tested at high temperature, Ts=T¢, to those produced at
room temperature.

There is a dramatic change in the behavior of damage sites tested at 2200K. As shown in Fig. 6, at some point above
1760K the threshold no longer increases with Tc, and at Ts ~ 2200K, dramatically drops below the un-heated surface
threshold. Note that the room temperature threshold conditioned to 2200K is more than 10 times higher than the high
temperature threshold. Under these conditions, the precursors are either gone or absorb almost no 355nm light. A¢
about 2200K, the silica surface itself begins to absorb 355nm light, and temperature-activated absorption in silica near
the surface drives a thermal run-away: the higher Ts becomes, the more the surface absorbs.

Figure 6 also shows a profile through a damage site created at 2200K and a top-down SEM image of it. The profile
clearly shows a narrow damage pit produced by the 355nm laser centered within a wider evaporation pit created by the
10mm heating laser. The damage probability curve for these conditions was quite abrupt. Sites exposed to T¢ ~ 2200K
but tested at room temperature show only the evaporation pit and did not produce the audible sound of a plasma
explosion which accompanied generation of the damage sites produced under the other conditions shown here. The



damage pit generates a hole at least 7mm deep below the bottom of the evaporation pit. As the 355nm pulse passes
through the optic it appears to be absorbed by the hot silica just below the evaporation pit, resulting in explosive
ejection of material from within the evaporation pit.
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Figure 6: Damage threshold and damage site morphology of a site produced at high temperature (2200K) indicating run-away
absorption in the intrinsic silica near the surface.

4. ANALYSIS AND DISCUSSION

The results above show evidence of temperature-activated absorption in the intrinsic silica and support the idea that
surface damage thresholds are controlled by the fluence required to heat an absorbing precursor to temperatures where
intrinsic absorption becomes large. One possible mechanism that could provide a large enough an(T,| ) to drive
absorption run-away near 2200K is a temperature-induced defect creation model. At high temperatures, the population
of defects in nominally defect-free solids exhibits an Arrhenius behavior '", and consequently absorption by these
defects would be strongly temperature activated. Defect generation and absorption models have been used to explain
the absorption in Ge-doped optical fibers which leads to the fiber fuse effect (see, for example, !'>'*)). In these models,
ant(T,l ) = ao(l ) exp(-To/T) where kT¢=2.5eV, the Ge-O binding energy. The relevant bond energy for defect creation
in silica would be the much higher Si-O bond energy, kT(=3.5eV, yielding a stronger temperature dependence in silica.

In the following, we have used this form for ant(T,| ) to help estimate the magnitude of intrinsic absorption in silica.
Equation (1) was solved in bulk with no precursor absorption, and the constant a,(355nm) was adjusted to achieve
absorption run-away under the conditions measured in Fig. 6. Figure 7 shows simulated bulk temperature, T(t), for the
conditions at and near the condition of run-away (Ts~ 2200K, f ~ 29 J/cm?). The plot on the right of Fig. 7 shows the
corresponding amr(T,355nm) under the assumptions of the defect model. Here, the absorption at 355nm is less than 50
ecm™ near 2200K, and would be very difficult to measure directly at any temperature below 2000K. An under-estimate
of Ts at the run-away condition would of course move the curve in Fig. 7 to the right, making absorption at 355nm even
smaller. From the measurements of Hicks et al., somewhere between 5,000K and 10,000K, silica becomes metallic-
like and has an absorptivity greater than 10° cm™ ! characteristic of a solid-state plasma. Note that Ty is not really a
model parameter, but simply represents the surface temperature for which intrinsic absorption turns on fast enough to
drive absorption run-away and damage. It will be weakly fluence dependent, but under the assumptions and conditions
shown here, Tx ~ 2200K.

Point defect generation is only one possible mechanism for temperature-activated absorption. Free carrier absorption of
carriers generated by ionized defects or by inter-band absorption through the Urbach tail states '* may play a role. It has
also been suggested that high temperature absorption in optical fibers subject to the fiber fuse effect may be due to
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absorption by SiO generated by thermal decomposition of silica *>*. More work is needed to confirm which mechanism

dominates in the temperature range of interest.
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Figure 7: Simulated surface temperature during absorption run-away and estimated intrinsic absorption coefficient to achieve run-
away assuming a temperature-activated defect generation and absorption model.

5. CONCLUSIONS

We have experimentally demonstrated high temperature run-away absorption on silica surfaces. After separating the
effects of conditioning from the temperature dependence of damage initiation, we found that the surface damage
threshold for Ts > 1500K is reduced compared to its room temperature value. The higher the surface temperature
becomes, the larger the reduction in threshold. These results support a threshold model based on absorption run-away.
Further work is needed to more accurately estimate the surface temperature, but the trends versus temperature are clear.
Temperature-activated defect generation is one possible explanation for the behavior seen here, but more work is
needed to confidently identify the mechanisms responsible for high temperature absorption. Finally, this work can form
the basis for more sophisticated models of energy deposition including material motion and the behavior of precursor
absorption capable of an accurate description of the dynamics of a damage event.
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