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The laser-induced damage (LID) thresholds of fused silica and single crystal NaCl

ware studied at wavelengths of 0.5 and 1 um for pulses as short as 4 psec for a variety of
focal spot sizes. The problem. of sample-to-sample variation was minimized by performing
parametric studies on a single sample at a time. Beam distortion measurements and polari-
zation dependence studies of the LID thresholds demonstrate that the contribution of self-
focusing to tha LID measurements in this work was negligible. The damage threshold field,
Eg, was found to increase as the pulsewidth was decreased in both materials at both
wavelengths., The strongest pulsewidth dependence observed was approximately an invarse
squar2 root proportionality observed in NaCl at 1 wm for pulses shorter than 10 psec. For
conditions of equal pulsewidth and the same focal spot size, Eg was less at 0.5 um than at
1 um for both materials,
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1. Introduction

Th2 problem of bulk laser-induced damage (LID) in nominally transparent materials has been the
subject of extensive investigation [1]. However, after more than 15 years of study, bulk laser-
induced damage is still aot well understood. A major obstacle to developing models for such damage
in highly transparent materials is the lack of a consistent data base for the dependence of LID on
such basic param2ters as laser wavelength and pulsewidth. The problems of sample to sample varia-
tions and the complex interdependence of the damage thresholds on laser fregquency, pulsewidth, and
focal conditions [2] make the interpretation of isolated data points difficult,

We have tried to minimize these problems by studying LID as a function of wavelength and
pul sewidth for a variety of focal conditions on a given sample. In Ref, 2 the LID-thresholds of a
sanple of fus24 Si0p and a single cyrstal Nall sample were studied at 1.06 ym as a function of
pulsewidth for pulses ranging from 40 psec to 31 nsec using a variety of focal conditions. In that
work we found that the lasar-induced breakdown threshold field, Eg. (ie., the ras, field corres-
ponding to the LID threshold peak-on-axis irradiance) was only weakly dependent on the laser pulse-
width, We founa that, for the range of parametars used, we could fit all the data in Ref, 2 to the

tal 1owing empirical relationship
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where A and B are constants for a given sample, tp is the laser pulsewidth and wg is the laser focal
spot radius. In the present work, we find that this relationship breaks down for pulses shorter
than 10 psec.

Here we extend the pulsewidth dependence studies ai a wavelength of 1 um to pulses as short as
4 psec, and we study the LID characteristics of fused Si0, and single crystal NaCl at 0.53 um for
pul sewidths in the 20 to 200 psec range., We find that the empirical relationship given by eq. 1 no
longer hn}ids for laser pulses shorter than 10 psec. For the shortest pulses (4 - 10 psec at
1.05 ym), Eg varied as approximately the inverse fourth root of the pulsewidth in SiOz and as
approximately the inverse square root in NaCl for all the focal conditions studied.

For conditions of equal pulsewidth and the same focal spot size, Ep was less at 0,53 ym than at
1.06 um for both materials for pulses in the 40-to 200 psec range. This result is contrary to the
predictions of a simple avalanche breakdown model, Also, the observed dependence, while in the
right direction, is much too weak for a strictly multiphoton process, A multiphoton initiated
avalanche breakdown process [2] could possibly account for the observed wavelength dependence.

In addition, by careful 1y studying the polarization dependence 2f LID and by measuring the
distortion of the transmitted beams, we show that the contribution of self-focusing to LID in our
experiments is much less than has been assumed by other workers., In fact, for certain focal condi-
tions we demonstrate that the effects of self-focusing are negligible.

2. Experiment

The lasers used in this study were a mode-locked Nd:YAG oscillator-amplifier system and a mode-
locked Nd:Glass oscillator system which have been described elsewhere [2,3]. The YAG laser was
aperated at 1,06 ym and the glass at 1,05 ym. In each case a single pulse of measured Gaussian
spatial and temporal profile was switched out of the mode-locked train and amplified. The pulse-
width of the Nd:YAG laser was varied from 40-200 psec by selecting various etalons as the output
coupler of the oscillator., The glass laser pulsewidth varied from 4 to 10 psec. The pulsewidth and
energy of each pulse were monitored. The width of each pulse was determined by monitoring the ratio
>f the energy in the second harmonic produced in a nonlinear crystal to the square of the energy in
the fundamental. A more detailed description of energy and pulsewidth measurement are given in
Ref, 2,

A temperature tuned CD*A crystal was used with the Nd:YAG laser to produce pulses at 0.53 m,
Care was taken to filter any residual 1,06 ym radiation from the 0.53 ym beam. The energy in the
fundamental pulses at 1.06 pm was kept below a value which would produce saturation effacts in the
spatial profile of the second harmonic, Two-dimensional scans of the 0.53 um beam with an optical
multichannel analyzer (OMA) verified the absence of saturation effects and the Gaussian spatial
prafile of the 0.53 um beam. Such vidicon scans of the spatial beam profile showed that the shot-
to-shot variation in tha beam width was less than our detection resolution limit of approximately
17, Light-by-light scattering measurements in a Lil0g crystal [4] indicated that the 0,53 um pulses
nad 4 Gaussian temporal shape. The results of these measurements confirmed that the 0.53 um pulse-
width scaled as the 1.06 ym pulsewidth divided by V2. This scale factor was usz2d to compute the
0.52 um pulsewidths from the measured 1,06 ym pul sewidths,

Tne laser beam was focused into the bulk of the sample using single element, "best form",
‘eases designed for minimun spherical aberrations. Three lenses of focal lengths 37 mm, 75 mm, and
150 mm were used at various aistances from the beam waist to produce the focal spot radii for these
cxperiments. The lowest f-nimber condition used in these experimants was f/10.3. In each case, the



beam diameter was kept below maximum values necessary to ensure diffraction limited performance.
Aberrations caused by focusing through the planar surfaces of the samples were calculated to cause
an error in the field of less than 0.1% for the worst case. The output energy of the CO*A crystal
was monitored continual 1y using a sensitive photodiode peak-and-hold detector, absolutely calibrated
with respect to a pyroelectric energy detector, Transmission through the sample was monitored by
another pgak»and-ho]d detectors.

In some cases, the transmission detector was replaced by a vidicon tube used in conjunction
with an optical multichannel analyzei to scan the transmitted beam profile. Such scans.were made at
the damage threshold irradiance and for irradiance levels ten times below the damage threshold, In
this way, a total time integrated beam distortion at the beam waist of the order of )/5 could be
detected,

The short pulsewidth data (4-9 psec) were taken on the same samples using a microprocessor-
controlled Nd:Glass oscillator system operating at a laser wavelength of 1,05 ym [3]. This system
produced single pulses of measured Gaussian spatial profile. Shot-to-shot energy fluctuations were
determined to be -20% The same focusing lenses were used as with the 0,53 ym measdrements, Bean
scans as a function of distance from the laser were employed (as was also done using the 1,06 um
laser) to determine the beam divergence (0.4 mrad.) and the position and size of the output beam
waist, This information and the lens focal length were then used to calculated the beam waist at
the lens focus. Energy on target was varied using a calibrated Glan polarizer. The procedures for
measuring and continuously monitoring both pulsewidth and energy are identical to those described
previously with the Nd:YAG laser system [2].

The breakdown threshold for a given pulsewidth was taken to be that irradiance which produced
damage 50% of the time, Each site was irradiated only once., Damage was defined as the appearance
of a visible flash in the bulk of the sample or by the observation of forward scattered light from a
coaxial HeNe laser as viewed through a ten-power long-working distance microscope. The microscope
also was used to verify that damage had occured at the beam focus and was not due to inclusions.
For 0.53 um damage, the appearance of 0.53 um scattered radiation and HeNe scattered light occurred
simultaneously for both 5i0, and NaCl. In the cases of the 4-9 psec 1 um data, for both Si0, and
NaC1, there was a small range of incident energies where damage had occured as determined from
scattered HeNe radiation, but no flash was observed. N-on-1 experiments (multiple shot irradiation
at the same sample site) conducted at both wavelengths, indicate no change in the breakdown thres-
hold when compared to the l-on-1 experiments (only one irradiation per sample site),

3. Self-Focusing Considerations

In order to produce laser-induced damage in the bulk of a highly transparent material one must
tightly focus the light into the material., Since the beam propagates through the material, one must
consider the effects of self-focusing on the results of bulk damage measurements, particularly when
the power required to induce damage is of the order of the predicted critical power for self-
focusing, Marburger [5] has derived an approximate solution to the nonlinear wave equation for a
focused Gaussian beam in a nonlinear medium, This solution (called the constant shape approxima-
tion) assumes that, in the presence of self-focusing, the focused beam waist is given by

p =l P/Pl)llaao (2)



where Py is the critical power for self-focusing
a, 1s the focal radius in the absence of self-focusing, and
P is the input power,

Some workers have assumed that the damage threshold irradiance for highly transparent materials
(such as those used in this study) is an intrinsic property [6] of the material and that any
apparent dependence of the breakdown irradiance on a, is due to self-focusing [7,8,9] The breakdown
power then was measured for various values of ap and the results fit to the equation

1/ = 2/1 'nag /P (3)

where Pg is the power required for breakdown and
lg is the intrinsic damage threshold.
A number of authors have used this technique to extract values for lg and Py for nanosecond [7,8)

and picosecond pulses [10,11] In some cases Py was calculated [11] in accordance with the rela-
tion [5]

2
Py = cX/32un, (4)

where X is the wavelength, and n, is the nonlinear refractive index. A new focal radius was cal-
culated using eq. (1). The np values used in these calculations were taken from nanosecond measure-

ments,

There are serious problems associated with using the above mentioned procedure. Subsequent
work has shown that IB is not an intrinsic property of a transparent material as evidenced by large
sample to sample variations observed in a given material [2,12]). A second problem is that other
self-action effects such as a saturation of the self-focusing or free carrier defocusing may become
important at the extremely high irradiance levels required for damage. The presence of these "free"
electrons creates a negative change in the index of refraction which can 1imit the self-focus
collapse, [5,13,15] defeat self-focusing entirely, [15] and in some cases lead to self-defocusing of
the beam, [16,17] Therefore, before any analysis of damage data can begin, one needs to devise
tests which will verify the presence, or absence of self-focusing effects.

Une such test arises directly from self-focusing theory which predicts that the critical power
for self-focusing is lower for linearly polarized light compared to that for circularly polarized
light [18-21]). Experimental measurements in 1iquids, such as CSp, conducted by ourselves [22] and
others [20,23] have confirmed that this is indeed the case. In solids, Feldman et al. [19] measured
ratios of circular polarization thresholds to linear polarization thresholds on the order of 1.1 to
1.3 for fused quartz, These measurements were conducted using nanosecond pulses at 1.06 ym where
both electrostrictive and electronic contributions to np are believed to be important. For pico-
second pulses the dominant contribution to ny is believed to be electronic self-focusing, which is
polarization dependent., Thus, if self-focusing effects are important in our measurements, then the
breakdown thresholds should be difterent for different polarization confiqurations,

In figure 1 we present the results of polarization dependent studies for a sample of fused
guartz at a laser wavelength of 0.53 ym and 1,06 ym. The breakdnwn thresholds are given in terms of
the roms, electric fizld, in MV/cm, corresponding to the peak-on-axis irradiance producing damage.
In botn cases we used the shortest pulses availahle to us, which corresponded to the highest input



power for the given focal spot radius of 5 ym (HW l/e2 M). As can be seen the breakdown field for
linear polarization equals that for circular polarization. In both materials no polarization depen-
dence was observed for pulses between 4-9 psec (FWHM) at 1.05-pm even for the largest spot size used
in this study, Similar results were obtained in measurements on a NaCl sanple at a 0,53 ym laser
wavelength for 30 psec pulses, Thus, for the focal conditions used, we observed no polarization
dependence, of the breakdown thresholds for either fused quartz or NaCl. ’

Another, independent test for the presence of self-focusing is to examine the beam spatial
profile after transmission through the sample for irradiance levels far below and near the damage
threshold. In figure 2 we show two vidicon traces taken in th2 far field through the center of the
0,53 ym beam after transmission through the fused quartz sample. The focal spot radius (HW lle2 M)
at the beam waist for this confiquration, in the absence of self-focusing, in approximately T‘um.
The solid trace was taken near the damage threshold. The dashed trace was taken at an irradiance
level approximately 10 times helow the damage threshold., Filters were placed in front of the
vidicon to adjust the irradiance at the vidicon surface to the same value in both traces in order to
minimize any problems in detector nonlinearity. Inspection of figure 2 shows no detectable beam
distortion for input powers approximately equal to the damage threshold power. Scans conducted for
a focal spot size of 3.4 ym at the 0.53 uym laser wavelength also show no distortions.

Tne authors are aware that the technique just described monitors the time-integrated beam
spatial profile; however, this technique is sensitive to a A/5 distortion in the total time
integrated profile and has proven to be a sensitive technique for monitoring the onset of self-
defocusing in solids [16]. These measurements, when taken together with the polarization experi-
ments aescribed above, indicate that self-focusing effects were not important for the geometries
used in these experiments. However, the reader should be aware that in other experimental
geometries (i.e., less tightly focused beams) self-focusing effects can be important. In fact,
preliminary measurements in 5102 at 0.53 um indicate that for a 14 ym focal spot radius the far
field beam radii for irradiance at the damage threshold differs from that at low irradiance levels
by approximately 28% (indicating that self-focusing has taken place). For that same focal geometry
the ratio of the LIB threshold for circularly polarized light to that for linearly polarized light
is approximately 1.4, These self-focusing studies are not yet complete and will be reported in
detail at a later date, We emphasize that no data are included in this paper for which either the
polarization test or the beam distortion test indicate the presence of self-focusing.

4. Experimental Results and Discussions

Tables I-VIII summarize the results of measurements of the laser-induced breakdown thres-
holds for two different samples of single crystal NaCl and fused silica [24]. The NaCl sample
labeled 78-NC-6 is the same sample used in previous picosecond damage studies [2] and in studies at
longer pulsewidths and wavelengths [15,25], Both Si0, samples have been used in nanosecond studies
at 1,06 ym [26] and th= sample labeled 79-FQ-125-1 was used in previovus picosecond studies [2]. The
uncertainties listed in the tables of data are the relative errors obtainad by the method of Porteus
et al. [27]. The absolute errors, which include the relative errors and absolute errors in energy,
pulsewidih and focal spot radius, are estimated to be #20% in the breakdown electric fields.

Tables 1-1V summarize the results of our measurements at 0.53 ym for laser pulsewidths in the
25 to 200 psec {FWHM) range. These results will be compared here with the results of our earlier
studies at 1,06 un for these same materials over a similar range of pulsewidths., Tables V-VIII
contain the results of measurements on these same samples at 1,05 ym for pulses in the 4 - 10 psec



range. In addition, Tables VI and VIII contain LID thresholds at 1 ym in the pulsewidth range of 40
to 200 psec*for a 7.2 yn fozal spot radius. These thresholds are taken from our previous work
(Ref. 2) and were interpolated fron measurements made at focal spot size of 6.1 and 10,3 um,

In the parajraphs that follow, we examine the pulsewidth dependence of the threshold breakdown
field, kg, for a given sample at a given wavelength and focal spot radius. We then examine the
wavelenqth dependenc2 of £y for a given pulsewidth and spot size.

The dependence of Eg on pulsewidth (tp) is mor2 clearly seen by plotting Eg versus the inverse
pulsewidth on a 10og-log plot, Figures 3 and 4 are such plots for a NaCl sample (82-NC-1) and @ 510,
sample (79-FQ-7940-1) at 1,05 ym, Note that for a given spot size and for pulses shorter than 10
psec the data for each sample can be fit with a straight line, Over this limited pulsewidth range

E, =t , (5)

where x = 0.3 for the 5i0, sample and x £ 0,5 for the NaCl sample., The displacement of each set of
data points corresponding to different focal spot sizes indicates a relatively strong spot size
dependence in these samples at this wavelength,

Figures 5 and 6 are similar plots for the same two samples (79-FQ-7940-1 and 82-NC-1) at
0.53 um for pulsewidths in the 25-200 psec range. Again one can fit the data with a linear depen-
dence. However, in this case x < 0.1 for the Si0; sample and x # 0,3 for the NaCl sample. Similar
trends are seen in the data for th2 other Sif; 2nd NaCl samples given in tables 11, IV, VI, and
VIIIL.

At 0.53 ym and 1.06 ym tha pulsewidth dependence of Ep observed for both materials is in good
agreement with the predictions of various avalanche breakdown models [28,29,30]. For example the
mode] proposed by Sparks et al., [28] predicts very little pulsewidth dependence for relatively long
pulses (nsec) and a dependence of Eg on pulsewidth which approaches an inverse square root depen-
dence for relatively short pulses, i.e., ten's of picoseconds, The inverse square root of pulse-
width dependence implies that the breakdown fluence is constant (as can be seen in tables VII and
V1!l for the NaCl samples). We find that for NaCl in the long pulsewidth 1imit (tp > 1 nsec) the
areakdown field is nearly constant, whereas in the short pulsewidth limit (tp < 10 psec) the break-
Jown tluence is nearly constant, The trend in the tp dependence of Ep for 5i0p is similar to that
seen 1n Nall, however, the strongest dependence of Eg on tD observed was Eg o tp‘0'3 for pqlses
shorter than 10 psec at 1.05 pm. It is important to note that the strongest pulsewidth dependence
of Ly ohservad in these measurements was the approximate inverse square root of pulsewidth depen-
dence observed for NaCl for t, <10 psec at 1,05 ym. In an ayalanche breakdown model this depen-
dgnce implias an ionization rate (R) which is proportional to the input irradiance, Then the
~.*1<.n of zarriers is given by [28]

AE"t

ahere Nois the carrier deasity

HO is the initial carrier density or carrier density produced by multiphoton ionization.

A 1s constant,



It is commonly assumed that damage occurs when the carrier density reaches a critical value, N..
Thus eq. 2 gives the following relationship for EB

1/2

Eg = (1//E) & [(N_/N,)/A) (7)

and the [] term is constant for a given sample and laser frequency. The breakdown fluence,€p, is
proportional to EE times the laser pulsewidth. Therefore eq. 6 implies that eg is a constant
for & proportional to E2,

In the Sparks avalanche breakdown model the jonization rate B is proportional to E2 in the high
electric field limit, This 1limit corresponds to the situation in which the increase in energy of
the electrons in the conduction band is simply proportional to the input irradiance and that all
losses are negligible, This simply says that the ionization rate is limited by the rate at which
the input light beam can supply energy to the conduction band electrons. For the low field limit,
i.e. longer pulses, B is exponentially dependent on E and the resulting pulsewidth dependence is
relatively weak. In figure 7, we have reproduced the theoretical curves derived by Sparks et al.
[28] showing the predicted dependence of the breakdown electric field, Eg, on pulsewidth and have
extended tne pulsewidth scale to longer and shorter pul sewidths., These curves were obtained by
nunerical integration of the Fokker Planck diffusion equation with appropriate boundary conditions
reflecting energy loss by electrons to phonons. The solid curve was obtained using a value for oy,
the electron-chlorine ion scattering cross section, taken from atomic physics literature. The
dotted curve labled "s.y adjusted" was obtained using a value for this parameter adjusted so as to
give a better fit to experimental LID data available at the time. This cross section appears in the
equations used to calculate the electron-phonon relaxation frequencies. The experimental points
shown were obtained in this work at 1,05 ym for the NaCl sample labeled 78-NC-6 (Table VIII) and in
our previous picosecond study at 1,06 ym [2]. Note the excellent agreement between the Sparks
avalanche model and the data obtained here and in Ref, 2 for the 5 uym spot size, Data obtained in
the same sample for a larger spot size (7.2 um) show a similar trend in the functional dependence of
Ep on pulsewidth but the values of Eg are lower than those given by this model. The agreement
between the absolute values predicted by theory and experiment for 5 um spot size may be fortuitous
since the Sparks model describes intrinsic avalanche breakdown, i.e., the starter electrons
necessary to create the avalanche are assumed to be already present. Such a model predicts no spot
si1ze dependence of the breakdown field. The relatively strong spot size dependence observed in NaCl
at 1.06 ym indicates that damage in this material is probably initiated by sone extrensic process;
for example, multiphoton ionization of material defects.

Otner wirkers have used an approximate inverse pulsewidth dependence (i.e., x = 1 in eq., 3) to
scale breakdown data for various materials [11]. This is a much stronger dependence than is
observed in this work, Their strong pulsa2width dependence was determined by combining the 1,06 um,
30 psec data in Ref. 9 and 1,06 ym, 15 psec data in Ref. 31. These two data points were taken with
different focal spot sizes. That is, the 30 psec data point in Ref, 9 was taken with relatively
smali focal radii (4.7 to 5.9 um ]/92 radius) and was reduced with the assumption that self-focusing
was dominatinag the observed damage, The 15 psec data point in Ref, 31 was taken with a relatively
larqg2 tocal radius (12.4 ym HW 1/92 M) and thus higher input power. In the latter work the authors
assumer that self-focusing was not present in their experiment. The relatively large pulsewidth



dependence deduced from these two isolated data points is probably due to differences in experi-
mental conditions used in these two measurements and the different methods of data reduction.

We now examine the wavelength dependence of the breakdown thresholds for laser pulsewidths in
the 25 - 200 psec range. 1n figure 8 we have plotted, in bar graph form, the breakdown electric
fields for SiU, (sample 79-FQ-125-1) and NaCl (sample 78-NC-6) for 1,06 ym and 0,53 um for various
pulsewidths at a fixed focal spot radius (7.2 um). The 1.06 ym LID thresholds at the 7.2 wm focal
radius are taken from Ref. 2 and are interpolated from measurements at spot sizes of 6.1 and
10.3 wn. In two cases where the pulsewidths did not exactly overlap for the two wavelengths we
interpolated the 0,53 um data between two pulsewidths for which data was available. This procedure
was made necessary by the fact that only a 1imited number of pulsewidths were available at each
wavelength studied, The errors due to interpolation are estimated to be within the error bars spown
in figure 8.

Note that for each pulsewidth range plotted in fiqure 8 the breakdown field is less at 0.53 um
than at 1.06 vm for both the Si0y and the NaCl sample. Avalanche breakdown theory predicts an
increase in Ep with decreasing wavelength, which is clearly inconsistent with the results shown in
figure 8 The observed decrease in breakdown field with wavelength, while in the right direction,
is much too weak for a strictly multiphoton process. One could possibly account for these results
by a multiphoton initiated avalanche breakdown model which has been previously suggested,

Smith et al. [11] observed an increase in the breakdown threshold with decreasing wavelength
for picosecond pulses. However, the data presented in that work was scaled for the presumed effects
of self-focusing using eq. (2) for 1.06 uym and eq. (1) for 0,53 um over a range of pul sewidths and
spot sizes in which we observe no such effects, In addition it is unclear whether the same samples
were used in the wavelength comparison. Manenkov [12] observed an initial increase in the damage
threshold for a sample of NaCl from 1,06 ym, to 0.6Y um, then a decrease in the damage threshold at
0.53 un for pulses ranging from 15 to 8 nsec. The data presented in that work was not scaled for
self-focusina.

5. Summary

Laser-induced breakdown was studied as a function of pulsewidth and wavelength for a variety of
focal conditions in fused Si0p and single crystal NaCl. Beam quality measurements and polarization
dependence studies indicated the absence of self-focusing effects in these experiments such that no
self-focusing corrections need be used,

For the two materials studied the breakdown field (Ej) increases with decreasing pulsewidth,
The observed pulsewidth dependence for a given spot size and wavelength is consistent with the
pulsewidth dependence predicted by various electron avalanche breakdown models. However, the spot
size dependence observed in this study is not predicted by any avalanche theory and is probably due
to the extrinsic nature of the observed damage. The strongest pulsewidth dependence observed was in
haCl at 1.05 yn for pulses shorter than 10 psec. For these short pulses Eg increases as the inverse
square root of the pulsewidth, indicating that the breakdown fluence is constant.

fFor conditions of equal pulsewidth and the same focal spot size, i.e., pulsewidths from 45 to
175 psec and a focal spot size of 7.2 ym, Eg is lTess at 0,53 ym than at 1,06 um for both materials.
Avialanche breakdown theories predict an increase in £y for shorter wavelengths. The observed
decrease in breakdown field with wavelength, while in the right diraction, is much too weak for a
strictly multiphoton process. A multiphoton-initiated avalanche braakdown process might account for
these results, In such a process electrons are excited to the conduction band by multiphoton



ezcitation of impurities or defect states within the material bandgap (i.e., extrinsic effects).
After a few electrons are present in the conduction band, avalanche ionization takes over and
dominates the damaae process. Thus, the frequency dependence observed may be partly due to the
multiphoton initiation process and the pulsewidth depeﬁdence indicative of an avalanche ionization
process.
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Taoie L, LID data for sampl2 79-FQ-7949.1 {5i0,) at 0.53 um,

The error values listad are the
~glative Jncarsaincies in <he threshold for 4amage determined Dy the method used in Ref, 27,
10saluta acsuracy af =n1s 2at3 and the 4ata prasented n the ather radbles is estimated %o be
sne ar2axdown fizlz, [n this zable ind =hose that follow W = focal spot radius ‘HW l/e
microns, t, = Tiser Su’sewidth [FWHM) :n osec, lg = dreakdown irradiance, 3 s breskdown fielq, 95 s
Sredxdown Jower 3ad :g = Jr2akdown fluenca.

] ’.9 EB ts

{.m) ‘nsac) (TW/ :n3) (MV/cm) {J/cmz}
25 =13 1.32 = 0.13 18,3 = 0, 1.07 = 0.11 35.0 =
7.2 §3 =5 0.78 = 0.08 14.1 = 0, 0.64 = 0.06 44,0 ¢
110 £10 0.78 « 0,08 14.1 = 0. 0.64 = 0.06 91 s
1) =5 1.40 = 0.14 18.9 = 0. 0.55 = 0,06 §5 =
1 195 =15 1.20 = 9,12 17,52 0. 0.47 = 0,08 134
140 =18 lelé = )11 17.0 = 0. 0.45 « 0,05 169 =
130 =29 1,10 = uil 18.7 = Qs 0.43 = 0.04 210 =
n =3 1.88 = 0.17 20,7 = 1. 0.31 « 0.03 53 -
R 12 =10 1.34 - 90.12 18.5 « 0. 0,24 « 0,02 102 =
105 =15 1,97 = 0,11 16:5:% Qs 0.19 = 0,02 33 =

Tiola I, LID 1ata for samola 79-FQ-125-1 (Si9,) 2t Q.83 um. See Table 1 for explanation of

symoals ing 2rrar 04rs,

" Ty <8
f5m) ‘psac) {T‘d/cmz] MV /cm) (J/cmz)
25 ¢ 2,96 = J.10 §.7 = 9.3 0.79 25.5 =
7.2 I1G8 = 1§ .18 = 0.08 1.0 = 0.5 0.39 3 =
10 = IS 0.39 = 2.36 9.9 = 2.8 0.32 62 =
M4 1.02 = 0.i0 5.l £ 0.3 2.40 = 7 -
5.0 120 = i3 2.36 = 2.09 4.3 = 0,7 0,34 = 199 =11
180 = 20 3,30 = .18 14,3 = 1.0 0.32 ¢ 153 = 2§
: ¢ 1.16 = Q.15 7.2 1.0 0.21 ¢ 9 =
3.4 120 = IS 2.21 ¢« 2.09 5:2 = %:§ J.16 & 15 =12
230 = 20 0.75 = 212 3.3+ 1.0 2,14 & 43 = 14




Tapla IfI. LID

41%a “or sampla 32.NC-1 /NaC!) at 0,53 um,

1 by g &3 4] ‘3
Lm o (psec) (5u/cn?) [NV /em) (kW) (d/cm?)
15 -4 57 s 6 3,30 = 0,25 178 =17 2,10 = 0.20
4.0 30 : 3 ¥ =4 2,98 = 0,15 107 =10 2,96 = 0,30
10 =15 32 =3 2,87 = .15 100 s10 3,717 = 0,38
' 1= 9 1 =) 4,30 £ 0,38 120 =12 3,95 = 0.40
1,2 82 =7 50 2§ 4.93 = 0.19 0 = 4 5,50 = 0.60
120 =15 47 =5 3.45 £ 0.19 29 =3 5,00 = 0.50
% : 4 139 =14 5,95 = 0,48 26,0 = 0.3 3.83 = 0,38
7 s 1 15 =12 5.41 =0.33 21.0 = 0.2 4,50 = 0.50
L1 57 =1 3k - 9 3.64 = 0,30 15.0 = 0.2 .10 = 0.50
1o n oz ? 1,24 29,52 12.3 = 92.12 5,30 = 0.50
0 =) 4 - 5 4.94 = 0,18 12.0 = 9,12 6,10 = 0.60
15 =15 I - 04 3,00 = 0,31 5.4 = 0,54 4,30 =0.40
Tapla Y. LD data far sampi2 "3-NC-5 [MaCl) at 0,53 um.
' % ‘s ‘8 %8 9
‘um) ‘psac) (Gd/em?) MY /em) (<) (d/2a?)
25 =3 120 = 12 §,51: 0.33 370 =10 3.19 = 0,32
14,0 105 =15 e 8 .50 = 0,20 148 =13 §,37 = 0,54
179 =20 Wz 5 2.3: 9,30 105 =10 6.18 = 0.52
SR 148 = 1§ 5.1z 2,20 120 £12 8,72 = 0.47
2 135 s 0: 6 3552 0,20 0 4 5.53 = 0.56
150 *15 %z 4 3.03: 0.18 29 1 5,74 £ 9,87
23ty 138 = 13 .86 = 2,31 13,0 £ 1.3 5,48 = 0,55
35 =3 2: 3 4,36 = 0.23 15.0 = 1.5 7,39 £ 0.74
40 10 §6 = 7 1,102 0.21 12.0 = 1.2 7,02 £ 0,70
129 =19 55: 3 .75 = 2,30 0.0 ¢ 1.0 7.05 = 0.71
TOREES! ws 7 3,35z 0,30 2,0 = 0.3 5.57 = 0.56
70 =20 TR 2,95 = 0,21 5.0 = 0.6 .17 £ 9,82




wl2 4. LiD 3ata for sampi2 79.7Q.7940.1 {3i0;) at 1.95 um.

4 £ 3 Eg % €4
fum) fpsac) (TW/c?) (MV/em) (MW) (/end)
7.9 = 0.8 112z 211 16.8 =0.8 3.44 5 0,38 9.45 0.9
.3 2 0.3 125 %13 1LY £10 3,84 = 0,38 8.4% 0.3
14.0 8.2 = 0.2 1825 0,04 18,9 £1.0 4,37 = 0,44 §.9% 0.6
38 = 0.3 1.75 = 0,18 21.0 =11 5.39 = 0,54 6,72 0.7
3.5 = 3.8 2.2 0,25 241 =L 1.35 £ 0,19 20.5= 2.0
7.5 £ 0.5 202 0.2 230 =il 1.79 = 0.18  17.5% 1.3
7.2 6.3 = 0,5 2.60 = 0,25 25.7 £1.3 2,12 £ 0.21 18,0¢ 1.3
§.5 2 LS 2,75 £ 0,29 26,5 = 1.2 2,28 = 0,22 16.1% 1.6
4,5 = 1.5 .14 = 3,31 23.3 1.3 2.56 £ 0,26 15.02 1.5
3.6 = 2.4 3,55 = 0,37 0.5 = 1.5 2,97 2 0,30 14,0% 1.4
3,5 = 0,8 1,94 2 3,30 27.8 :1.4 1,19 = 0,12 27.6% 2.8 ‘
7.5 2.3 .28 0,22 28,7 =1.3 1.27 2 0,13 25,9% 2.6
5.0 3.5 0.8 3,36 T 0,37 0.1 T 1.3 1.40 ¢ 0,14 28.6= 2.5
3.5 0.3 1,34 2 0,39 31,7 =15 1.55 = 0,16 23,1% 2,3
3.6 = 0.3 5.00 = 0.50 35.7 =2.0 1.96 = 0,20 19.2: 1.9

Twla vI, LID 2ata for sampla 79.FJ-125-1 [Si0s) 2t 1.05 um, The data for 7,2 um sizZe and %, = 47
13 178 2s2¢ is taken from ef, 2 and is interpolated from measurements made at spot sizes of ?.1 ind
122 amoand 3 i3sar wavelzngth of 06 ..

" B '3 Eg Py g

‘ua) ‘psec) (Tu/cm?) (MV/en) (NW) (J/em?)
9.5: 0.5 0,882 .09 15,05 0.7 2.71¢ 0,27 5.01 £ 0.50
3.5: 0.5  0.90: 2,09 5.1z 0.7 77 0.28 8.14 = 0.82

4.0 §.5: 0.5 .36z 001 16,42 0.9  3.26 2 0.33 .32 £ 0.73
3.0:0.5 1.3 =0.20 2.4% 1.2 5.8 ¢ 0.36 1,66 = 0.77
175 =15 0.8 0,12 15.0= 1.2 0.72%0.09 163 =20
32 15 0.92 2 2,13 15.3% 1.1 0.75 ¢ 0.10 0 =12
375 0.9 = 0.18  1§.6: 1.0 0,78 % 0.10 8t
3.52 0.6 1.93:0.19 2.1:1.1  1.57¢%0.16 19.5 = 2,0

2.2 1.8:005 2.06:0.20 2.8 1.2 1.67:0.17 ik 18
§.5:0.5 2152222 2%.4:=1.2  1.75:0.18 14.9 = 1.5
5.:20.5 2.30=%2) 2.2t 1.2  1.87 £ 0.19 1.5 = 1.8
L5205 2.39:2.29  2n.1c .4 2.35¢0.24 13.8 % 1.4
353 0.5 3.31=2.33  29.0% 5.0 2,69 % 0.27 12,3 % 1.2
3.0 : 0.5  2.60%0.26  26.7%1.3 1,022 0,10 26.0 * 0.3
7.5 :0.5  3.2620.33  28.3% 1.3  1.28%0.13 26.0 % 0.3

5.0 5.5:=0.5  3.77:0.8  31.0% 1.6  1.48t 0.15 26.1 *0.3
5.9 :0.5 .98 :0.,00  3.3% 1.5  1.86 % 0.16 23.2 0.2
.5:3.5  3.49:=2.18  13.3: 1.6  1.76:=0.13 21.5 0.2




Tapla /11, LID data for samole 32-NC-1 /NaCl) at 1L.0% ym.

d ty !g Eg ) Pg ‘ g

() (ps22) (Td/cn?) 1Y /em) (M) (d/emé)
3.5 = 0.5 2,25 = 0,03 3,00 = 0,44 0,17 = 0,08 2,55 = 0.26
3.5 = 0.5 0.26 z .03 3,13 = 0.41 0.31 = 0.03 2.18 = 0.24

14,0 7.8 =25  2.29 = 9.03 3,350 = 0,43 0.89 £ 0.09 2,31 = 0,23
8.5 = 0.5 0,37 = 0,04 3.64 = 0,57 1,12 ¢ .11 2.55 = 0.26
5.5 * 2.5 7,40 = 2,04 10,10 = 0,48 1.23 ¢ 0,12 2,38+ 0.24

) 3.5 0.8 2.45 = 2,05 10.70 = 0.58 1,37 £ 0,14 2.12 = 0,21

1.5 2 0.8 0.66 = 0,07 12,9 = 0.73 0,53 £ 0.05 5,22 £ 0.52
£.5 = 0.5 0.75 = 0,08 13,8 = 2,73 0.61 £0.06 5,15 = 0.52

7.2 5.5 % 0.5 0.88 = 0,09 14,9 & 0,81 0.71 = 0,07 5,12 = 0.52
4,5 20,5 0.97 = 0,10 18,7 =0.80  0.79 £ 0,08 4,85 = 0,47
36 = 0.3 1,28 = 0,14 18.8 = 0,87 1,12 £ 0,09 5.28 = 0.53
7.6 £ 0.8 9.74 = 0,07 13,7 £ 0.55 2.29 £ 0.93 5,96 = 0,59 3

5.9 4.5 T8 1,30 = 2,10 15,9 = 0,33 0,39 £ 0,04 6.9 = 0.69
5 = 0.5 18 2 0.1 17,3 = 0.93 0.45 = 0.08 5.66 = 0,67
1.5 7 0.5 1.29 = 0.13 8.1 = 0,91 0.51 = 0,05  6.20 = 0.62

|
|

Taoia2 Y100, LIDaata for sample 73-NC-1 {NaCl) at 1,05 wm., The data for the 7.2 .m spot size and
%o = 15 to 167 23sac ‘s taken from Ref. 2 ind is interpuldted from measurements made at spot size of
3.1 3na 10 3umand 3 'asar saveiangtn of 136 ..

] t= [5 E5 Pa ig
wm) ‘psec) (TW/cm?) {MV/¢m) (M) (J/eal)
1.5 = 3.5 0.2% = 0.72 3.082 .54 0.79 = 0.08 2,903t 0,20
4.0 6.5 £ 1.5 .28 = .M 3,44z 0.4 0,36 = 0,09 1.95: 0.20
8.5 = 1.5 0,32 = 2.3 3.03% 9,44 9.99 £ 0.10 1.87¢ 0.19
41,5 £ 0.5 0.38 = .04 2.30% 0,33 1517 % 12 1.82¢ 0.18
157 = 16 9,083+ 0.0 1.6 ¢ )3 J.068= 0,008 4 21,5
W00 = 10 2.110= 9,008 5.1 = 9.4 (.090¢ 0,006 11.7£1.2
15 = 2 2.118¢ 2,018 5.5 = 0.4 0,096 0,010 $.562 9,60
T2 5.5 = 3.3 3.58 = 0.326 12.2 £ 0.5 0.43 * 0.04 4,70: 0,40
5.5 = 0.5 2.49 = 3.07 12.9 5 0.7 0.83 ¢ Q.08 31,83 0,28
4.5 = 0.9 .30 = 3.33 14,1 = 9,83 3.65 = Q.07 3.33= 0.38
3.3 = 0.5 0.98 = 9,110 19.5 = ).54 0.77 ¢ 9.08 3.56% 0,36
1.5 = 03 0.32 = 0,9 18.3 £0.73 2,36 £ 0,04 7.30= 0,73
5.5 = 0.5 2,94 = 1.19 15.5 = 0.59 2,37 = 9,04 §.53= 0,585
5.0 .5 20,5 .13 2 0.11 17.0 = 0.78 Q.44 = 0,04 6.62¢ 0,56
1.5 = 0.§ 1,20 = 2.12 17.3 = 0.83 0.47 = 0,08 5,782 ),58
1.4 = 3.0 1.5 = 3,16 20.2 = 0.94 0.63 £ 0,06 5.78% 0.43




A=0.53um ,
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Figure L. *nlir-zation jependenca of €3 for 5102. The norizonta!l axis is g, the rum.s. break-
10wn fialg Zorresponding %3 the 3Jeak on-axis irradiance it Jamage. Pz is the orz2akdown threshold
Jowar,  Mote tnme lack 9f polarization dependence for doth savelengths, The cross-natched portions
snocwn 2d30ve ir2 Tna ~2lative uncertaintias of the thresholds using the procedures given in Ref. 16,

r

= High Power
-== Low Power

Sample: $i0p
A =0.53um
Wo=Tum

DISTANCE

Fiqurs 2, Jeam 1istartion neasursments. Nis is 3 olot of the far field beam arafila of the 2,33
am deam 1fiae 2r204gazion tnrougn tne@ 310, samola.  The Juantity w, = 7 um is the focal spot ridius
*n3ite tnhe samol2 ::l:ulatad Jsiag linedar Gaussidn ocotics, The curve lacelad hign Jower was taken
#1500 The ‘nout Dower if tna famaqge tnresitoid lavel and the Jne laoel:ad Tow power was far input power
icoroxtmately 22ua’l i3 ine-tanth tne jamage thrasnolia jower,
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Figure 5, Pulsewidth dependence of Eg in Si0; at 0,53 um. Note Eg is nearly independent of tp in

tnis pulsewiath -anga (20 %o 300 psec) and that there is little spot size dependence in Eg for the
W0 spot sizes shown [ 3.4 and 5.0 um),
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Figurae 5, Pulsewidth dependence of Eg in NaCl at 0.53 um. Note that there is little spot size
The least squares linear fit of

dependence in E5 for the two spot sizes shown (3,4 and 7.2 um).
tnese {ata give a slooe of 9,3, or neerly in inverse fourth root dependence of Eg on tp far pulsa-

wtaths in this range (20 to 200 psec).
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