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Abstract. The laser-induced damage (LID) thresholds of fused silica and single
crystal NaCl were studied at wavelengths of 0.5 and 1 um for pulses as short as
4 ps for avariety 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 polarization dependence studies of the LID
thresholds demonstrate that the contribution of self-focusing to the LID mea-
surements 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 approxi-
mately an inverse square root proportionality observed in NaCl at 1 um for
pulses shorter than 10 ps. For conditions of equal pulsewidth and the same
focal spot size, Eg was less at 0.5 ym than at 1 um for both materials.
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1. INTRODUCTION

The problem of bulk laser-induced damage (LID) in nominally
transparent materials has been the subject of extensive investiga-
tion.! However, after more than 15 years of study, bulk laser-induced
damage is still not 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
parameters as laser wavelength and pulsewidth. The problems of
sample-to-sample variations and the complex interdependence of the
damage thresholds on laser frequency, pulsewidth, and focal condi-
tions? make the interpretation of isolated data points difficult.

We have tried to minimize these problems by studying LID as a
function of wavelength and pulsewidth for a variety of focal condi-
tions on a given sample. In Ref. 2 the LID thresholds of a sample of
fused Si0, and a single crystal NaCl sample were studied at 1.06 um
as a function of pulsewidth for pulses ranging from 40 ps to 31 ns
using a variety of focal conditions. In that work we found that the
laser-induced breakdown threshold field Eg (i.e., the rms field cor-
responding to the LID threshold peak on-axis irradiance) was only
weakly dependent on the laser pulsewidth. We found that, for the
range of parameters used, we could fit all the data in Ref. 2 to the
following empirical relationship:

Eg = A/[t}*wd] + B, (1)
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where A and B are constants for a given sample, t_ is the laser
pulsewidth, and w, is the laser focal spot radius. In the present work,
we find that this relationship breaks down for pulses shorter than 10 ps.

Here we extend the pulsewidth dependence studies at a wave-
length of 1 um to pulses as short as 4 ps, and we study the LID
characteristics of fused SiO, and single crystal NaCl at 0.53 um for
pulsewidths in the 20 to 200 ps range. We find that the empirical
relationship given by Eq. (1) no longer holds for laser pulses shorter
than 10 ps. For the shortest pulses (4 to 10 ps), Ep varied as approxi-

mately the inverse third root of the pulsewidth in SiO, and as
approximately the inverse square root of the pulsewidth in NaCl for
all the focal conditions studied.

For conditions of equal pulsewidth and the same focal spot size,
Eg was less at 0.53 um than at 1.06 um for both materials for
pulsewidths in the 40 to 200 ps 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 ava-
lanche breakdown process? is a possible explanation for the observed
wavelength dependence.

In addition, by carefully studying the polarization dependence of
L1D and by measuring the distortion of the transmitted beams, we.
show that the contribution of self-focusing to L1D in our experi-
ments is much less than has been assumed by other workers. In fact,
for certain focal conditions we demonstrate that the effects of self-
focusing are negligible.

2. EXPERIMENT

The lasers used in this study were a mode-locked Nd: Y AG oscillator-
amplifier system and a mode-locked Nd:glass oscillator system,
which have been described elsewhere.2: The Y AG laser was operated
at 1.06 ym and the glass at 1.05 um. In each case a single pulse of
measured Gaussian spatial distribution was switched out of the
mode-locked train and amplified. The pulsewidth of the Nd:YAG
laser was varied from 40 to 200 ps (FWHM) by selecting various
étalons as the output coupler of the oscillator. The glass laser pulse-
width varied from 4 to 10 ps (FWHM). The pulsewidth and energy of
each pulse were monitored. The width of each pulse was determined
by monitoring the ratio of the energy in the second harmonic pro-
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duced ina LilO; crystal to the square of the energy in the fundamen-
tal. A more detailed description of energy and pulsewidth
measurement is given in Ref. 2.

A temperature-tuned CD*A crystal was used with the Nd:YAG
laser to produce pulses at 0.53 pym. Care was taken to filter any
residual 1.06 um radiation from the 0.53 um beam. The energy in the
fundamental pulses at 1,06 um was kept below values that would

“produce saturation effects in the spatial profile of the second har-
monic. 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 profile of the 0.53 ym beam. Such
vidicon scans of the spatial beam profile showed that the shot-to-
shot variation in the beamwidth was less than our detection resolu-
tion limit of approximately 1%. Second-order autocorrelation
measurements of the 0.53 yum pulses and light-by-light scattering
measurements in a LilO; crystal* indicated that the 0.53 um pulse-
width scaled as the 1,06 um pulsewidth divided by v2. This scale
factor was used to compute the 0.53 ym pulsewidths from the
measured 1.06 um pulsewidths.

The laser beam was focused into the bulk of the sample using
single element “best form™ lenses designed for minimum spherical
aberrations. Three lenses of focal lengths 37 mm, 75 mm, and 150
mm were used at various distances from the beam waist to produce
the focal spot radii for these experiments. The lowest f-number
condition used in these experiments 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 CD*A crystal was monitored continually 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 peak-and-hold detector.

In some cases the transmission detector was replaced by a vidicon
tube used in conjunction with an optical multichannel analyzer 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 occurring at the beam waist of the order of A/5 could

be detected.
The short pulsewidth data (4 to 9 ps) were taken on the same

samples using a microprocessor-controlled Nd:glass oscillator sys-
tem operating at a laser wavelength of 1.05 um.? This system pro-
duced 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 um measurements. Beam
scans as a function of distance from the laser were employed to
determine the beam divergence (0.40 mrad) and the position and size
of the output beam waist. This information and the lens focal length
were then used to calculate the beam waist at the lens focus. Energy
on target was varied using a calibrated Glan polarizer. The proce-
dures for measuring and continuously monitoring both pulsewidth
and energy are identical to those described previously with the
Nd:YAG laser system.?

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 occurred 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 simul-
taneously for both SiO, and NaCl. In the cases of the 4 to 9 ps data,
for both Si0, and NaCl, there was a small range of incident energies
where damage had occurred 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 wave-
lengths, indicate no change in the breakdown threshold when com-
pared to the 1-on-1 experiments (only one irradiation per sample site).
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Fig. 1. Polarization dependence of Eg for Si0;. The horizontal axis is Eg,
the rms breakdown field corresponding to the peak on-axis irradiance at
damage. Pg is the breakdown threshold power. Note the lack of polariza-
tion dependence for both wavelengths. The cross-hatched portions
shown above are the relative uncertainties of the thresholds using the
procedure given in Ref. 15.

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 mate-
rial. Since the beam propagates through the material, one must
consider self-induced lensing effects (i.e., 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. 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.

One such test is to examine the polarization dependence of the
LID threshold. Self-focusing theory predicts,>~® and experiments
confirm,t=10 that the critical power for self-focusing is lower for
linearly polarized light cempared to that for circularly polarized
light. In Fig. 1 we present the results of polarization-dependent
studies for a sample of fused quartz at laser wavelengths of 0.53 um
and 1.06 um. The breakdown thresholds are given in terms of the
rms electric field, in MV/cm, corresponding to the peak on-axis
irradiance producing damage. In both cases we used the shortest
pulses available to us, which corresponded to the highest input
power for the given focal spot radius of 5 um. All spot radii are
quoted as half-widths at the e=2 point down from the maximum
irradiance (HW 1/e2 M). As can be seen, the breakdown field for
linear polarization equals that for circular polarization. In both
materials no polarization dependence was observed for pulses
between 4 to 9 ps (FWHM) at 1.05 um even for the largest spot size
used in this study. Similar results were obtained in measurements on
a NaCl sample at a 0.53 um laser wavelength. 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 thresh-
old. In Fig. 2 we show two vidicon traces taken in the far field
through the center of the 0.53 um beam after transmission through
the fused quartz sample. The focal spot radius (HW 1/e2 M) at the
beam waist for this configuration, in the absence of self-focusing, is
approximately 7 um. The solid trace was taken near the damage
threshold. The dashed trace was taken atanirradiance level approx-
imately ten times below 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 Fig. 2 shows no detectable beam
distortion for input powers approximately equal to the damage
threshold power. Scans conducted fora focal spot size of 3.4 um also
show no distortions,
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Fig. 2. Beam distortion measurements. Thisis a plot of the far-field beam
profile of the 0.63 um beam after propagation through the Si0, sample.
The quantity w, =7 um is the focal spot radius inside the sample calcu-
lated using linear Gaussian optics. The curve labeled “‘high power’* was
taken with the input power at the damage threshold level, and the one
labeled "“low power’’ was for input power approximately equal to one-
tenth the damage threshold power. The noise in the above plots is
instrumental.

The 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.!! These measurements, when taken together
with the polarization experiments described 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 measure-
ments in Si0, at 0.53 um indicate that for a 14 um focal spot radius
the far field beam radii for irradiance at the damage threshold differ
from those at low irradiance levels by approximately 28% (indicat-
ing that self-focusing has taken place). For that same focal geometry,
the ratio of the LID 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 through VIII summarize the results of measurements of the
laser-induced breakdown thresholds for two different samples of
single crystal NaCl and fused silica.* The NaCl sample labeled
78-NC-6 is the same sample used in previous picosecond damage
studies? and in studies at long pulsewidths and wavelengths.!2.13
Both SiO, samples have been used in nanosecond studies at 1.06
um,'* and the sample labeled 79-FQ-125-1 was used in previous
picosecond studies.? The uncertainties listed in the tables of data are
the relative errors obtained by the method of Porteus et al.'* The
absolute errors, which include the relative errorsand absolute errors

*The fused silica samples were acquired from Mark Optics, 1510 East St., Gertrude
Road, Santa Ana, CA 92705. The SiO, designated 78-FQ-125-1 was a General Electric
#125, high purity water-free sample, and the sample designated 79-FQ-7940-1 was a
Corning #7940 sample which contained substantial water but was otherwise a high
purity material. Both NaCl samples were single crystal “laser grade™ material from the
Harshaw Chemical Co., 6801 Cochran Road, Solon, OH 44139.
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TABLE |. LID Data for Sample 79-FQ-7940-1 (SiO;) at 0.63 ym*

w ls Eg Pg €
{um) (ps) (TW/em?)  (MV/cm) (MW) (J/cm?)
256+4 1321013 183+09 1.07+0.11 3501356
7.2 63+5 0781008 141+0.7 0641006 44.0+4.4
110+10 0.78+0.08 14.1+0.7 0.64+0.06 91+9

37+t5 1.40+0.14 189+09 0.55+0.06 5516

50 105+15 1.20+0.12 175+08 047+005 134+13
140t15 1.14+0.11 17.0+08 0.45+0.05 169+17
180+20 1.10+0.11 16.7+07 043+0.04 210+21

305 1.68+0.17 207+1.0 0.31%+0.03 53+5

34 72+10 1341013 185+08 024+002 102+10

105+15 1.07+0.11 165+08 0.19+0.02 8318

*The error values listed are the relative uncertainties in the threshold for damage
determined by the method used in Ref. 15. The absolute accuracy of these data and
the data presented in the other tables is estimated to be +20% in the breakdown
field. In this table and those that follow, W = focal spot radius (HW 1/e2 M) in
micrometers, t,= laser pulsewidth (FWHM) in ps, Iz = breakdown irradiance, Eg =
breakdown field, Pg = breakdown powaer, and ¢g = breakdown fluences.

TABLE Il. LID Data for Sample 79-FQ-125-1 (SiO,) at 0.63 um*

w tp 'B Ea Pa €
(um) (ps) (TW/cm?)  (MV/cm) (MW) (J/cm2)
25+4 096+0.10 157+08 0.79+0.08 255%3.0
7.2 105+15 048+005 11.0+05 0.39+0.04 53+5
150+15 039+0.06 9.9+08 032+0.04 6216

34+4 1.02+0.10 16.1+08 0.40+0.04 37t4
50 120+15 0.86+0.09 148407 034+003 109£11
180+20 0.80+0.156 143+1.0 032+003 163+25
32+4 1.16+0.15 17.2+£1.0 0211002 39+4
34 120+15 091+0.09 152+05 0.16+002 116+12
180+20 0.75+0.12 138+10 0.14+x001 143+14

*See Table | for explanation of symbols and error bars.

TABLE lll. LID Data for Sample 82-NC-1 (NaCl) at 0.563 um*

W IB EB Pg €g

(um) (ps) (GW/ecm?)  (MV/cm) (kW) {(J/cm?)
36+4 57t6 3.80+025 174+17 2.10x+0.20
140 80x8 35+4 298+0.15 107x10 2.96+0.30
110+15 32+3 287+015 100%+10 3.77+0.38
41+9 91+9 480+035 120+12 3.95+040
7.2 82%7 64+L6 4.03+0.19 40t4 5.50+0.60
120t 15 47+5 3.45+0.19 29+3 6.00+0.60
26+4 139+14 65.95+048 26.0+£03 3.83+0.38
3713 115+12 541+033 21.0+0.2 4.50+0.50
34 57+3 85+9 464+0.30 15.0+0.2 5.10+0.50

424+052 128+0.12 5501060
90+10 64+6 4.04%+018 120%0.12 6.10+060
116+15 35+4 3001031 6.4+0.64 4.30+040

*See Table | for explanation of symbols and error bars.

73+4 71+7

in energy, pulsewidth, and focal spot radius, are estimated to be
120% in the breakdown electric fields.

Tables I through IV summarize the results of our measurements
at 0.53 um for laser pulsewidths in the 25 to 200 ps (FWHM) range.
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TABLE V. LID Data for Sample 78-NC-6 (NaCl) at 0.63 um*

TABLE VI. LID Data for Sample 79-FQ-125-1 (Si0;) at 1.056 um*

w ]B EB PB €
{um) (ps) (GW/cm?)  (MV/cm) (kW) (J/em?)
25+5 120+12 5.53+0.33 370+40 3.19+0.32
140 105+15 48 +5 350+0.20 148+15 5.371+0.54
170+£20 34+6 295+030 105+10 6.18+0.62
30+5 148+15 6.14+030 120+12 4.721+0.47
7.2 105%15 50+5 3.55+0.20 40+4 6.63:+0.66
16015 36+t4 3.03+0.16 29+3 5.74+0.57
28+4 184+18 6.86+0.31 33.0+3.3 548+055
85+5 8218 456+023 150+15 7.39+0.74
34 100%10 66+7 410+021 120+£1.2 7.02+0.70
120+ 10 55+8 375+030 10.0+1.0 7.05+0.71
140+10 44 +7 335+0.30 80+08 6.57+0.66
170+ 20 34+5 295+0.21 6.0+06 6.17+062

*See Table | for explanation of symbols and error bars.

TABLE V. LID Data for Sample 79-FQ-7940-1 (Si0,) at 1.05 um*

w IB EB PB €

() (ps) (TW/em?)  (MV/cm) (Mw) (J/7em?)
79+06 1.12+0.11 168408 344+034 94+09
6.3+03 1.25+0.13 17.7+1.0 3.84+038 84+08

140 52+03 142+014 189+1.0 437+044 69106
36+03 1.75+0.18 21.0+1.1 539+054 6.7+0.7

856+05 227+0.23 241+1.1 185+0.19 205+20
76+05 220+022 23.7+1.1 1.79+0.18 175+18
72 656+05 260+026 25.7+1.3 212+021 18.0+1.8
55+05 275+0.28 265+1.2 2241022 16.1t1.6
45+05 3.14+031 283+1.3 256+0.26 150%15
36+04 365+037 305+15 297+030 140%1.4

86+05 3.04+030 278+14 1.19+0.12 276+28
76+05 3.24+032 287+1.3 1.27+0.13 269+26
50 65+05 356+0.37 30.1+15 140+0.14 246+25
66+05 394+039 31.7+15 155+0.16 231+23
36+03 5.00+060 35.7+2.0 196+0.20 192+19

*See Table | for explanation of symbols and error bars.

These results will be compared here with the results of our earlier
studies at 1.06 um for these same materials over a similar range of
pulsewidths. Tables V through V111 contain the results of measure-
ments on these same samples at 1.05 um for pulses in the 4 to 10 ps
range. In addition, Tables VIand VIII contain LID thresholds at 1
pm in the pulsewidth range of 40 to 200 ps for a 7.2 um focal spot
radius. These thresholds are taken from Ref. 2 and were interpolated
from measurements made at focal spot sizes of 6.1 and 10.3 pm. In
subsequent measurements the LID thresholds for the 7.2 um spot
size were shown to be the same as the interpolated values within
error bars,

In the paragraphs that follow, we examine the pulsewidth
dependence of the threshold breakdown field Eg for a given sample
at a given wavelength and focal spot radius. We then examine the
wavelength dependence of Eg for a given pulsewidth and spot size.

The dependence of Eg on pulsewidth (t ) is more clearly seen by
plotting E versus the inverse pulsewidth on a log-log plot. Figures 3
and 4 are such plots for a SiO, sample (79-FQ-7940-1) and a NaCl
sample (82-NC-1)at 1.05 um. Note that fora given spot size and for
pulses shorter than 10 ps the data for each sample can be fit with a
straight line. Over this limited pulsewidth range

w lg Eg Pg €8
(um) (ps) (TW/cm2)  (MV/cm) (MW) (J/cm?)
96+05 0.88+0.09 1560+0.7 2.71+0.27 5.01+0.50
85+05 090+0.09 151+£0.7 2.77+0.28 8.14+0.82
140 65+05 1.06+011 164+09 3.26+0.33 7.32+0.73
40+05 18+020 21.4+£1.2 554+056 7.66+0.77

175+15 0.88+0.12 150%+1.2 0.72+009 163+20
92+15 092+0.13 163+1.1 0.75+010 90+12
47+6 096+0.14 156.6+1.0 0.78+0.10 48+7
9.56+05 193+019 22.1+1.1 1.57+0.16 195120
72 75+05 205+021 228+1.2 1.67+0.17 16.3%1.6
6.5+05 215+0.22 234+1.2 1.75+0.18 14.9+15
556+05 230+023 242+1.2 1.87+0.19 135%+14
45+05 289+029 271+14 235+024 13.8+1.4
35+06 3.31+033 29.0+14 269+027 123+1.2

94+05 2.60+026 257+13 1.02x0.10 26.0%£0.3
756+05 3.26+033 288+1.4 1.28+0.13 26.0+0.3
50 65+05 3.77+038 31.0+t15 145+0.156 26.1+0.3
55+05 398+040 31.8+16 156+0.16 23.2+0.2
45+05 449+045 33.8x16 1.76+t0.18 21.56+0.2

*The data for 7.2 pm size and t, = 47 to 175 ps are taken from Ref. 2 and are
interpolated from measureman& made at spot sizes of 6.1 and 10.3 ym and a
laser wavelength of 1.06 um. In subsequent measurements the LID thresholds for
the 7.2 um spot size were shown to be the same as the interpolated values within
arror bars. See Table | for explanation of symbols and error bars.

TABLE VII. LID Data for Sample 82-NC-1 (NaCl) at 1.05 yum*

w lg Eg Pg
(um)  (ps) (TW/cm?) (MV/cm) (MW)

€
(J/cm?)
8001044 0.77+0.08 2.55+0.26
8.18+041 0.81+0.08 2.38+0.24
140 75+05 0.29+0.03 860+043 0.89+0.09 2314023
6.5+05 0371004 9.64+057 1.12+0.11 2.55+0.26
55+05 040%0.04 1010£048 1.231+012 2.38+0.24
45+05 045+0.05 10.70+0.58 1.37+0.14 212+0.21

9.5+05 0.25+0.03
85+05 0.26+0.03

7.5+05 0.66+0.07
6.5+0.5 0.75+0.08
7.2 55+05 0.88+0.09
45+05 097+0.10
3.6+03 1.38+0.14

129+0.73 0.53+0.06 5.22+0.52
13.8+0.73 0.61+0.06 5.15+0.52
149+0.81 0.71+0.07 5.12+0.52
16.7+0.80 0.79+0.08 4.65+0.47
18.8+0.87 1.12+0.09 5.28+0.53

7.5+05 0.74+0.07
650 6.5+05 1.00+0.10

13.7+0.65 0.29+0.03 5.86+0.59
156.9+0.83 0.39+0.04 6.91+0.69
55+05 1.14+0.11 17.0+0.83 045+0.05 6.66+0.67
45+05 1.29+0.13 18.1+091 051+0.05 6.20+0.62

*See Table | for explanation of symbols and error bars.

EBOCIP"" . (2)
where x =0.3 for the SiO, sample and x =0.5 for the NaCl sample.
The displacement of each set of data points corresponding to differ-
ent 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)at0.53 um for pulsewidths in the 25 to
200 ps range. Again one can fit the data with a linear dependence.
However, in this case x <0.1 for the SiO, sample and x =0.3 for the
NaCl sample. Similar trends are seen in the data for the other SiO,
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TABLE VIII. LID Data for Sample 78-NC-1 (NaCl) at 1.05 um*

w

Is

(um) (;ps) (TW/cm?)
7.5+05 0.26+0.03
14.0 6.51+0.5 0.28+0.03
56105 0.32+0.03
45105 0.381+0.04
16716 0.083+0.011
100+ 10 0.110£0.008
45+3 0.118+0.018
7.2 6.5+05 0.58+0.06
55105 0.66 £0.07
45+0.5 0.80+0.08
3.5+05 0.95+0.10
7.5+05 0.92+0.09
6.5+05 0.94+0.09
5.0 55+05 1.13+£0.11
45105 1.20+0.12
3.4+01 1.60£0.16

Eg Pg €g
(MV/cm) (MW) (J/cm?)
8.06+0.64 0.794+0.08 2.031+0.20
8.441+0.44 0.86 +0.09 1.95+0.20
9.03+0.44 0.99+0.10 1.87+0.19
9.80+0.53 1.17+0.12 1.82+0.18
46+0.3 0.068 +0.008 14+15
51+04 0.0901+0.006 11.7+1.2
55+04 0.096 £0.010 5.56 £0.60
12.2+0.6 0.43+0.04 4.00+0.40
12.9+0.73 0.531+0.05 3.83+0.38
14.3+£0.63 0.651+0.07 3.83+0.38
15.6 +£0.64 0.77+0.08 3.561+0.36
15.3+0.73 0.36 £0.04 7.30£0.73
15.5+0.69 0.37£0.04 6.53+0.65
17.0£0.76 0.44+0.04 6.621+0.66
17.5+0.83 0.47+0.05 5.78 +£0.58
20.2+£0.94 0.63+0.06 5.78 +0.58

*The data for 7.2'pm sizeandt, =45t0 167 ps are taken from Ref. 2 and are interpolated from measurements made at spot sizes of 6.1 and 10.3 pm anda laser wavelength of
1.06 um. In subsequent measurements the LID thresholds for the 7.2 um spot size were shown to be the same as the interpolated values within error bars. See Table | for

explanation of symbols and error bars.
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Fig. 3. Pulsewidth dependence of Eg for SiO; at 1.05 um. The three sets
of points correspond to different focal spot radii, and the relatively large
displacement of the three sets of points is indicative of a large spot size
dependence in the damage threshold. The slope of the least square fit
for each set of points is approximately 0.3 for this pulsewidth range
{:p <10 ps).

and NaCl samples given in Tables 11, IV, VI, and VIII.

At 0.53 pym and 1.06 um the pulsewidth dependence of Ey
observed for both materials is in good agreement with the predictions
of various avalanche breakdown models.’*=!8 For example, the
model proposed by Sparks et al.!® predicts very little pulsewidth
dependence for relatively long pulses (ns) and a dependence of Eg on
pulsewidth which approachesan inverse square root dependence for
relatively short pulses, i.e., tens of picoseconds. The inverse square
root of pulsewidth dependence implies that the breakdown fluence is
constant (as can be seen in Tables VII and VIII for the NaCl sam-
ples). We find that for NaCl in the long pulsewidth limit (tp> 1 ns)?
the breakdown field is nearly constant, whereas in the short pulse-
width limit (tp <10 ps) the breakdown fTuence is nearly constant. The
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Fig. 4. Pulsewidth dependenceofEginNaClat1.06 um. The slope of the
least square linear fit to each of the three sets of points is approximately
0.5. This indicates an inverse square root of pulsewidth dependence of Eg
for this pulsewidth range (t; <10 ps).

trend in the t, dependence of Eg for Si0Oj, is similar to that seen in
NaCl; however, the strongest dependence of Eg on t observed was
Egect 03 for pulses shorter than 10 psat 1.05 um. Itis important to
note tgat the strongest pulsewidth dependence of Ey observed in
these measurements was the approximate inverse square root of
pulsewidth dependence observed for NaCl for t, <10 psat 1.05 ym.
In an avalanche breakdown model this dependence implies an ioni-
zation rate (3) which is proportional to the input irradiance. Then,
the buildup of carriers is given by'¢

2
N = N,eft = N_eAEt | 3)
where N is the carrier density, N is the initial carrier density or

carrier density produced by multiphoton ionization, and A is-a
constant. It is commonly assumed that damage occurs when the
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Fig. 6. Pulsewidth dependence of Eg in SiO2 at 0.563 um. Note thatEg is
nearly independent of t;, in this pulsewidth range (20 to 200 ps) and that
thereis little spot size dependence in Eg for the two spot sizes shown (3.4
and 5.0 um).

carrier density reaches a critical value N,. Thus, Eq. (3) gives the
following relationship for Eg:

Ep = (1/VE ) {[tn(N/NJI/ A} @

and the { }term is constant for a given sample and laser frequency.
The breakdown fluence e is proportional to Ez times the laser
pulsewidth, Therefore Eq. (4) implies that ey is a constant for
proportional to E2.

In the Sparks’avalanche breakdown model, the ionization rate 8
is proportional to E? in the high electric field limit. This limit corre-
sponds to the situation in which the increase in energy of the elec-
trons in the conduction band is simply proportional to the input
irradiance and in which 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, 3 is exponentially dependent on E and the
resulting pulsewidth dependence is relatively weak,

Other workers have used an approximate inverse pulsewidth
dependence[i.e., x=1in Eq. (2)] to scale breakdown data for various
materials.!?-20 This is a much stronger dependence than is observed in
this work. Their strong pulsewidth dependence was determined by
combining the 1.06 um, 30 ps data in Ref. 20, and the 1.06 um, 15 ps
data in Ref. 21. These two data points were taken with different focal
spot sizes. That is, the 30 ps data point in Ref. 20 was taken with
relatively small focal radii (4.7 to 5.9 um 1/e? radius) and was
reduced with the assumption that sclf-focusmg was dominating the
observed damage. The 15 ps data point in Ref. 21 was taken with a
rclauvcly large focal radius (12.4 um HW 1/¢2 M), and thus higher
input power. In the latter work the authors assumed that self-focus-
ing was not present in their experiment. The relatively large pulse-
width dependence deduced from these two isolated data points is
probably due to differences in experimental conditions used in the
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 to 200 ps range. In Fig. 7 we
have plotted, in bar graph form, the breakdown electric fields for
SiO, (sample 79-FQ-125-1) and NaCl (sample 78-NC-6) for 1.06 um
and 0.53 um for various pulsewidths at a fixed focal spot radius (7.2
pm). The 1.06 um L1D thresholds at the 7.2 um focal radius are taken
from Ref. 2 and are interpolated from measurements at spot sizes of
6.1and 10.3 um. In subsequent measurements the LID thresholds for
the 7.2 um spot size were shown to be the same as the interpolated
values within error bars. In two cases where the pulsewidths did not
exactly overlap for the two wavelengths we interpolated the 0.53 um

Fig. 6. Pulsewidthdependence of EginNaClat0.563 um. Note that there
is little spot size dependence in Eg for the two spot sizes shown (3.4 and
7.2 um). The least squares linear fit of these data give a slope of 0.3, or
nearly an inverse fourth root dependence of Eg on t, for pulsewidths in
this range (20 to 200 ps).
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Fig. 7. Wavelength dependence of the breakdown field Eg for NaCl and
Si0, for a variety of laser pulsewidths. All the above data were taken on
the same sample of NaCl and the same sample of Si0;. The 1.06 ym
thresholds are taken from Ref. 2 and are interpolated from measurements
made at spot sizes 6.1 and 10.3 um. In subsequent measurements the LID
thresholds for the 7.2 um spot size were shown to be the same as the
interpolated values within error bars.

data between two pulsewidths for which data was available. This
procedure was made necessary by the fact that only a limited number
of pulsewidths were available at each wavelength studied. The errors
due to interpolation are estimated to be within the error bars shown
in Fig. 7.

Note that for each pulsewidth range plotted in Fig. 7, the break-
down field islessat 0.53 ym than at 1.06 um for both the SiO, and the
NaCl samples. In recent preliminary measurements this trend was
also observed for pulses shorter than 10 ps. Avalanche breakdown
theory predicts an increase in Eg with decreasing wavelength, which
is clearly inconsistent with the results shown in Fig. 7. The observed
decrease in breakdown field with wavelength, while in the right
direction, is much too weak for a strictly multiphoton process. One
possible explanation for these results is a multiphoton-initiated ava-
lanche breakdown model, which has been previously suggested.

Smith et al.'? observed an increase in the breakdown threshold
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with decreasing wavelength for picosecond pulses. However, the
data presented in that work were scaled for the presumed effects of
self-focusing over a range of pulsewidths 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??
observed an initial increase in the damage threshold for a sample of
NaCl from .06 uym to 0.69 um, then a decrease in the damage
threshold at 0.53 um for pulses ranging from 15 to 8 ns. The data
presented in that work were not scaled for self-focusing.

5. SUMMARY

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

For the two materials studied, the breakdown field (Ep) increases
with decreasing pulsewidth. The observed pulsewidth dependence
fora 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. Differences in LID thresh-
olds for different samples of the same material seen in the data
presented are further evidence that extrinsic properties influence the
observed damage. The strongest pulsewidth dependence observed
was in NaClat 1.05 um for pulses shorter than 10 ps. For these short
pulses Ey increases as the inverse square root of the pulsewidth,
indicating that the breakdown fluence is constant,

For conditions of equal pulsewidth and the same focal spot size,
i.e., pulsewidths from 45 to 175 ps and a focal radius of 7.2 um, Eg is
less at 0.53 pm than at 1.06 um for both materials. Avalanche
breakdown theories predict an increase in Eg for shorter wave-
lengths. The observed decrease in breakdown field with wavelength,
while in the right direction is much too weak for a strictly multi-
photon process. One possible explanation for these results is that
damage is due toa multiphoton-initiated avalanche breakdown pro-
cess. In such a process electrons are excited to the conduction band
by multiphoton excitation of impurities or defect states within the
material band gap (i.e., extrinsic effects). After a few electrons are
present in the conduction band, avalanche ionization takes over and
dominates the damage process. Thus, the freqency dependence
observed may be partly due to the multiphoton initiation process and
the pulsewidth dependence indicative of an avalanche ionization
process.
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