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Laser Induced Damag;e, Nonlinear Absor~)tion, and 
Doubling EfficiHncy of Lii03 

E. W. VAN Sl'RYLAND., WILLIAM E. W.LLLIAMS, M. J. SOILEAU, MEMBER,. IEEID, 
AND A .. L. SMIRL, MEMBER, IEEE 

Abstraet- Laser-ind'uced damagetllresholds.of'sfngrecrystaflil03 have 
been studi'ed' using pfcosecond pulses at 1.06 ~otllll and1 0\51 JiLffl• These• 
thresholds. depend on• wavelength, on crystalerientation, and on the nurnr 
her of' times the· sample has been inadiated. lm addition. the· doubling 
efficiency; at high frradiance levels was, observed to he a deereasing, func­
tion o£' frradiance beyond a critical value. We· present evidence to show 
that this; results frollll the: onset of optical pararnetdc down conveEswrr~ 
In separate nonlinearr transmii!Sion studies, re'tersi:l'lli!- nonlineau transmis-· 
sion, of 1.06 J.lm light was measureo. and in self:.ditifuction experiments. 
both reversible and irreversible optit:ally-indo:ced! complex index of re­
fractien changes at 0 .53\ J.IID were observed: 

l. INTRODUCTION 

I T IS we~E known that .the ~arge nonli~ear coe~ficient oflit~­
innl iodate (LiLOJ.) makes It an attractive candidate for appli­

catl(i)ns; wlreH:·second harmonic generation is required [ 1 J. Con­
sequently, we have begun a study of the laser-induced damage 
(UD) thresholds of this material and of the mechanisms that 
timit itss.econd harmonic conversion efficiency. Here, we report 
the results of five separate but related experiments in this area. 
In the first of these (Section II), we measure the laser-induced 
damage thresholds of single crystal Lil03 using picosecond 
pulses at 1.06 ~-tm and 0.53 ~-tm. We find that the LID thresh­
olds vary with wavelength, pulsewidth, crystal orientation, and 
the number of times that the sample is irradiated. Specifically, 
we observe that the sample .is more easily damaged when green 
(0.53 ~-tm) light is· present and that the damage is initiated by 
some nonlinear absorption process, which js more efficient at 
0.53 11m. The sample also damages more easily with repeated 
irradiations at both wavelengths. We thus obtain a single shot 
and a multishot threshold. Next (Section III) , we determine 
the dependence of the second-harmonic conversion efficiency 
on incident 1.06 11m irradiance. We find that the efficiency ini­
tially increase_s with excitation level to a maximum of approxi­
mately 50 percent and then decreases. This decrease is consis­
tent with any of three mechanisms:· (a) any absorption of the 
second harmonic·or nonlinear absorption of the fundamental , 
(b) a nonlinear refractive index change that destroys the exact 
phase-matching conditions, or (c) the onset of parametric down 
conversion. In an effort to identify the mechanism limiting the 
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conve11sion efficieney and to identify the nonlinear mechanism 
responsible foli the onset of damage, w e: perform three related 
stw.clies~ We first measu'e ~Seetion LV) the nonlinear transmis­
sion of UI031 31t both 0'.53. IJm and ~ .06 Jlffi {under nonphase­
matched conditio.lills}. We observe mult

1
iphoto.n absorption of 

the· 1 .0'6 pm JadiaHon (the order appear~ to be greater than four) 
at irradiances welt above the mu1tishot threshold for damage. 
No nonHnear absorption at 0.53 11m is. resolved up to t~e multi­
shot damage threshold for green light, also the limit of our laser 
output. This threshold is considerably lower in irradiance than 
the 1.06 ttm threshold. The onset of the observed nonlinear ab­
sorption of the fundamental occurs at too high an irradiance to 
account for the observed decrease in the conversion efficiency. 
Although no nonlinear absorption or index changes are observed 
at 0.53 ~-tm in the transmission studies just described , both re­
versible and irreversible changes in the complex refractive index 
are observed at 0.53 11m by using a more sensitive background­
free two-pulse self-diffraction technique (Section V). Finally, 
(Section VI), we measure ~the dependence of the spatial beam 
profile of the second harmonic on the fundamental irradiance. 
From the distortion in the 0.53 11m beam profile for large ir­
radiances we conclude1that optical parametric down conversion 
is responsible for the decrease in conversion efficiency with in­
creasing irradiance. 

II . DAMAGE THRESHOLDS 

The initial experimental arrangement to be used in damage 
and conversion efficiency expeFiments is shown in Fig. 1. The 
laser source was a passively mode-locked 1.0611m Nd: Y AG laser 
that produced Gaussian spatial mode pulses of temporal width 
externally variable between 40 and 200 ps (FWHM). Details 
of the experimental apparatus are given in [2). The laser beam 
traversed the Lil03 with a uniform beam radius of 440 11m (all 
spot sizes are quoted as the half width at the e-2 point in irra­
diance). When 0.53 11m light was required, a second doubling 
crystal (KD * P) was inserted prior to the sample. The colli­
mated 0.5311m beam had a spatial width of 310 11m in the Li!03. 
In this case, residual 1.0611m light was removed with polarizers 
and 1.06 11m blocking filters. 

The laser-induced damage (LID) thresholds for Lil03 were 
measured at 1.06 11m and 0.53 11111 for various crystal orienta­
tions and pulsewidths. Both the single shot or 1 on 1 thresholds 
(i.e. , each site irradiated only once) and multiple shot or Non 1 
thresholds (i.e. , each site irradiated many times with irradiance 
levels well below the single-shot damage threshold) were mea-
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f'jg. 1. Experimenta l apparatus. 

sured. In atlcases .the light was collimated to determine practi­
cal limitations of use. In addition this .configuration makes the 
calculation of irradtances trivial. The onset of damage was de­
termined by observing both increased scattering of.oo:axial HeNe 
light and by observing other visible sample changes with :a 1o)\g 
working distance micro'Scope. In Lil03 , both damage signatur-es 
occurred simultaneously. The LID threshold is d-efined .as tha't 
fluence or irradiance which produces visible damage with 50 
percent probability as determined by the method of Porteus 
eta/. [3] . The experimental uncertainties in the LID threshold 
measurements are indicated by the dotted lines in Tables I and 
II, and they include the relative uncertainity as determined in 
(3] , absolute energy calibration error and the uncertainity in 
the spot size measurements. 

The results of the damage measurements using 1.06 pm light 
are presented in Table I. The LID threshold was measured for 
45 ps and 120 ps (FWHM) pulses. Both the fluence and the 1 

corresponding irradiance threshold are shown. The single shot I 
I (I on I) LID threshold fluence for front surface damage to the 

sample was approximately 1.3 Jfcm 2 for both pulsewidths. For 
a beam radius that is constant throughout the sample, one would 
normally expect to see rear surface damage at lower fluence 
levels than front surface damage since the field at the exit sur-
face should be approximately 30 percent greater than at the 1 

DAMAGE THRESHOLDS FOR LiiO_J 
1.06 urn. INCIDENT RADIATION 

SINGLE SHOT liHRESHOLDS 
(SURFACE DAMAGE) 

120 ± 20 psec 
P.M. or N.P:M. 45 ± 5psec 
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TABLE II 
DAMAGE THRESIIOLDS FOR LiiQJ AT 0.53 J.iffi FOR M ULTIPLE I RRADIATI0:-1 

G IVEN IN B OTH FLUENCE AND I RRAD IANCE 

front surface for transparent samples. However, in this case (as ! 
we shall discuss in Section IV), depletion of the beam by non- 1 
linear processes reduced the fluence at the rear surface by as ! ======================== 
much as a factor of 8 for input irradiance near the LID thresh- ; DAMAGE THRESHOLDS FOR Lii03 

old levels. As expected, the surface damage thresholds were / 0·53 urn. INCIDENT RADIATION 

independent of crystal orientation (i.e, whether or not the crys- l ~~t!1P~:M~~~I THRESHOLDs 

tal was phase-matched). ! 
Because single shot damage first occurred on the sample front 

surface, the single shot bulk damage threshold could not be de­
termined. However, approx imately 20 percent of the shots at 
a fluence of 1.3 J/cm 2 resulted in bulk damage just below the 
front surface. From these measurements, we estimate a lower ; 
limit for the bulk, single shot, damage threshold to be 1.3 J /em 2 . 

Table I also contains the results of the multiple shot or Non 
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1 measurements for 1.06 11m light for both phase-matched and \ 
nonphase-matched conditions. For the nonphase-matched 

0.0 1.0 2.0 3.0 4.0 S.O 6.0 

IRRADIANCE (GW I cm21 

(NPM in Table I) configuration, the Lil0 3 crystal was rotated 
about the laser beam propagation axis to an orientation 90° 
from the phase-matched orientation. In this configuration, no 
0.53 1-1111 light was visible. Each site was irradiated at levels far 
below the single shot threshold and the irradiance was slowly 
increased until damage was observed. Multiple shot damage 
was always initiated in the bulk, and the thresholds were deter­
mined to be substantially below the lower limit of- 1.3 Jfcm2 

found for the I on I experiments. Maximum lowering of the 
LID threshold was achieved after approximately 50 irradiations 

at 0.2 Jfcm2 . Notice that theN on I thresholds are consider­
ably lower for the crystal oriented to produce second harmonic 
light. Similar multiple shot damage threshold changes have 
been observed previously at 0.69 1-1111 [4] . The 1.06 11m to 
0.53 1-!lll coversion efficiency (see Section Ill) was of the order 
of 50 percent for the input irradiance that produced breakdown. 
These results suggest that the green light may be responsible for 
damage under phase-matched conditions. To confirm this sug-
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gestion, we measured the multiple-shot LID threshold for 0.53 °·6 \ ~- ~-~ · 1.. 

pm radiation. For these measurements, a KD * P second-har- 1 o.5 'y:.. "''lll ':11... . '--· · -: ·. . / 
monic crystal was inserted following the Nd: Y AG laser, and all I 

0
_
4 

• ~ -~ :~ 
residual 1.06 pmlight was removed, as described above. Indeed, ''··,-: :·· • • ..,. ••• ·. the results presented in Table II indicate that when 0.53 pm 0

·
3

/• 

radiation is present, it is primarily responsible for initiating o.2 • 

0.1 
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damage. Because of the role of the green light in d'etermining 
the LID threshold when the crystal is phase-matched, we in­
vestigate the dependence of the second hanilonic conversion 
efficiency on irradiance in the next section. 

In addition, the lowered threshold for mulHshot irradiation! rig. 2. Second harmonic conversion efficiency (x's) as a function of ir-
radiance, and 1.06 1-1111 transmission (o 's) as a fu nction of irradiance. 

is indicative of the formation of microscopic defects that even• 
tually absorb enough energy to cause crystal fracture (what \ 
we observe as LID). This may be similar to the ineversible ab­
sorption changes seen in NaCl at 10.6 pm (Wu eta/. [5}) or to 
a charge migration or photorefractive effect reported in other 
materials such as BaTi03 [6J . We conclude that these defects 
must be pwduced by a nonlinear proeess since no amount of 1 
inadiation at very tow irradiance causes a lowering of the dam-
age threshold . Also the defects appear to be more efficiently' 
pmduced by 0.53 pm light as shown by the much lower multi­
shot threshold at this wavelength. To investigate this supposi­
tion, we have also monitored the transmission of both 1.06 ~ 

20 

16 

12 

4 

light and 0.53 J111l tight (no 1.06 pni tight present) as a function f- ig. 3. Inverse cube of the 1.06~-tm transmission versus the cube of the 
of the incident iuadiance (Section IV). inciden t 1.06 ~-tm irradiancc. 

III. DOUBLING EFFICIENCY iN Lii03 

In the determination of the damage thresholds at 1.06 pm 
with the crystal in the angle phase-matched orientation, we also 
monitored both the transmission at 1.06 pm and the harmonic 
conversion efficiency (i.e., energy at 0.53 pm divided by incident 
1.06 pm energy). Fig. 2 shows both the transmission and con­
version efficiency as a function of input 1.06 pm irradiance for 
40 ps (FWHM) pulses. Each data point is the average of five 
laser firings. The five data points at the highest irradiance were 
taken after damage was observed. Even after damage no large 
absorption is observed. The efficiency increases rapidly at low· 
irradiance, reaches a maximum at -3 GW /cm2

, corresponding 
to an efficiency of "' 50 percent, and then decreases for higher 
incident irradiance levels (although the second harmonic energy 
continues to increase slowly). An identical experiment was 
performed using 140 ps (FWHM) pulses that reproduced the 
data of Fig. 2 up to -3 GW/cm2 where the sample damaged. 
Physical mechanisri1s that produce· a theoretical fit to such a 
turnover in efficiency include nonlinear absorption of the sec­
ond harmonic [7) , [8] , nonlinear refractive index changes that 
result in loss of phase matching at high irradiance levels [7], [8], 
and parametric down conversion of the 0.53 pm light [9] , [!OJ. 
To distinguish the contributions of these separate mechanisms, 
we performed three related measurements described below. 

IV. N ONLIN EA R TRANSM I SSION M EASUR EMENTS 

The trai1smission of the Lil03 at 1.06 pm was measured with 
the sample oriented such that no second harmonic was pro­
duced. These data for 45 ps pulses are shown in Fig. 3 as a plot 
of the inverse third power of the transm ission versus the cube 
of the incident irradiance. The sample was not A R coated such 
that the intercept of "' 1.8 in Fig. 3 is indicative of the Fresnel 

losses of a material of index "' 1.86. The data are plotted in this 
manner to investigate whether four-photon absorption might 
explain the results. Neglecting the Gaussian transverse structure 
of the beam, an exact solution for beam depletion due to four 
photon absorption ~hould yield a straight line on such a graph, 
the slope of which would determine the four-photon absorption 
coefficient [2J. The line turns up rapidly indicating that the 
nonlinearity is of an order higher than four. We cannot account 
for the order of the nonlinearity even when the absorption 
caused by the subsequent photogenerated carriers is included. 
It is important that we emphasize that the data points are single 
laser firings and only a few shots were taken because the sample 
damaged more easily after eaGh shot. The highest irradiance 
data point was taken lirst and the irradiance decreased with each 
subsequent shot. The data of Fig. 3 are for a single site. A 
final data poiJlt was taken at an increased irradiance to observe 
any possible hysteresis; none was observed for this small num­
ber of laser fi rings. Note also that several sites had to be irra· 
diated before the data shown was obtained, since many sites 
damaged on the first shot. All the data shown were obtained 
at irradiance levels near to or above the multishot damage thresh­
old . (The single shot surface threshold is-27 CW/cm 2 .) These 
transmission data were taken with a 1.06 pm spike filter in front 
ot the detectors. The possibili ty of conversion of the 1.06 pm 
light to other frequencies is not excluded although no visible 
light was observed. 

The transmission of the Lil03 was also measured at 0.53 1lm 
for both a phase-matched and nonphase-matched geometry. 
When great care was taken to el iminate all of the residual 1.06 
pm light , no nonlinear transm ission of the 0.53 pm light was 
observed up to the multishot damage threshold. These measure­
ments determine an upper limit for the two-photon absorption 

I 
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coefficient at 0.53 J.llll of 0 .03 cm/GW [ 11]. We were unable to 
obtain transmission at irradiances significantly above the multi­
shot threshold as was done w ith 1.06 11111 light , since our sour-ce 
of 0 .53 J.lm radiation was n0t sufficiently intense. Thelfaot that 
we observe nonlinear transmission at 1 11111 but not at 0.5 11111 
appears strange, but we were able t0 use irradiance levels at 1 11111 
about 6 times the irradiance at 0.5 J.lll1. Additionally, the order 
of the observ.ed nonlinearity at I 11m was very !high suc11 t hat a 
small change ii11 irradianoe prodhuoed a large change in transmis­
sion. Whenevertheaystalwas iin the phase-matched orientation 
and any residual 1.06 11111 was a1lowed to strike the sample along 
with the 0 .53 .11m light , it w,as :amplified depleting tthe 'Ol .53 J.lm 
beam--a d ear indication of parametric down conversi<iJII'l ['9J _ 

We also studied the spatial profile of the transmitteD 'beams 
in the far field on a vidicon tube at both 0.53 pm and 1.06 pm 
as a function of incident irradiance at the same waveleililgtth. 
These measurements were performed in the nonphase mat-ched 
configuration. In this geometry, we could easily distinguish a 
half-wave distortion in the time-integrated beam profile caused 
by self-focusing or defocusing. For example, self-focusing 
causes a smaller beam waist which then undergoes greater dif­
fraction , which is evidenced by an expanded beam in the far 
field. Computer simulation and experiments in materials ~hat 
do show self-focusing indicate the stated sensitivity to a "A./2 
beam distortion. For a 0.5 em-thick sample, this means that 
we should be able to detect a change in index on the order of 
10-4

. No detectable distortion was observed up to the multi­
shot damage thresholds. 

From these two types of nonlinear transmission measure­
ments, we conclude that any induced change in either' the ab­
sorption coefficient or index of refraction is far too small to 
account for the turnover in the doubling efficiency as displayed 
in Fig. 2. 

V. IRRADIANCE D EPENDENT COMPLEX 

REFRACTIVE IND EX CHANGES 

The sensitivity of the nonlinear transmission measurements 
discussed in the previous section was limited by the large back­
ground signal present. That is, we were attempting to measure 
a very small change in a large signal. In this section, we describe 
the use of a more sensitive background-free self-diffraction 
technique to measure both transient and permanent optically­
induced changes in the complex index of refraction at 0. 53 J.llll. 
We emphasize that no such change was observed at th is wave­
length in the preceding experiments. In this technique, a single 
picosecond pulse at 0.53 11m was divided into two parts by a 
beamsplitter. These two pulses were then recombined so that 
they were temporally and spatially coincident in the Lil03 at 
an angle () = 1.2°. The interference of these two pump pulses 
spatially modulates the electric field which may cause a periodic 
change in the complex index of refraction of the sample. If 
such an irradiance dependence is present, each pump beam will 
be self-diffracted by this laser-induced grating into two first 
ord ers at ± () . One first order for each pump beam will be scat­
tered into the direction of the other pump, and one will be dif­
fracted in a background -free direction (which we label - 8). 
There is no signal at - 8 unless a real or virtual grating is pro­
duced by the pump pulses. 
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fig. 4. Dlfftact~(1)n effic iency in a light-by-light scattering experim ent 
versu·s itbe iirradiance of the Q.S3 JLTil p11mp bean1 as e)(p1ai ncd in Sec­
tio n V. .Crosses indicat.e .data taken with irradiance incr.easing. Dots 
indicate «me beam blocked and irradiance decreasing. 

The :self-diffraction efficien-cies as a function ,of i.rra~Hanoeare 
shown in Fig. 4 by the -crosses. The crysta1 was oriented so 1tlle 
0 .53 J..lm beams were incident near the phase-matched <Oondition 
for down conversion. The irradianccs recorded in Fig, 4 are 
for one of two equally intense pump beams. Following these 
measurements, we .subsequently blocked one pump ibeam white 
continuing to measure the diffraction efficiency of the other 
pump. The results are the solid dots in Fig. 4. Clearly, a per­
manent component to the grating has been produced that con­
tinues to diffract light when the modulation of the intensity 
has been removed. As expected, the diffraction efficiency of 
the permanent grating is independent of pump irradiance. This 
grating was not er<1sed by irradiating with a single beam as oc­
curs with photorefractive materials such as BaTi03 [6]. 

We performed similar experiments at other orientations with 
various results. For example, with the crystal rotated by an 
angle a= 78° about the bisector of the angle between the two 
pump beams, away from the phase matched orientation, the 
diffraction efficiency is a maximum and no permanent grating 
is observed, In addition, the efficiency is nearly linear with ir­
radiance. The dependence of the diffraction efficiency on the 
orientation angle a i~ shown in Fig. 5. 

Subsequent examination of~he Lil03 sample with a Nomarski 
microscope revealed that permanent gratings were formed both 
on the front surface and the rear surface of the crys tal by the 
0 .53 J,lm pulses, The gra tings were faint even under Nom arski 
illumination although those on the rear surface were notably 
sharper than those on the fro nt surface due to the field enhance­
ment at the rear surface, Permanent gratings in the bulk of the 
material were observed only in association with bulk damage 
sites, The surface gratings, by themselves, cannot explain the 
observed orientational dependent permanent diffraction since 
gratings of com parable visibility were observed on the surface 
corresponding to both crystal orientations. These gratings were 
also visible under bright field illuminat ion, but not under dark 
field illumination. 

For this sample thickness (~5 mm) anc! this grating spacing 
(~25 J.llll) , we are in the Bragg grating regime. That is, the grat­
ings produced here cannot be considered thin, and the measured 
self-diffracted ~ignal at - 8 violates the Bragg co ndition. This 
makes quantitative analysis of th e results of Fig. 4 and Fig. 5 
difficult. Although not all features of these data are understood 
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Fig. 5. Diffract ion efficiency versus the angle about the b eam direction 
as described in Section V. Both 0.53 JJm pump beams were equally 
intense for this measurement. 

by the authors at this time, it is clear that we have observed 
permanent and transient index (or absorption) changes in the 
sample at 0.53 J..Lm. We emphasize once again that these changes 
are too small to destroy phase match and account for the sat­
uration and turn down in the doubling efficiency as shown in 
Fig. 2. 

VI. PHASE-MATCHED SECOND HARMONIC 

SPATIAL PROFILES 

Having shown that taser-induced abs<i>rptive and index changes 
(both at 0 .53 pm and 1.06 pm) are small , we suspect that the 
eventual decrease in the doubling efficiency with increasing 
1.06 J..Lm irradiarnoe is caused by down conversion. In this sec­
t ion, we 1lhow thls is indeed ,so. 

In these experiment1l, we monitored tthe spatial profile of the 
second harmonic pro.duced by phase mattc'hingthe Li103 crystal 
as a function of incident fundamental iirradiance. At low inci­
dent 1.06 J.Lnl irradiance, it'he \])Icof'J.le :a1 [i).'$.3 p.m is :a smooth 
Gaussian as shown in Fig. 6. As the LOG pm irradiance is in­
creased past the efficiency maximum (:auhown in Fig. 2}, the 
profile is distorted as shown li n Fig. 7(a). Thai is, the second 
harmonic is skewed to one side. This .can be understood by re­
call ing that Li103 possesses a large walk-off .angle'( 4°) between 
the fundamental and second harmonic when pi111se matched. 
For a fundamental beam radius of 0.44 mm (half wiidth at the 
e-2 point in irradiance) and a crystal length of5 mm, t he two 
beams (fundamental and second harmonic) will be separated 
by 0.33 mm at the exit surface. This separation is of the order 
of the 1 .06 pm beam radius. Down-conversion would be ex­
pected to be important only in regions where the fundamental 
and second harmonic beams overlap and where both irradiances 
are large, i.e. , near the rear of the crystal. This would produce a 
lopsided spatial distribution of second harmonic light , as shown 
in Fig. 7(a). We would expect then that by rotating the crystal 
180° about the incident beam direction that both the walk-off 
direction and the distort ion would be inverted. That this is the 
case can be seen in Fig. 7(b ). From these results, we conclude 
that parametric down conversion is primarily responsible for 
li miting the harmonic conversion efficiency [9 ] , [10). 

VII. CONCLUSIONS 

Laser-induced damage thresholds in Li l0 3 have been deter­
mined for two pulsewidths ( 45 and 145 ps), for two wavelengt hs 
(0.53 and 1.06 pm). and for phase-matched and nonphase-

0.5 1.0 1.5 2.0 2.5 3.0 
X POSITION lmm.J 

fig. 6. Two-dimensional spatial beam profile of the second harmonic 
produced in Lil0 3 at low irradiance. 

2.5 3.0 
X POSITION (mm.J 

(a) 

(b) 

Fig. 7. (a) Two-d imensional spatial beam profile o f the second harmonic 
produced jn Lii03 at high irradiance. (b) Two-dimensional spatial 
beam prof'lle of the second ,harmonic produced in Li l03 at high irra­
diancc. TI1e crysta l has been ro tated 180° about the beam axis from 
the position used in Fig. 7(a) as described in Section VI. 

matched crystal orientations. Multiple shot thresholds were 
lower than single-shot thresholds for all pulsewidths, crystal 
orientat ions and wavelengths studied. In addition, the multiple 
shot LID thresholds were lower at 0.53 pm than at 1.06 pm, 

indicating that the laser-induced threshold is lowered by cumu­
lative defects produced by absorption of the 0.53 pm radiation. 
Self-di ffraction experim ents confirmed the presence of both 
reversib le and irreversible changes in the material refractive in­
dex prior to damage even though no nonlinear absorption was 
resolvable at 0 .53 J..llll for the maximum irradiances from our 
system. Higher order nonlinear absorption was, however, ob­
served for 1.06 pm light. We emphasize that this absorption 
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was only observed for 1.06 pm irradiances well above those 
available at 0.53 pm. Finally, for picosecond optical pulses, 
the second harmonic conversion efficiency was shown to be 
limited by optical parametric down conversion, not by non­
linear absorption , index changes that destroy phase matching, 
or by laser-induced damage. 
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