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W. Howard Lowdormllk and DavJd Milam 

Lawrence Livermore National Laboratory 
Mall Stop L-490, P.O. Box 5508, Livermore, California 94550 

Abstract 
The results of damage threshold measurements made at LLNL using ultraviolet wavelength 

laser poises are reviewed. Measurements were made with pulses from a krypton fluoride 
laser with wavelength of 748 nm and pulse duration of 20 ns and with Nd-glass laser pulses 
converted to the third harmonic, wavelength of 355 nm with duration of 0.6 ns. Measurements 
are presented for transparent window materials, crystals for harmonic generation, single 
layer dielectric films of oxide and fluoride materials and multilayer high reflectivity 
and antircflective coatings. 

Introduction 
Potential applications of high-power, pulsed, UV lasers In such areas as laser 

communications and inertial confinement fusion have stimulated studies of damage 
resistance in bulk materials and thin film coatings for ultraviolet wavelengths and 
development of improved materials. Work of this nature has been In progress at Lawrence 
Livermore National Laboratory (LLNL) since 1980. During this time, numerous tests have 
been conducted on materials intended for use at the 248 nm wavelength of krypton fluoride 
losers and at the 355 nm, third-harmonic wavelength of Nd-doped glass or crystalline host 
lasers. This paper summarizes the data from these experiments. For a more detailed 
description of each experiment, the original references should be consulted. 

In the following sections we review the apparatus and experimental methods used to 
measure damage thresholds, the results obtained from measurements at 248 nm using 20 ns 
duration pulses • nd at 355 nm using 0.G ns pulses and finally the limited -'ata available 
on the variation in damage thresholds as a function of pulse duration from 0.6 ns to 70 ns 
at 355 nm wavelength. 

All experiments on thin film coatings were a joint effort by Optical Coating 
Laboratory, Inc. (0CL1) and LLNL. Coatings were deposited by OCLI. Damage threshold 
measurements were made at LLNL and other measurements of physical and optical properties 
of the coatings were made at OCLT. 

The data reviewed in this paper represent the current state of ongoing materials 
development and testing. It is premature to draw definite conclusions about the ultimate 
potential of the materials, surface preparation techniques or coating deposition methods. 

Experimental procedures 
Threshold measurements reviewed here were made with 20 ns, 248 nm pulses from a KrF 

laser, or with 355 nm pulses produced by third harmonic generation of 1064 nm pulses from 
a Nd-glass laser. Crystals of potassium dihydrogen phosphate (KDP) were used for the 
harmonic generation process. The experimental arrangement for the measurement of damage 
thresholds is illustrated in Fig. 1. The Incident beam was focused by a lens with focal 
Isngth of 4-6 m. The sample was placed upstream of the beam waist at a position where the 
beam diameter was 1-3 mm. The focused beam was divided to form diagnostic beards which 
were directed into a calorimeter, which measured the laser pulse energy, and to one or 
more devices which recorded the intensity distribution of the pulse. All diagnostics and 
the damage test sample were placed equidistant from the focusing lens, so the beams 
incident on the diagnostic devices were identical in size and shape to the beam incident 
on the sample. 

The fluence distribution in the focused 355 nm beam was uniform and centrosymmetric, 
but the shape of the beam varied with beam intensity due to nonlinearities in gain 
saturation of laser amplifiers and in harmonic conversion. The fluence distribution for 
each shot was recorded by a silicon vidicon. Peak fluence in the distribution was 
computed by normalizing the fluence distribution so that its integral agreed with the 
measured pulse energy. Integration was done numerically, and was therefore insensitive to 
che exact shape of the beam, provided that the beam was large relative to the 80 urn 
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Figure 1. Laser damage experiment. Beam was focused by lens (L) with focal length of 
4-6 m onto the samplers). Diagnostic beams reflected from the surfaces of the wedged 
,sj)litter (W) were incident on a calorimeter (C), a vidicon camera (V), and onto both 
Polaroid film and Kodak 1-z emulsions. 

spatial resolution of the vidicon. 
to ± 5%. 

Fluence measurements at 355 nm are typically accurate 

In 248 nm experiments, the beam incident on the sample was 2 mm in diameter at e~2 
in intensity, but the fluence distribution contained smaller diameter regions of higher 
intensity. Fluence in these hot spots was constant to within 5% over areas not less than 
0.1 mm in diameter. The fluence distribution for each laser pulse was recorded on Kodak 
1-2 spectroscopic emulsion, and the absolute fluence for each shot was computed by the 
same normalization procedure described for 355 nm beams. Fluence measurements at ?48 nm 
were typically accurate to about 10%. 

In experiments at both 248 nm and 355 nm, each site on a sample was irradiated only 
once. A JJomarski microscope was used to photograph each test site (at magnification of 
100-40C) before and after it was irradiateM. Test sites were also visually inspected with 
both Nomarski and either bright-field or dark-field microscopy, and with the unaided eye 
using backlighting with white light. Surface damage was defined to be a permanent 
alteration of the surface detectable by these inspections. In some tests of window 
materials, bulk damage occurred at fluences below normal sui'face danrnge thresholds. Bulk 
damage consisted of isolated microfractures which were visible when irradiated with a beam 
from a He-Ne laser or with intense white ligiit. 

Damage thresholds were taken to be the average of the highest fluence that caused no 
damage and the lowest fluence causing damage. For most samples the boundary between 
damaging and nondamaging fluences was sharply defined and thresholds could he determined 
within 10-15Z by using only 5-10 shots per sample. In a Few of the coatings, defects 
which damaged at the lowesc fluence were separated by a distance comparable to the beam 
diameter. For these samples, damaging and nondamaging fluences were sometimes intermingled 
over a fluence range as large as 307o of the threshold fluence. 

?48 nm damage threshold results 

Fused silica and UV transmitting borosllicate glass 
Rniner et. al.l reported threshold measurements for five samples of Suprasil II 

fused silica, from Heraeus-Amersil, Inc., one sample of 7940 fused silica, from Ccrning 
Glass Works, Inc., and one sample of a UV-transmitting glass, UVFK54, from Schott Glass 
Technologies, Inc. Maximum nondamaging fluences for the fused silica samples were set by 
the thresholds for rear surface damage, which ranged from 5 to 9 J/cm^. Front surface 
damage thresholds ranged from 8-13 J/cm^, and the only incidence of bulk damage was 
self-focusing tracks induced in the 7940 sample at fluences above the threshold for rear 
surface damage. Bulk damage was a limiting problem in the UVFK54 in which color centers 
were induced in single shots at fluences as low as 2 J/cra-. 

One fused silica sample was repolished with high p'irity Zr02 and another was 
bowl-feed polished^ with Ce02, hut thresholds for these sanples were comparable to 
those of surfaces fabricated by conventional fresh-feed polishing with CeO?. 



Fluoride crystals 
Six single-crystal samples of LiF wore testfd, as veil as 13 fine-grained 

polycryetalline samples made by press forging. Both types of samples were cut from four 
different boules to avoid biasing the data to the characteristics of an individual boule. 
Fig. ? shows individual and median damage thresholds for these samples. Thresholds for 
rear-surface damage of the single-crystal samples could not be determined because Che 
surfaces had a high density of polishing scratches. 

The damage morphology of both single crystals and forged crystals suggested that the 
surface absorption of these samples was spatially homogeneous. Damage at fluences 
slightly above threshold, produced a uniform alteration of the surface, possibly melting 
and rocrystalligation. At fluences well above threshold, surface damage in the forged 
crystals consisted of cracks and pits. 

Three CaF2 crystals were also tested, as well as one sample each of MgF2, BaFj 
and NaF. Thresholds for these samples are given in Fig. 3- To allow easy comparison of 
thresholds of all the fluoride crystals tested, Fig. 3 also shows the median and range of 
thresholds of the LiF crystals. The threshold surface-damage morphology varied for each 
sample, but in general consisted of highlighting existing surface defects and polishing 
scratches. Only for MgFj and NaF did the bulk threshold for damage exceed the threshold 
for front-surface damage. Fxcept for one CaF2 crystal, which had an unusually low 
threshold, and the BaF2 crystal, rear-surface thresholds of these additional fluorides 
are comparable to those of LiF crystals. 

Three of the samples, one each of MpFj, BaF? and CaFj, had been tested earlier 
using 266 nm pulses with durations of 0.1 and 0.7 ns. 3 Those thresholds and the 20 ns, 
248 nm thresholds are shown in Fig. 4 as a function of pulse duration. The slopes of the 
straight-line fits to these few data points indicate that these front-surface thresholds 
increase ns the square root of the pulsowidth. 

Figure 2. Damage thresholds of six 
single-crystalline samples of LiF and 
13 pross-forged LiF samples measured 
with 24B nm, 20 ns pulses. 
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Threshold measurements were made on four potassium dideuterium phosphate (KD*P) 
crystals, and one crystal each of KUP and of aluminum dihydrogen phosphate (ADP).I 
These crystals are mechanically soft and difficult to polish, and all surfaces tested had 
a high density of polishing scratches that could he observed with a Nomarski microscope. 
Front surface thresholds of these crystals, shown in Fig. 5, ranged generally from 3 to 5 
j/cm^ although the threshold of the KDP sample was greater than 6 j/cm.2. This result 
**?.- Yr compared with the surface threshold of a KDP crystal that was measured earlier with 
0.7 ns, 266 nm pulses, 6*5 ± 1.4 J/cm^.^ Since thresholds for 248 nm and 266 nro 
pulses should be approximately equal, the available data suggest that UV thresholds of KDP 
are approximately constant over the range of pulse durations from 0.7 ns to 20 ns. 

x- •/ >*y. 

http://PressforgedcryM.il


Figure 3. Laser^damage thresholds of 
fluoride crystals measured with 248 nm 
20 ns pulses. 
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Figure 4. Pulsewidth dependence of 
front-surface laser-damage thresholds 
of fluoride crystals in the UV. 

Figure 5. Front-surface laser-damage 
threshold.1; of KDP isomorphs measured 
with 24R nm, 20 ns pulses. 

Multilayer coatings containing scandium oxide 
In a survey conducted by the Naval Weapons Center of coating mati rials for the XeF 

laser (353 nm wavelength), high reflectivity coatings of scandium oxide (SC2O3) and 
magnesium fluoride (MgF?) exhibited relatively high damage resistance. ' Damage 
thresholds at 248 nm of laser coatings containing Sc^Oi wore subsequently studied in 
detail by LLNL and OCLI.5 

The two types of laser coatings studied were high reflectivity (HR) coatings and 
anti -reflection (<AR) coatings. Coating designs and (ieposition methods wliich had proven 
effective for 1pm laser coatings were used in this study.^»? The effects of combining 
SC2O3 with both silica (SiO?) and I1gF2 were Investigated. The studies of HR 
coatings included the effects of overcoat layers, substrate materials, deposition 
temperature, and number of layers in the coatings- For AR coatings, the effects of 
undercoat layers and choice of low index material were tested. A large number of coatings 
were tested to determine the reproducibility of results- With optimum coating designs and 
deposition conditions, the damage thresholds of both UR and AR coatings were consistently 
above 6 J/cra2 for 248 nm, 20 ns pulses-



High reflectivity coatings. The HR coating design consisted of 19 quarterwave-thlck 
layers of Sc203/MgF2, although some 31 layer designs were also tested. All coatings 
were deposited by electron beam evaporation. Each of the coatings vas deposited on both 
conventionally polished fused silica and BK-7 glass substrates at substrate temperatures 
of 150 C and 250 C. To test the effect of overcoat layers, haIfwave-thick overcoats of 
either MgF2 or Si02 were ..dt'cd to the top of the quartcrwive stacks of some samples. 
These overcoat layers did not change the reflectivity or the electric field distribution 
in the HR stack, but have been shown to increase damage thresholds for lura coatings." 

A total of 45 HR coatings wore tested as part of this study: IS without overcoat, 15 
with MgF2 overcoat, and 15 with SIO2 overcoat. The coatings were deposited In five 
separate runs of nine samples each. In each run, the basic 19 layer (or 31 layer) coating 
was deposited simultaneously on all nine substrates. Then six substrates were covered 
with masks and the halfwave MgF2 overcoat was added to three of the substrates. These 
three were then covered and the SIO2 overcoat wos added to three of the remaining six 
samples- Thus, the only difference between the coatings in each run was the overcoat. 

Figs. 6 and 7 show the dependence of the measured damage thresholds of HR coatings on 
substrate material, deposition temperature, and type of overcoat layer. Overcoat layers 
had the most pronounced effect on damage thresholds. All films without an overcoat had 
thresholds below 4 J/cm^, while all with an overcoat had thresholds above 4 J/cm^. 
The median thresholds for nonovercoated and overcoated filins were 3.1 J/cm2 and 6.3 
J/cm^, respectively. Among overcoated films, the median threshold for coatings with 
HgFj overcoats was 207. greater than the median threshold for S102 overcoats. 
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Figure 6. 248 nm, 20 ns laser-damage 
thresholds of Sc-^/MgF? HP. costings 
deposited at 150 C. Solid circles are 
data from 19-lnyer coatings and open 
circles represent 31-layer coatings, 
hashed error bars signify samples from 
a repeat coating run. 

Figure 7. 248 nm, 20 ns laser-damage 
thresholds of 19-lcyer Sc203/MgF2 
PR coatings deposited at 250°r. Dashed 
error bars signify samples from a repeat 
coating run. 

Antireflection coatings. A total of twenty-four AR coatings were tested as part of 
this study! twelve each of two material combinations ScpO^/VgF? and Sc203/Si02« 
The coatings were made in four separate runs of six parts each. Coatings were deposited 
on bowl-feed polished fused siTica at a substrate temperature of 150 C. The effect of ai 
undercoat layer on damage resistance was also tested. A halfwave-thick layer of either 
MgF2 or SiO? was deposited between the AR coating nnd the substrate of some of the 
samples. This layer did not affect the electric field distribution either in the 
four-layer All coating or at the substrate interface, but has been shown to be effective in 
increasing damage thresholds in earlier worlc.^1 Movable masks in the coating chamber 
allowed the undercoat layers to be deposited on Lheir respective parts and then the AR 
coating to be deposited simultaneously on all the parts. 

The reflectivities of SC2O3/MBF2 AP coatings were below 0.1% at 248 nm. Those 
of Sc203/SiO2 Hilms were between 0.15 and 0.?%. Even though the AR coatings were 
deposited on fused silica substrates, they did not exhibit the crazing observed in HR 
films on fused silica. 
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Damage thresholds of the AR coatings are shown in Fig. 8. The only variable which 
significantly increased damage thresholds was the presence or absence of undercoats. 
Averaged over all coatings made in four runs, improvements with SiOp and MgFj 
undercoats were 38% and 17% respectively. 

There was no significant difference between danage thresholds of Sc203/MgF2 and 
SC2O3/SW2 coatings. The Sc^C^/SiO? films had a wider range of thresholds, 
and those with Si02 undercoats had the highest median threshold (6,1 j/cm?) of all the 
AR coatings and undercoat combinations tested. 

Reproducibility of AR coating thresholds was alBO good. In each run six coatings were 
deposited, two each of three designs. For the pairs of identical coatings made in each 
run, thresholds varied, on the average, by only 6%. Each deposition was repeated, 
providing a total of four coatings of each design. The average variation in thresholds 
among thewe sets of four coatings was 12%. 

Figure 0. 268 nm 20 ns laser-damoge 
thresholds of AR coatings. Dashed 
error bars signify samples from a 
repeat coating run 
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1JV coating materials survey 
Lengthy studies of a few materials, as described in the preceding section, allow 

optimization of the deposition parameters for these materials, and provide an adequate 
data base to evaluate the coatings- However, time and expense limits the number of such 
studies that can be performed. The following materials survey was conducted with the goal 
to identify materials with best performance. In particular, we were interested to see if 
relationships existed between damage thresholds of coatings and other physical or optica] 
properties which could guide the selection of optimum materials. 

Both single layer coatings and multilayer high reflectivity coatings were tested." 
Single layers are easily deposited, so many materials can be quickly prepared. The damage 
thresholds of single layer films may, however, be affected by the substrate. Damage 
thresholds of HR coatings are not affected by the substrate. 

All coatings were deposited bv electron-beam evaporation of the materials onto fused 
silica substrates that had been bowl-feed polished at OCT.T. For single layer filmr, the 
refractive index, absorption, stress, environmental stability and the position of the UV 
bandedge were measured at OCLI. Index of refraction for the individual coating materials 
was calculated from the measured reflectance and trnnsmittance of thick, single-layer 
films. The absorption coefficient of a film material was mensured by coating a ha]fwave 
thick layer of the material on a high reflector and measuring the decrease in reflectance. 
Film stress was detprmined by interferometric measurement of. the stress-induced flexure of 
coated substrates 0.38 mm in thickness. The absorption edge was defined to be the 
wavelength at which the transmission of a coating with a 1.? urn optical thickness was 
50%. Since transmission measurements could not he made at wavelengths below 200 nm, the 
hand edge could not be measured In some films. The films were subjected to an 
environmental evaluation consisting of standard abrasion and adhesion tests and 26 hours 
of exposure to high humidity. 

Physical and optical properties measured for the halfwave-tbick films are given in 
TfiMc 1. The attenuation coefficient k (imaginary part of the complex index of refraction 
n+ik) was generally small in the fluorides, except for Na3All;,() and NaF, and large in 
the oxides, except in AI2O3 and Si02, which have absorption edges below 200 nm. Two 



oxide materials, MgO and AljO^, failed the environmental test. While it ha8 
traditionally been difficult Co control deposition of MgO, failure of AI2O3 is unusual. 

Single layer films. Halfwave thick layers of 15 oxi&o and fluoride films were 
deposited. Most of the coatings had good cosmetic appearance and contained only isolated 
defects with typical dimensions of 1 urn, There were however some exceptions. Films of 
YF3 crazed, presumably due to high stress. Borne areas on NaiAlFfi films were clear, 
but other areas had a'streaked appearance. Films of both ZrO? and NaF were hazy. This 
appearance is atypical of ZrOj. 

The damage thresholds measured for two samples of each material are given in Fig- 9. 
Thresholds ranged from less than 1 J/cm^ in ZrO?, which is comparable to the damage 
fluencc for some metallic films, to 25 J/cm2 in ThF^, which is about twice the 
front-surface threshold of bare, polished fused silica.* Thit. result is unusual because 
thresholds of coated surfaces rarely exceed those of hare surfaces. 

Table 1. 1'hysical and Optical Properties of Single-Layer Films 
with Optical Thickness of 124 nm 

Material Refractive Attenuation Absorption Bondl Stress'' Environmental 
Index(n) Coefficient(k) Edge, nm KPSI Stability 
at 248 nm at 248 nra 

Zr0 2 2.25 .006 230 -39' Pass 
Na 3AlF 6 1.35 .007 S -4 Full 
Th0 2 1.90 .005 200 -7 2 Pa SB 
Y2°3 2.10 .002 210 +11 Pans 
Hf0 2 2.25 .002 215 -59 Pass 
S c2°3 2.11 ..002 205 -?3 Pass 
MgO 1.83 .00? 200 -5 Fall 
A 1 2 0 3 1.72 < .00] < 200 -86 Fall 
Y F 3 1.54 < .001 < 200 -49 Pass 
UoF 1.35 .009 S -e Fail 
LiF 1.37 .001 << 200 -1 Marginal 
MeF 2 1.43 < .001 < 200 -50 Pass 
LaF 3 1.59 .001 < 200 -91 Pass 
Si0 2 1.44 .001 < 200 +4 Pass 
ThF^ 1.59 < .001 << 200 -30 Pass 

1. Absorption edge is 50% point in transmission; 200 means some absorption at 200 nm; 
<< 200 means no absorption at 200 ntn; S means ahsorptlon edge probably masked by 
scattering. 

2. +, compressive; -, tensile. 

Figure 10 shows the film thresholds versus physical and optical properties of the 
fijms. Thresholds were largest in the films with low refractive index, which (excepting 
SiO;>) were all fluorides. Thresholds were also largest in films with low absorption, 
whjch were generally the low index filns with bandedges below 200 nm. In fact, Che 
correlation between absorption and thresholds was sufficiently strong to suggest that the 
apparent correlation between threshold and index is accidental. NaF was an exception, 
being very absorptive, hut having a moderately large threshold and scatter. No 
correlation was observed between stress and Oamage threshold. 

Our results are generally similar to those of Newnam and Gill° who used 22 ns, 
266 nm pulses to test single layers of six oxide materials and three f,luoride materials, 
and those of Walker, et.al.,10 vho tested films of six oxides and three fluorides with 
15 ns, 266 nm pulses. Anong these three studies, both the ordering and actual threshold 
values vary considerably, confirming that it is difficult to establish true comparisons of 
materials in thin-film form. The general correlation between high thresholds and low 
refractive indices is present in all three studies. This correlation was first observed 
by Turner,!! and later developed into the form of a scaling law by Bettis, et.al. 1* 
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Lacer-damage thresholds of halfuave-thick films measured with ?48 nm ; 20. ns 

The scaling law predicts some of the results of the three UV damage studies. However, it 
is based on the premise that thresholds should scnle according to the strength of the 
local electric field, nnd would not b<. applicable if linear absorption were the dominant 
mechunism for damage. 

Although the material characteristic responsible for damage in a given material is not 
known, trends in the entire set of data identify the characteristics that nre r.: sociated 
with good resistance to damage by 24fl nm irradiation. The film material should have low 
refractive index, low absorption, handedge located at n wavelength well below 24P nn, good 
cosmetic appearance, and good environmental stability when exposed to high humidity. For 
single layer films, stress did not influence thresholds, but this Joes not necessarily 
imply that film stress will be unimportant in multilayer coatings. 

High reflectivity coatings. HR coatings of 13 high Index/low Index combinations were 
deposited. 1'our coatings of each material combination were made, two in each of two 
coating runs. Each coating had a minimum of 15 quarterwave-thic': layers and was 
overcoated with a halfvave-thick layer of the low index material used in the reflector 
stack. The coatings were deposited on conventionally-polished substrates of BK-7 gla/s. 

Damage thresholds of these in? coatings are shown Jn Fig. 11. Coatings with the lowest 
thresholds contained the high index materials 7.r02 and ThO?, which had the lowest 
thresholds as single layers. In contrast, che low index material Na^AlF^ had a low 
threshold as a tingle layer, but when combined with AI7O3, produced a reflector with 
moderate threshold. Reflectors of ScjO^/MgF;? And MgP/LiF had the highest 
thresholds, the median values being, respectively, 5.6 and 7.0 J/cm^. An interesting, 
but not understood, fact is that the highest HR coating thresholds were considerably 
higher than the thresholds of single layers of the high index materials, and considerably 
less than thresholds of single layers of the low index materials. 
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355 ran damage threshold results 
Fused silica and KPP crystals 

Damage thresholds of fused silica and KDP crystals were measured by Stnggs nmt 
Raincr.13 Fused silica is the only glass so far demonstrated to be capable of 
transmitting 355 nn beams at intensities of 2-5 GW/cm? without exhibiting nonlinear 
absorption or being discolored by solarifcation.14 The sampleR of fused silica tested 
were made of three types of highly pure L'lamc-f'ision silica, and two materials made frn 
naturally occurring quarts. These materials are listed in Table 2. Surfaces were 
polished by several vendors with commercially available cerium oxide nbrasives. 

Table 2. Types of Silica Tested 
Material Designation Material Type Vendor"^ 

7940 flame fusion Corning Glass Works, Inc. 
, Optosil I fused natural quartz lleraeus-Amersi 1 , Inc. 

Suprasil II flame fusion Heraeus-Amersil , Inc. 
ES flame fus?on Nippon Silica Glass Co., Ltd. 
OX fused natural nuartz Nippon Silica Class Pp., T.td. 

Surface damage thresholds for 22 samples tested, given in Fig. 12, ranged from 1-14 
J/cm^, but there was no obvious relationship between thresholds and the typo of silica. 
Instead, thresholds at ?55 nm seemed to depend solely on the polishing history. To 
illustrate this point, Fig. 13 is a histogram of thresholds measured on 12 samples 
including four types of silica polished by one vendor. The thresholds are closely grouped 
with o medion of almost 10 j/cm*. Further, when these surfaces were etched with HF 
acid, the etched surface was essentially featureless. By contrast, etching samples with 
low thresholds revealed significant subsurface structure. Therefore, it is likely that 
lot •• resholds on some surfaces resulted from incorporation of polishing material into the 
s u r ; •.•:,*_•. 
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Figure 13. Front-surface damage 
thresholds measured with 355 nm, 
0.6 ns on 12 fused cilica samples 
polished by one vendor. 

The measurements of bulk dnmape thresholds in KDP crystals were made with a weakly 
convergent beam whose intensity did not vary significantly along the 2 cm path length 
through the crystal. Bulk damage can be observed in such experiments only when the 
threshold for hulk damage is less than the front surface damage threshold, which is 
generally true for KDP.15 Th e hulk damage produced in KDP by 355 nm beams consisted of 
isolated microfractures, whose volume density depended on the quality of the crvstal and 
the fluence. In the best crystals, at fluencos near threshold, only one or two 
microfractures were created. In some crystals with low thresholds, there were hundreds of 
microfractures per cubic centimeter ir. a trail filling the entire heam path. 

Damage thresholds measured in 1-on-l and n-on-1 tests*1' of KDP crystals are given in 
Fig. 14. The crystals were samples taken from large boules grown to provide large aperture 
crystals for harmonic converters on NOVA. The median 1-on-l and n-on-1 thresholds of these 
crystals were, respectively, 2.3 and 4.2 J/cia'. Therefore, repetitive subthreshold 
irradiation of test volumes with 355 nm pulses produced an averags increase in damage 
thresholds. 

High reflectivity coatings 
Multilayer IIR coatings of various materials were tested, as well as the effects of 

overcoat layers and the use of nonquartcrwave layers to suppress the standing wave 
electric -fields in either the high or low index material. 1" 

The first set of coatings tested the commonly used high refractive index materials 
Zr02, Ta^Os and Hf02 which are transparent at 355 nm. The low index material for 
all ceilings was Si02« All coatings were composed of 15 qunrterwave thick layers 
centered at 355 nm. Eight coatings of each material combination were orepared and tested; 
four had a halfwave thick overcoat of SiO? and the other four had no overcoat. To test 
reproducibility of coatings from run to run, two coatings of each type were prepared in 
each of two coating runs. 

The damage threshold measurements are shown in Fig. 15. The median threshold in 
J/cm^ for (overcoated/nonovercoated) samples are: (2.4/3.0) for Zr0?/Si02, (1.9/2.5) 
for TajO^/SiOp and (1.1/1.1) for HfQ^/SiOj. Tn all cases, the samples without 
overcoats had thresholds which were equal to or greater than the companion overcoated 
sample. This result is counter to previous experience with HR coatings for 1064 nra and 
248 nn wavelength. 

.-̂- rd • ,.,'/>; ,, // 



Figure 14• Bulk damage thresholds 
(0.6-ns, 355-nm pulses.^ of KDP samples 
from large boules. For the 1-on-l tests 
samples we -e irradiated once at each site; 
for n-on-1 tosts sorrplcs were irradiated 
at a particular site with sequentially 
higher fluences until damage occurred. 
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Figure 15. Laser damage thresholds measured with 355 nm, 0.£ ns pulses in HR coatings 
made from three combinations of materials. The overcoats were halfwave-thick layers of 
SiO;?. 

Coatings of Sc?03/MgF2, which had been found to have high damage thresholds for 24P 
nm pulses, were also tested at 355 nm. A total of 24 coatings were prepared, each 
consisting of 25 quartcrwove-thick layers. Coatings were deposited in two coating runs; 
one with substrate temperature of 150 C and the other ac 250 C. In each run, four 
coatings received no overcoat, four received a halfwave overcoat of SiOp and four a 
halfwave overcoat of MgF?. All coatings had excellent cosmetic appearance with no 
visible defects and reflectance greater than 99.5% at 355 nn. 

The damage threshold results for these coatings are sinrnnarizerf in Fig. If. Vnmage 
thresholds were not improved by the addition of overcoat layers and thresholds of the 
coatings deposited at 250 C were higher than for those deposited at 150 V. Both results 
agree with tests of other coating materials at 355 nm and disagree with results from 
studies of coatings for 248 nn or 1064 nm. 
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Figure 16. Laser-damage thresholds measured with 355 np, 0.6 ns pulses on Sc203/MgF2 
HR coatings deposited on BK-7 glass substrates held at either 150'C cr 250°C. Sorte of 
the MR coatings had hal fwave-thick overcoats of either MgF^ *>r ?<10?. 

Subsequently, 24 HR coatings were prepared consinting of 10 alternating layers of 
SCTOT and S1O2 followed by 11 alternating layers of SC2O3 and MgF2 and a 
halfwave-thick HgF2 overcoat. Some of these coatings had nonquarterwave outer layer*? 
with thicknesses chosen to suppress the internal standing wave intensity in either the 
high index a 1- low index layers. Use of nonquarterwave layers in AS coatings was initiated 
by DeBell,!' and subsequently discussed by Nevnaml^ and Ap£ell9, 

Measured thresholds for these 24 coatings, shown in Fig. 17, varied .systematically JS 
anticipated from the alterations made in the thickness of the outer coating layers. The 
median threshold for standard SC203/MgF2 quarterv^ve stacks was 3.6 J/cm ?, which 
is slightly higher than those measured on HR coatings made using Zr0j, Hf02 or 
Ta205. Reducing the thickness of one low index layer IT the Sc2P'1/MgF? Coating 
increased the field in the GC2O3 and reduced the threshold. Reducing the intensity in 
one or two outer, high index layers increased thresholds. The median threshold of 5.1 
J/cr/ for coatings with two modified layers is the highest threshold for an IK coating 
observed thus far for O.b ns, 355 nm pulses. 

The last material combinations evaluated for HR coatings were SmI''̂ /MgF2 and 
SmF3/Si02- Films of SmF3 are highly stressed and crazing frequently occurs in HR 
coatings made with either SmF3/Si02 or SmF3/MgF?. Therefore, a basic reflector 
was fabricated of ZrOp/SiO^, and S111F3 was used to replace the ZrPj in the outer 
layers, which are the only layers that are intensely irradiated. OCLI provided 12 
coatings, each of which contained 15 alternating layers of ZrO? and S102- One or two 
pairs of either SmF3/Si02 or of Sn^/MgF? were added and all of the coatings 
received a halfvave thick overcoat of Si02. Thresholds for these coatings, given in 
Fig. 18, were comparable to those measured for HR coatings made of either 7rO;>/SiG2 or 
of Ta205/Si02- Overcoats were ineffective in improving thresholds. 
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Figure 17. Laser-damage thresholds measured with 355 nm, 0.6 ns pulses in Sc?0$/ 
SiOjj/MfiFa HR coatings with outer layers altered to increase the stand.'ngwave Intensity 
In either the high-index material (SC2O3), design D, or the low-index material 
(MgF2), designs B and C. 
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Figure 18. Laser-damage thresholds measured with 355 nra, 0.6 ns pulses on Zr02/°i02 
HR coatings with e i the r 0, 2 or A added pa i r s of e i t he r SmF3/Si0?. or SniF3/MgF2. 



Antlreflection coatings 
Fifteen different AR coatings of two basic types were studied by Hart et.al.20 

Coatings of the first type were'conventional four-layer, non-quarterwave designs with 
alternating layers of materials with high refractive Index and low refractive index. 
Coatings of the second type were composed cf two different low index mnterials using 
three- to six-layer quarterwave designs. The high index materials (Sc?03, ZrO?, and 
HfO?) were chosen because they aro UV transparent and commonly used In the industry. 
The law index materials (LfF,MgF2, S102, ThFA, LaF3, and SmF3) wore chosen 
because they had high damage thresholds when tested as single layers- at 248 nm as 
described above. 

All coatings were deposited by electron beam evaporation on bowl-feed polished 
Suprasil II fused silica substrates. Only bowl-feed polished substrates were used for 
this study because coatings on this type of substrate historically have higher damage 
thresholds than similar coatings on conventionally-polished substrates.21 

The results of the laser damage threshold measurements are summarized in Figs. 19 and 
20 f.nd in Table 3. As seen in Fig. 19, the average damage thresholds for the high index 
coatings were essentially the same (2.4 - 2.6 j/cm?). exrept for the S'cjOi/MgFj 
coatings, which had an average threshold of 3-1 J/cm*, and one coating had a threshold 
of 3.5 J/cm2. 

Table 3. Table of Laser Damage Thresholds of AR Coatings 
for 355 nm, 0.6 ns Pulses 

Material Combination >ating Type* 
Average 

Threshold (J/«:mJ) 

High index 3.1 
Low Index 2.8 
Low Index 2.7 
Low index 2.7 
High index 2.6 
High index 2.4 
High index 2.3 
Low index 2.3 
Low index 2.3 
Low index 2.1 
Low index 2.0 
Low index 1.9 
Low index 1.0 

Sc 20 3/MgF 2 

SmF 3/MgF 2 

SmF 3/S10 2 

Si0 2/MgF 2 

Gc2cysio2 

LaF 3/Si0 2 

ThF 4/M SF 2 

Si02/LiF + 0/C 
LaF 3/MgF 2 

*See description of high and low index coatings in the text. 

As seen in Fig. 20, the average damage thresholds for the low index coatings (with the 
exception of LaFvMgF2) were distributed over the range 1.9 - ?.P J/cm?. Coatings 
of S1T1F3/MSF2 had the highest average thresholds (?.8 J/cm?). The highest damage 
threshold was 3.4 J/cm^ for a Rn^/SiO? coating. The addition of a hnlfwave SiO? 
overcoat to the SiO^/LiF did not increase its damage threshold to any significant degree. 

Pulsewidt.h scaling of damage thresholds 

The dependence of damage thresholds at 355 nm on the laser pulse duration was studied 
by Raincr et.al.22 Pulses with durations of 1, 5 and 9 ns were used to test an 
assortment"of AR and HR coatings that had been previously tested with 0.6 ns, 355 nm 
pulses. The pulses were sliced from longer pulses by a Por.kels cell shutter, so prior to 
amplification they had identical rise and fall times. After being amplified and 
harmonically converted, the 1 ns pulses had nearly Gaussian waveforms. The longer pulses 
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Figure 19. Loser-daraage thresholds measured with 355 ns 0.6 ns pulses on AR coatings that 
contain both low find high index materials. (*)Dual wavelength 248 nm, 355 nro coatings. 
were approximately rectangular, but distorted by gain saturation In laser amplifiers and 
the nonlinear process of harmonic conversion. At the highest fluences used in these 
measurements, intensity at the trailing edge of the pulse was about one-half as large as 
that at the leading edge. 

Thresholds measured is a function of pulse duration are shown In Fig. 21. Circled 
numbers in Fig. 21 ider.tif> the sample associated with each set of data. The samples arc 
described in Table 4. The data in Fig. 21 were fitted to a simple power law which nsHumed 
that threshold T varied with pulse duration t according to T^kf 1. For five high 
reflectors, m ranged from 0.10 to 0.51 and averaged 0.32. For four antirefloctive 
coatings, m ranged from 0.19 to 0.35 and averaged 0.27. 

Table A. Pulsewidth Scaling of Laser Damage at 351-355 nm 

// Coating Materials Layers uC/UC a 

Sc 203/MgF ?/Si02 
Zr0 2 /Si02 

J)C X/? MgF2 
0.37 Sc 203/MgF ?/Si02 

Zr0 2 /Si02 15 X/2 SiOj 0.S1 
Zrd2/Si0? None 0.10 
TH205/S102 n if 0.17 
lifC2/SJP2 0.46 
Hf0 ? /Si02 L? X/2 S10 2 0.35 
Zrn 2 ' /Si02 "e 0.30 
MgF2/S102 5 C " 0.?2 
SC203/S102 AC X S102 0.19 

a. 0C = overcoat on HR's; UC = undercoat on AR's. 
b. Temporal scaling coefficient: threshold » t m. 
c. Nonquarterwave-thick layers. 
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Figure 20. Laser-damage thresholds measured with 355 nm, 0.6 ns pulses on AR coatings 
containing only materials with low or moderate refractive Indices. 
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Figure 21. 355 nm laser-damnge thresholds of HR and AR coatings as a function of laser 
pulsa duration. Lines are curves fit to Che data. Numerals identify samples listed in 
Table 4. 



0.74 
Values of m measured in other5 35$ na damage experiments span the range -0.05 < m < 
although most are between 0.3 and 0.4.2?,/i,25 These earlier tests were primarily 

for single layer coatings, but the results are in general agreement with the results 
obtained in tests of multilayer coatings. However, the range of observed scaling factors 
is so large that the data provide little insight into the mechanism responsible fcr 
damage, and conversely, there is no readily apparent scaling rule that can he usee' to 
extrapolate thresholds• 
Damage threshold dependence on film layer thickness 

An experiment was performed to Rtudy.the relationship between layer thickness in 355 nm 
four layer Sc2C>3/Si02 AR coatings and thresholds of the coatings.22 Some layers 
in conventional 355 nm AR coatings are less than 40 nm in thickness, and it was thought 
possible that such thin layers might be mechanically weak. Secondarily, the experiment 
provided an excellent evaluation of a recent theory which suggests that thresholds should 
increase as layer thickness decreases. ° 

All of the coatings contained two SC2O3 ""ayers and two Si02 layers. In a given 
design, the thickness was different for each of the four layers- Among the four designs, 
optical thickness T for all layers in a given design satisfied the following conditions: 
A. T £ X, B. X >_ T >_ X/4, C. T *t X/4, and R. T < X/4, where X is 355 nm. Each coating 
was deposited over a silica undercoat layer which was a fullwave in optical thickness for 
design A and a halfwave in optical thickness for designs B, C and D. 

The coatings were deposited by electron beam evaporation on fused silica substrates 
that had been bowl-feed polished at OCLT. Two coating runs were made for each design, and 
three substrates were coated in each run. 

Med _,_ 
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Figure 22. Laser-damage thresholds (355 nm, 0.6 ns) measured on four-layer Sc2^3/ 
Si02 AR coatings as a function of the thickness layers used in the coatings. Data for 
three type-B coatings wer*J neglected in determining the median because these coatings 
contained obvious flaws thought to have resulted from improper substrate cleaning. 



Laser cJamage thresholds for these coatings are shown In Fig. 22. Filled circles 
indicate thresholds for coatings of each design that were made In the first deposition, 
and open circles are thresholds pf coatings made in the second deposition. The median 
thresholds for the various designs, indicated by n horizontal bar, ranged from 2.4 to 3.1 
J/cm2. This study showed little or no dependence of thresholds on layer thickness. 
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