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ULTRAVIOLETDAMAGE RESISTANCEOF LASER COATINGS*

Brian E. F?ewnernand Dennis H. Gill
LOS A.lamesScientificLaborato~
Loe Alamoe, New Mexico 87545

The damage resistanceof several thin-filmmaterials ueed in ultraviolet laser
optice was measured at 266 mm and 355 nm. The coatings included single, quarter-
wave (QW) layers of NaF, LaF3, MgF.2,Th02, A1203, Hf02, Zroz, Yz03 and si~~, Plus
multilayerreflectorscompoeedof some of these materials. The substrateswere
uv-grade fused silica. Single-shotthresholdswere obtained with 22 ns and 27 ns
(FW’HM) Pulsss at 266 and 355 nm, respectively. One of the samplea had previously
been tested using 20-pa pulses, providing a puleewidthcomparison.

At 266 mm the coating with the higheet damage threehoidwas a QW layer of NaF
at 10,8 Jfcra2(450 NW/cmz), whereae for a maximum reflectorof A.2203/NaFthe value
wae 3.6 Jfcm2 (151JNW/cm2), and the thresholdof the maximum reflectorwas 12,2 J/cm2
(470 MWlcu?).

The reeultswere analyzed to detarmine correlationswith standing-waveelectric
fieldeand linear and two-photonabsorption, Scaling relationship for wavelength,
refractiveindex and atomic deneity, and pulsewidthwera found.

Key woras: damage chraaholds;electric fialde: laser damage; nanosecondpulees;
puleawidthdependence;standingwavee; chin-film coatings;two-photonabsorption;
ultravioletwavelengthecaling.

1, Introduction

The recent growth in popularityof rara gae-halogenlacers hae pointed up the lack of damage thres-
hold data in the ultraviolet. Thie paper examinee a variety of coating materials useful for uv laser
optics. SingleQW layers and multi.lavertotal reflectorswere irradiatedat 266 nm (22 ns) and 355 nm
(27 ns). Materialsevaluated at both 355 runand 266 nm wera NaF, ThOZ, A1203 and i!r02. In addition,
LaF , M6F2, Hf02, y203 and Si02 ware tested at 266 nm. Total reflectorsof A2203/NaFand Th021Si02
were tested at both wavelengche,and reflactoraof Th02/hgF2 and PbF2/cryolltewsre teeted at 266 run.
The film and substratecharacteristicsara listed in table 1. All coatingewere depositedby uae of an
elactron gun, axcapt those by rf-sputteringas noted,

Coating
Material

Xa F
S1O? (sputtered)
?lqF2
LaF~
Th02
A1203
ZrO~
Zr02 (sputtered)
Hf02
Y203
Al~O~lNaF
Thu2/Siq
Th02/Mg
PbF2/Cryolice

Table 1. Coating and eubatrate characteristic.

Subetrata Substrate Substrata Coating Index of Refraction
Roughnase Deposition
A rms ‘ernperature

~~ 266 nm 355 nm

Supraail 2 12 30 1.34 1.33
Supraeil 2 12 165 1,52 1,51
Suprasil 2 12 30 1.39 1.38
Suprssil 2 12 30 1.61 1.60
Dvnasil 1000 20 200 2.0 1.95
Suprasil 2 12 30 1.67 1,65
Optosil 1 20 200 2.17 1,95
Suprasil 2 12 175 2,!+ ~,~7

Ultrasil 29 250 2.1s 2.08
Supraail 2 12 200 2.0 1,79
Suprasil 2 12 30
Dynacil 1000 20 2.00
Dynasll 10u 20 200
Supraail 2 12 30 2,17/1,37 230

a Film absor tion ●dg. defin.d whera measured absorptionwaa 10%.
Y

Valuea precededby ~ are for bulk
matarials [1] ; negligibleabsorptionwas meaeured for these coatings down to 200 nm,

* Work parformedunder the auepicea of the U, S. Departmentof Ensrgy.

1. Figuras in brackatu indicate th~ Iitaraturmreferencesat ths end of thie paper,



Most of the sampleswere on identicalsuhetratesof Suprasil 2 with approximatelya 12 8 rms sur-
face roughness. A few sampleswere on other types OF uv-grade fused silica and had an approximate
surface roughnessof 20 ~ rme. Spectrophotometrictraces for the single QW layers are shown in figure
1. Note that some of the layers were not exactly ~/4 thick at 266 nm. The actual wavelength at which
each coating wae .\/&thick is tabulatedin tablea 2 and 4.

The NaF single-layersamples were fogged in appearance. This was probablydue co the high relative
humidity in the coating company’splant (reportedto be about 65%). However, A.220?/NaFreflectors
were not fogged, probablybecause the outer layer of A1203 protectadthe NaF. The gradual decline in
transmissionat shorter wavelength for NaF (fig. 1) was due to scatteringlosses from the fog. Special
note is also made of the short-wavelengthtransmissionof the ThOZ which did not extend to tha expected
absorptionedge.

2. Experimentalprocedure

The experimentalarrangementis shown in figure 2. A Nd:YAG laser was Q-switchedusing 81s (h-di-
methylamino-dithiobenzil)nickel dye and 3 etalons inside the cavity, The combinationof slow-relaxa-
tion-typedye and etalons prodused a 35 ns pulse at 1064 nm. This beam was then frequancydoubled and
subsequentlytripled or quadrupled, The 266 nm pulsewidthwas nominally 22 ne and the 355 ns pulsewidth
was nominally 27 I.e. Two dispersiveprisms were used to separate out the desired wavelength. Beam
pickoffs reflectedenergy into a fast photodiode (ITT F4014) and a Laaer Precision Energy ?feter. The
photodiodesignal was sent to a TektronixR7912 Transient Digitizer. Another beam pickoff was focused
by a 500 mm fl lens, identicalto that in the main baem path, onto a RetIcon linear diode srray, as
shown in figure ?, or onto an aperture in front of another Laser PrecisionEnergy !4eter,aa shown in
figure 3. The RetIcon array waa used at 355 nm to determine focal spot size; it could not be used at
266 randue co fluorescenceof the array window.

The arrangementshown in figure 3 waa used at both wavelengthsto determine the energy dendity on
the sample. The cwo apertureswere 70 urndiamater. Aperture 1 and Energy Meter 1 were located at the
sample position,which was 450 mm r:om the 500 mm fl lens. After the calibration,these were removed
,andthe samplesplaced at position . ior the tests. Aperture 2 and Energy Neter 2 remainad in position
for the entire test. By determiningthe ratio of tha transmittedenergy in the two pathe, path 2 could
be used during the test to establish the energy density at the sample. Since the beam spot size was
w = .5 mm radius at l/e2 intensity,the beam profilewas not completely flat across the aperture. A
small correctionfactor (6.3%)vae used to calculate the peak energy density.

Energies from the energy meters, time profiles from the R7912 and (at 355 nm) che spatiai profile
from the diode array were fed to an on-line computer and data acquisitionsystem for inanediateanal~sis
[2], The calculatedanergy density and power density were printed out after each shot for use in p~ot-
tlng the dbta or a scatter-plotas the test proceedad.

Each sampla waa irradiatedwith an averageof about 40 shots. Each site was irradiatedonly ante.
Damage was determinedby visual observationof the irradiatedsite througha 40X stereo microecopa.
Two types of Illuminationwere used. A bright white light source illuminatedthe antire sample. A
He-Ne laser i~luminatedonly the actual irradiatedzone. The laser-inducedscatteringof both light
sourceewae used to determine the occurrenceof damage.

3. Results

Tabla 2 liste the dhmage thrasholdeof che variaue single QW layer msterials ceated at 266 nm. The
rangas quoted in the damage thresholdcolumns are from the lowest values that did cause dama~e to the
highest valueu that did not causa damage [3], For each laser shoe the computer Integxatadthe photo-
diode signal and calculatedan effectivepulaewidthwhich wae then used to calculata the peak power
density. Thus the apparent pulsewidthone obtains by dividing energy density by powar density la not a
constant. The previouslyquoted pulsewidtheof 22 na for 266 nm and 27 ns for 355 nm are averaga valuee
for all of tha teets.

The peak internaleluctric field wae calculatedusins a LASL coda that computaa the E-field dia-
tribueionwithin a dielectricstack, ‘Theactual thicknaaeeeof each lavar were takan into account, The
varioua lnyars were not *xactly a quartarwave at 266 nm, as showm in table 2. Figure 4 showa the
relative E-field-equaraddiatributio,,within two materiala, one whose index of refraction is less than
the aubetrateand one whosa index is greatar than the eubstrnta. The peak E-fields are eubstantiallv
different for the two cnsae, Also shorn in figure 4 le the effect of testing at 3S5 nm a coating that
la QW thick at 266 nm.

The low i~dex material with tha higheet damage thrasholdwaa NaF, in spits of Its Ec.gged
appearance. The hiah index materialwith the highest damage thresholdwas LaF~,



Material

NaF
S10.2 (sputte~ed)
?13F2
LaF~
Thoz
.i.1203
zro~
Zr02 (sputtered)
Hf02
Y203
S102 (Supraeil2)
(Frontsurface)

Material

A1203/YaF
ThozIsioz
Th02/hlgF2
PbF2/Cryolite

Table 2. Comparisonof materials at 266 nm

%icknesE
/4 at (rim)

266
532
266
250
?90
266
300
505
278
374
-.

Dameee Threshold----—— —---- ---— ----—-- —— ------—----- -—----—-
Energy Density Power Density Peak Internal E-Field

J/cm2 MWfcmz ?lV/cm

10.8 t 1.7 450 t 70 .37 z .03
9.4 ? 0,3 410 * 10 ,32 * .01
6.8 f i3.7 310 * 30 .30 t .02
6.7 t 0.6 280 t 30 ,26 t ,01
2.8 t 0.4 122 k 17 .16 i .01
2.6 i 0,2 106 i 10 .16 t .01
1,5 f 0.1 67?4 .11 : .01
1.5 $ 0.1 66tiL .13 t 01
1.3 t 0.2 68 * 10 .11 t ,31
0+6 ~ (3,2 31 f 10 .08 t .J1
8,0 ~ 13.3 350 * 10 .2> - .01

Table 3. Comparisonof total reflectorsat 266 nm.

Dams~e Threshold---.-.-— --——. -—----— — -—------ ----------------------------
Energy Density Power Density Pesk Internal E-Field

JIcn# HW/cmz ?tVIcm

3.6 ? ,4 ls4 * 17 .29 : .02
1.3 $ .1 71?: .16 t .01
1.1: ,3 55 2 15 .14 t .02
.5* .1 19*4 .11 t .01

Table 3 lists the four reflectorstested at 266 nm. The AlJ03/NaF reflectorwas the best by a
considerablemargin. The threeholdof the PbF2/Cryolitereflectorwas quite low,

The single layer materials tested at 355 nm are lieted in table 4, It should be emphasizedthat
these are the same, identicalsamples as those tested at 266 nm, At 38 J/cmz (1.39 CW/cm2) we were
unable to damage the NaF thin film, Thare were only small difference between the other three nmplee.

The twc reflectorsteeted at 355 nm are lieted in table 5, Again, the Al:O~/NaFwas best bv more
than a factor of 2, The reflectors tested at 355 nm were not the same as those tested at 266, but
rutt?erwere meximum reflectorsat 355 nm ~da by the same company on the same day as the maximum re-
flectorsat 266 nm,

All of the materiale and reflectorshat were tested at both wavelengthsIre brought together in
table 6 for eaeiar comparison. Thie daL~ i~ then plotted in figure 5 in terme ~f enargy densitv +nd in
figure6 in terme of electric field, Figure 7 is a plot of the data obtained previously [3] on some of
tha ssma materiale at 1064, 532 and 355 nm, Puleawidths for this data were 30 ps, 20 ps and 17 ue, res-
pectively, Spot sizee were similar to the ?resent data. Tha higher damage thresholds ~t 532 nm
comparadto thoee at 1064 nm were obeerved to be in accordancewith the frequencydependence of the
elp:tronavalanchamechaniem.

Table 4. Comparisonof materials at ]55 nm,

DamaSe Threshold----------------------- ---------------------------- ----

Energy Der.sitv Power Deneity Peak Internal E-Field
J/cm2 MWlcm2 m’ lcm

> 38 s 1390 >, tl5
9.1: .2 340 : 10 ~; ! ,(11.-
7.1 ? ,2 250 f 10 ,23 : ,01
5,9~ ,5 210 f 20 ‘“’t .01...A

Maturial Thickneee
\/L at (m)-——

YaP 266
Th02 290
ZrO~ 300
Al~oJ 266



Material

A1203/NaF
Tho2/sio2

Material

——

NaF
A.1203
Alz031YaF
Reflector
Th02
Ttioz/Siop
Reflector
Zr02

Table 5. Comparisonof total reflectorsat 355 nm.

Dame& Threshold.—— ---------- ---—- -— --- --------—-- —-- —— --- —-

Energy Deneity Power Density Peak InternalE-.ield

J/cm2 MWlCM2 MVfcm

12.2 * .9 470 t 40 .51 * ,02
4.9 f .1 180 t 10 .27 t .01

Table 6. Spectral dependenceof damage thresholds.

Di?me~ Thresholds-— — —— -——-— —.-—-——--
Energy Deneity (J/cm2) Peak E-Field (MV/cm)

266 mm 355 nm 266 nm 355 ram

10.8 t 1.7 > 38 .37 ? .03 .65
2.6 t 0.2 5.9 * 0.5 .16 ~ ,01

3.6 t 0.4
.22>* .01

12.2 i 0.9 .29 t .02 .51 f .02

1.5 t 0.1 7,1 ? 0.2 ,il * .01 .23 * *o1

4. Diecueeion

4.1. Electric-fieldc~rrelatione

Several experimentalstudies with short laser pulsee (30 ps-10ns) have determined that coating
damage occurs first at the locationsof internalelectric field ❑axima [4,5], Accordingly,the thres-
hold electric fielde listed in tablee Z-6 hsve aleo been computed at the standing wave (SW) maxima,
however,at o,~rrelativelylonger (20-30ns) pulses, a complete analysis should include thermal cmiuc-
tion during the pulse which reduces temperatureextremee at SW peaka. Thie is mare applicable for
coatingewhich damage by absorptionthan by avalanchebreakdown.

An exact correlationof peak electric fields for 22 ns pulsee at 266 nm is found with TLO: coat-
ings. A breakdown field of 0.16 MV/cm was meaeured for Th02 both as a single-layerand in the reflector
configurationof Th02/Si02 (table6). (Damageoccurs firet in the high-index layer of the reflector).

A correlationof peak fields was not observed in A1203 coatings,however, The respectivethreshold
fields in single-layerand reflectorc~igurations (A1203/NaF)were 0.16 and 0.29 MV/cm. There are two
apparent explanationsfor the difference. Cne is that the A1203 single-layerhad greater absorptionor
was ~:eaker,a fact which would be difficult to specificallymeaeure. The eecond possibilityie that the
material adjacent to the A1203 wae influential.

To discuss the latter,we first noto that the peak fields in both coating configurationsoccurred
at the interfaceswith adjacentmaterial, the fused silica substrate for the QW case and the first NaF
layer in the reflector. If absorptionis the damage mechanisv, then thermal conductionaway from the
interfacesduring the 22 ns pulse must be considered. Since the thermal diffueivityof NaF at 0,070
cm2/sec (bulk, 300”K) is an order of magnitude gre~ter than that of fused silica (0.0083cm2/aec) [6],
conductionlosses at the interfacescould well have been significantlydifferent. Additionally,coating
damage could have reeulted from heating of inclusions in the polished surface layer of the silica eub-
strate. Furtherexperiment would be required to determinewhich ie the correct explanation.

4,2. Spec”rsl Dependence

4.2.1. Linesr and two-phoLonabsorption

The dacline in damage resistanceat 266 mm when compared to that at 355 nm (shown in figures 5 and
6) was anticipated, Linear absorptionIncreaseerapidly as the abeorptl.onband edge is approached,
Besidee linaar absorption,multiphotonabsorptionalso becomc~ a potentialdamage mechaniem. M can be
deduced from the values of absorptionsdge listed in table 1, two-photonabsorption (TPA) ie energeti-
cally possible for all of the coating materials for 266 nm irradiation. At 355 nm, TPA is also possible
for Th02, Zr02, Hf02, Y203 and PbF2, but 3 photons ara requirad for reeonant absorptionin the remaining
coatinss liatod.



In a previous study with picosecondpulses at 355 nm, Newnam and Gill [3] su68=ted that TpA WaS a
plauaibledamage mechanism for Zr02, Hf02, and S102. This possibilitycould not be confirmed because
TPA coefficients(B) wera noc known, nor were accurate linear absorption coefficients (u) measured by
calorimetrictachniquasavailable. Derivationof a from spectrophotometriccurves is subject to error
when coating Inhomogeneity(variationof refractiveindex with thickness)and scattering loesas are not
well qusntifiad. Unfortunately,a similar deficiency in film characterizationexisted !.nthis study.
However, recent maaaurementsof T?A coefficientsof lacer crystals and windows at 266 and 355 nm re-
portad by Liu, et al. [7], allow estimation of the relative role of TPA for a faw of the coatings in
this study.

In absorptionprocesses, the power absorbed per unit volume, dI/dz, is the quantity of interest.
For both first and second-orderabsorption,

dI .2
E=-al-GL “

When tha plane-waveexpressionafor I (. ~ u/c\E12) and 10 (incident)are substituted,we obtain

where

and lE(z)/E+~2 is the standing-wava
to $ts melti~g point (a well-defined
(cm 1, is given by

‘T

2
dx=-nl
dz

+(a+ y),
o

E.

E(z)
2

y=3nI—
0

E; ‘

distributionnormsli.”~to the incident field,
damage threshold),the minimum total absorption

J
. ~ (T E/(z)\300”K) ~—

mp - El
peak ‘

(1)

(’2)

(3)

To heat a material
coefficientaT

whera D is density, c is specific heat, and lZois tha incident energy density thrashold.
P

From calculation of nT and y using experimentallymeasured dsma~e thresholds,it is
determinethe relative role of 1- and Z-photon abeormtion in the damsRe process, ignorinR

(4)

possible to
other p~seibla

competir~~~chanisms. The reported values of 3 (cm/~) at 266 and-35~ ~ for AIzO~ are :.7 x 10 and
<1.6 x1O’. and for fused silica are < 6.5 x 10-5 and < 1.3 x 10 6. resnectivelv [71. Valuee for. .
other coating materials teeted in this ~tudy are not availableexcept for Zr02 for which s at 694 nm was

. . .

reportedto be 2.4 x 10-2 cm/Ffh’[81. Correspondingvalues at uv wavelengthswould, of coutse, be much
larger. Computedvalues of aT ana Y are shown in table 7, For purposes of comparison,tvpical values
of z for thick conaaerciallydeposited coatings are presented in table 8.

The primrilyobservationis that for nanosecond pulses 2-photon absorption is not an importantda-
mage mechanism for these three matarials. Cnly for picosecond-pulseirradiationof Zr02 is it signifi-
cant. Secondly,nanosecond-pulsedamage to Zr02 coatings at 266 nlaoccurred via iinear absorption. The
value of Q to cause melting is within the value listed in table 8, At 355 nm, the computed aT of 900
‘1 for Z~Oz exceede that in table 8 (210 cm 1, by a considerableamount, Posslblv,absorbing coating

~fects were damaged at a lower laser intensity.

Table 7. Total and two-photonabsorption?ontributioneto uv laaer coatingsdamage.

Coat ins
Material
Pulsewidth

26o nm 355 nm

sT(cm-l) y(cm-;) mT(cm-l) y(cm-l)

(22 ns) (Z7 ns)

Zr02 (E-gun) 3400 >1 900 ~1
ZrO1 (sputtsred) 2900 >1 -- .-

AL20) 2300 0,03 1000 0,001
A1203 (in reflector) 700 0.10 200 0,002
SiOZ (sputtered) 250 0,02 .- --

Si02 (cubstrate) 350 0.02 -- .-

Sr02 (E-gun) -- -- 2800 ‘“ ‘ ~ 300
SiO~ (E-gun) -- -- 1000 < 0.2



Table 8. Typical absorptioncoefficientsfor thick uv coatings deposited by electron-gun [9]

a(cm-l)

Coatin~
Material 250 am 350 m’—. —.

Zr02 6000 210
HfOz 950 270
AILO, 190 150
LaF~ 850 430
PbF2 900 100

Computedvalues of ~ for A1203 are much in excese of typical vslues. Aa these
ited at ambient temperatureand with no reactive exygen atmosphere,the oxidation of
not complete, reeultingin high absorption.

coatingswere depos-
the Al probably waa

Finally, linear absorptionat 266 nm wss probably the operativs damage mechanlam for the other
oxides, Y203, Hf02 and Th02, although the available evidence is not conclusive.

.4.2.2. Wavelengthscaling

i’hespectraldependenceof laser damage in figure 6 suggests an interestingrelationshipbetween the
eleclzic field threshold at 355 and 266 mm. For the coating materials,NaF, A1203, ThOz and ZrOz,
whici were tested at both wavelengths,the ratio of the threehold fields is

E (355
&, - 1,73 : 0.23
t

(5)

,.
This is surprisinglyclose to the ratio of the laaer wavelengths squ~red, i.e. (355/266)~= 1.78!

It is probably permiasableto use this wavelength-squaredratio LO estimate the 355 nm thresholds
of coating meterialaonly teated at 266 nm (see Tables 1 and 4) since tha wavelength range la narrow.
However, tha relationshipEt ‘.A2 observed here is not expecced to be a general scaling law for laaer
damage at ultravioletwavelengcha. Such a depandan=is not generally derivable from the theory of
optical absorptionin dielectrics. That theory predicts that the absorptioncoefficientat a frequency
J near the center frequev.cyof an absorptionband ,JO ia of the form

.2“2

a“’T’J@’)+y ’Vf ‘
(6)

whare y is a.matarialconstant acounting for the breadth of the absorptionband [LO]. The subject of a
wavelengthecaling law for uv laaer damage merite further consideration,

4.3. Refractive-indexand atomic denelty scaling

In a number of laser damage studias of thin film materials used in the visible and near ir regions,
high-fndexcoatings have b~sn found LO damage more eaeily than low-indexcoatings [11, 12, 13, 14, 15].
Bettis, at al, [14], have derived a first principlesequation for the macroscopicbreakdown electric
field in terme of material parameters,

where N is atomic density (cm-3),n is refractiveindex, q is electroniccharge and Xcr
separationrequired to free an optical electron from its afom. The threshold fields for
coating materials,when irradiatedwith 40-na, 1.06 urnpuisas, were shown to follow this
fairly well. [14].

(7)

is the critical
a number of
relationship

The present coating thraeholdpfor 266 nm have baen plotted veraus N/(n2-1) (the dominant tarm in
eq. (7)) in figura 8. A etraight lina providnsa reasonable fit to the data with certain exceptions.
Tha thresholdfor NaF was coneideradlow, due to fogging,MgFz la genarallyan inhomogeneousfilm with
substantialHzO contant, and tha single- layar A1203 had an anomalously lW threehold,probably due to
high absorption, A leaet-squaresetraight-linafit of the data in figure R, ignoring the points for
loeay films of NaF, MgFa, and eingla-layerAIzOY, providrm the aquacion

Eth(MV/cm% 0.54 & (8)

Certain correctionscould ba applied to improve the observed correlation. First, the atomic density, N,
should be multipliedby tha coating packing density sinca coatings are not ae dense ae bulk crystala.
For ●xample, p ● 0,72 for MgF2 dapoaitedat 30”C before exposure to tha atmosphere [16], SecondJy,
HfOz and ThOz coatingswere dapositadon elightly rougher substratesthat the other films (W 20 A rms
aa compared to NJ12 A me). House, et al.[17],-havedemonstratedthat incraaaedsubetrataroughness
dacreasaa tha damaga threeholdfield ae Eth ‘k u O’s, so the thresholda for HfOZ and ThOz could be



.

adjustedupward about 25% for compariaompurposes.

4.4. Puleewidth dependence

A puls~idth dependenceof laaer damage at 355 nm for a single-layercoating of ZrOz on Optosil 1
is shown in figure9 in which the present measurement at 27 na are compared ?O a previous @Jea6Ur-er.L

at m 20 ps on the same sample. [3]. The laser spot-eizeradii were slightly different, 120 urnvereus
150 urn,but thie does not orevent a direct comparison. (For 30-pa pulses, no significanttnc~ehold
dependenceon spot-size*8I measured [3].) The obeerved Tl/s dependence for energy denalty th:eshold

ie much more gradual than the l/2-pwer dependenceobservad for the bulk and surfaces of many window
materiala [18].

In previousmeaaurementeat 694 mm over a pulsewidthrange of 12 to 34 ns, a T“2 dependencewae
meaeursd for a single half-wave coating of irOz only vhen the occurrenceof a photometricallydetectable
epark was ueed aa the criterion for damage [12]. Using the wre sensitive techniqueof laser-induced

‘i3dependencewas measured for the same sample.scatteras the damage criterion,only a T In another
study at 694 nm at 20 ps an~,~3 ns, Bliss, et al. [19], meaaured the thresholds (J/cm2)of ZrOz/SiOz
reflectorsto increase as T to T1’2. In their tests, a spark was visible on met ahota cauaing
detectabledamage.

From the above ar,dothsr observations,one may conclude that the energy denai y damage threshold
Jof coatings generally increaaeewith pulsewidthat a rate less than or equal to T; 2 . For the ZrOz

coating tested in this series at 355 nm, a much weaker dependencewea meaaured.

5. Summary

The damage thresholdsof a variety of single-layercoatinga and nrultilayerreflector were meaeured
at 266 nm and 355 nm using 22- end 27-na pulses, respectively. The coatingmateriale included NaF,
cryolite,MgF2, S102, LaFj, AIzOI, ThOz, HfOz, YZ03, ZrOz and PbFz. The principal findings of this
study were:

a.

b.

c.

d.

e.

f.

8*

h.

Reflectorscomprisedof AIzO~ and NaF layers had the highest thresholds (3.6 J/cm2
at 266 nm and 12 .l/cm2at 355 rim). In a fluorine-gasenvironmenta LaFj/NaF multi-
layer would be suggestsd.

The singla-laysrcoatingwith the highest thresholdwaa NaF (11 J/cm2 or 0.37 MV/cm
at 266 nm and 38 J/cm2 or 0.65 MVlcm at 355 rim),slthough the coating was fogged by
exposure to a humid atmosphere.

Ths electric-fieldchresholdaat the SW maxima in a ThOz single layer and in a ThOz/SiOz
reflectorwere squal. A correlation .~f peak fields for similar A1203 coatingswaa not
obsc.wed,presumablybecauee tha coatingshad unequal linear absorptionor becauae of
ths differing thermal dlffueivitiesof the adjacentmaterials.

The electric field threshold (internalpeak value) ie related to the atomic dsnsity N
and the refractiveindex in thm form N/(n2-1). At 266 nm the relationshipwae
Et “.0,54 N/(n201).

Two-photonabsorptionwas not an importantdamage mechanism for 20-ns p,llsedamage at
266 and 355 nm for coatings of ZrOz, A1203 and Si02. (For 20-ps pulses, however, TP.\
is substantialin ZrOz at 355 rim.) For the other coating materials,measurementsof
TPA coefficients are requiredbefo:e conclusionsare poseible.

Linear absorptionwas reeponaiblefor damage of ZrOz at 266 nm: failure at 355 nm may
have occurred at aitee of abeorbing inclusions. Damags of HfOz, ThOz, YZOJ and A1z03
was probably causeO by the same mechanisms,although the available evidencewae lnsuf-
ficient,

A wavelength scaling relationshipof E (MV/cm) ~ ~z wae discovered for seve:al coec.tnge
between 266 and 355 nm. Though not de~ivable from baeic theory, it can be useful for
estimatingrelative threshold in this restrictedspectral range.

Increaeeddaome resistanceat longer puleewidthswas measured at 355 nm for a ZrOz
costing. From-datapoints at 20 pi and 27 ne, a thresholdrelationshipof &J/cmz)
% Ti’6 wae apparent. Thie is a much more gradual pulsewidthdependence than T1’2 .

which has been observed for uncontaminatedlacerwindow materials.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

8. Figure captiona

Spectral transmittancefor single QW coatinga used in laser damage tests.

Experimentalarrangementfor performanceof damage teats.

Experimentalarrangementfor calibrationof axial energy d~sity.

Distributionof standing-ave electric-field-squaredin two single W f~hs. irradiated at
266 and 355 nm.

Spectraldependenceof energy density threshold for damage of coatlligmaterials and r~flectors.
Pulsewidthswere 22 ns and 27 ns for 266 nm and 355 nm, respectively.

Spectraldependenceof electric field trsshold for damage of coating materials and reflectors.
Pulsewidthswere same as for figure 5.

Spectraldependenceof elactric field treshold for damage of four coatingmaceriale. Pulse-
widths wera 30 ps, 20 ps, sod 17 ps for 1064 run,532 nm, and 355 nm, respectively(from Ref.
3).

Electric field tresholdversus N/(nZ-l) for optical coatin8s irradiatedat 266 ~.

Pulsewidthdependenceof thresholdener~ density for single QW layer of Zr02 at 355 nm. Pico-
second data from Ref. 3.
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