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DAMAGE RESISTANCE OF COATED OPTIGS

by

¥ILIARD R. Ww.DT

Optical Damage
Project Manager
Los Alamos Naticmal Laboratory

INTRODUCTION

Sucoessful application of high emergy lasers to national needs in strategic
defense, inertial confinement fusion and isotope seperation 1 oontingent on the
development of optical oocatings that can withstend very intemse radiatiom.
Significant progress has been made in the development of damage resistant
ooatings over the pest 15 years to support the needs o. the inertial oonfinement
fusion and isotope seperation programs. However, the requirements gvolving from
the Strategio Defense Initiative (SDI) are mich more severe and demancd dramatic
improvements in the performenoe of optical ooatings beyond the curremt state of
the art. Today I will yresent the approach that wv, are taking at lLos Alamos
towards solving the prarlems cf optical oocatings for SDI.

An Opticel Demage Program has been set up at Los Alamos to develop
damage-resistant optiocal ooatings for high-power visible and ultraviolet Lasers
in strategio defense, ipertial oonfinement fusion ard special isotope
seperation. For strategic defemse the program is addressing ground-besed lasers
(GRL), specifioally, the rf LINAC free-electron laser (FEL) baing developed by
Los Alamos and the XeF laser, Raman-shifted in H, (EMRID), being developed by

AVOD and Rocketdyns. For inertisl oonfinement fusion we are supporting the
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develognent of the KrF laser at Los Alamos as a fusion driver. Finally, in the
special isotope separation program we are developing optical coatlngs for
Alexandrits lasers, " Sinoo the evemtual goai of the
FEL program is a lasar around 0.5 to 1.0 ym, ths Optical Damege Program at

los Alamos 1s oonocarned with the entire wavelength range between 0.25 and

1.0 uym.

ISSUES FOR GHEL OPTICS: INTEGRATED EFFECTS

The issues assoclated with GEL optical ooatings is being addressed with a
joint program furded by the Directed Energy Weapons Office of the SDIO and
involving the Navel Weapons Center (NWC), the Alr Foroe Weepons Laboratory
(AFWL), and Los Alamos. Overall program manadement is under the direction of
James Stanford of China lake (NWC). China lake also has respcnsihility tor a
portion of the fundamental research an laser-material interactions. The Air
Foroe Weapons laboratory has responsihility for the developme~.c of novel ooating
deposition techniques and for opticel and mechanioel characterization of
ocatings. Los Alamos has responsibility for optimization of couventiopal
oocating techniques, such as thermal and electraon-beam eveporaticm, for damage

testing, for integrated effects and for further research ¢n leser-material
intarations.

The optics located in the lasar cavity represent the area of highest risk
for GBL's, because the optios are exposed to damaging environmental effects
other than the fund:nental laser radiation. Figure 1 lists sme of the multiple
brzards for both the excimer laser and the FEL. Considerahle data al:isady

exists on the degradation of windows amd/or mirrors on an XeF laser that arises
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from exposure to the oorrosive laser gas mix which contains fluorine. The
reactivity of the gas mix is enhanoced when it is emergized by a high voltage
electron beam. The latter also gemerates X-rays and soattered electrons which
irradiate the optical oamponemts. Finally, although it is not evident that
exposuetohighpxessue%inthemmnoeuwiuoausepmhlm. the data

base is inadequate to assoss the performance of optical ccatings in this
environment.

Compurahle hazards exist for FEL's which extract light fram very high
enargy (100 MeV), relativistic electron beams. The electron beam generates
y-rays through Bremsstrahlung. Additiomal v-ravs as well as neutrons are
produced when the electron beam is oollimated by pessing through a scraper or
vhen the electrons are stopped in a beam dump at the ext of the acoelerator.
The FEL optics will be exposed to significent emounts of iomizing radiation,
both y-rays and neutrons. The optics inside the FEL will reside in vacuum,
wvhich can effect the performance of the ooatings. Finally, the FEL genarates
radiation at the higher harmonics of the fundamental laser frequancy. For FEL's
operating in the 0.5-1.0 um wavelength range, it does not take meny harmonics
before the ocoaiings will becume strongly absorbing.

The amount of radiaticn gersrated at higher harmonic frequancies depends
strongly on the charascteristics of the FEL. For example, the second and third
hamonios were down in intensity by 10° for the Los Alamos FEL which operated at
10 um, while the third harmonic wus down by less than 3 for Orsay FEL which
operated at C.6 ym  For visible or near viglhle FFL's the enargy in the higher

harmonios, even if vary low, will be absorbed and may create oolor ocentars which
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in turn absord at the fundamental laser frequency, thereby creating a major
problem for the optical ooatings. This is an important area for FEL's which
mist be addressed.

The multiple hazards for the laser cavity optics must be considered for
pessihle sypergisms not just as sgparate, independent sources of damage or
degradation. Ome possible synergism, the creatlion of color centers by higher
barmonics or ionizing radiation, has already been mentioned. Another
possibility would be electron or photon (X-ray) stimulated desorption altering
the surface of a ooating in an XeF laser so that the fluorine resistance ws
degraded. Experiments at Washington State University (WSU) and at the
University of Rochester laboratory for Laser Energetics (LLE) have already

demonstrated enhanoed erosion of opticel coatings exposed to both fluorine and
electrons.

The envircnmental hazards segverely limit the choioce of materials that carn
be oonsidored for opticel ooatings. First, to insure minimal absorption of the
intense visihle and ultraviolet laser radiaticn one must use large band gap
dielectrics such as metallic fluorides and refractory axides. For wivelengihs
longer than 0.5 ym one can alsu oonsider metal mirrors at grazing incidenos.
Even here the choloce is limited to silver for visible lacers.

Seood, one must oomsider the effects of iocunizing radiation such as X-rays,
v-rays, 6to. In this oontext metals are far superior to diele-trios sinou they

do not suffer ionization damage. However, both dielectriocs eid metals are
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susceptible to displacemant damage that cen arise from exposure to emergetic
neutrons. Among the dielectrics, radiation damage experiments have shown that
axides are generally far superior to fluorides, especially alkali fluorides.

Finally, one must oonsider the chaniocal environment. For excimer lasers
the coatings will be exposed to molecular fluorine (Fz)' fluorine atams (F), and
fluoride ions (F ). Our eaperience to date indicates that alumina (A10,) and
cryolite (Ne,AlF.) give the best fluorine resistance for short wavelength
occatings. Materials such as magnosium fluoride (MgF,, and silice (£10,) exhibit
very poor fluorine resistanoe. For FEL's the ooatings will be in vacuum s0 that
one should avoid certain oxides, such as titania (Tioz) which tend to lose

axygen under vacuum.

ISSUES FOR GEL OPTICS: DAMAGE RESISTANCE ..SJUIREMENTS

To 1llustrate the types of improvements 'n ooatings required by GEL's for
strategio defense, et us oconsider a specific example from the EMRLD program.
Similar problems will arise for FEL's as the designs mature and solidfy. At
presant the optioel oamponent, which apears to be unde: greatest stress in the
EMRID design, 1s a fluorine-resistant, anti-relective ooated calaium fluoride
(Ca.Pz) window on the laser power amplifier. The current design calls for a
danage threshold of 9 J/am®. Rocketdyne has prooured seversl small ocated parts
from two oammercial vendors and sent the ports to Los Alamos for damage testing.
The first pert we tested exhihited catastrophic damage at fluences oamparable to
the design requirement. However, micarosoopic damage was ulways abeerved, down

to 1.7 J/omz. In catastrophio damage tbe damage spot oontimues to grow until it

evantually fills the entire footprint of the laser beam. In mnicrosocopic damage
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5-20 ym diameter pits are formed, but they do nct grow with subsequent laser
shots. The problem is that the relationship between miaroscoplc damage and
nacroscopic changes in reflection or transmission is not known. Extensive
microsocopic damage oovld significently degrade the performance the laser cavity
windows. More serious could be the effect on fluorine resistance, which ocould
be reduced by the microscopic damage pits. Expariments are planned to elucidate

the effect of microscoplc damage on the optical performance and chemical
stabllity of the windows.

Damage thresholds for other srall perts provided through Rocketdyne have
ranged between 24 J/cm® with the cetastrophic und microsoopic threshclds being
oamperable. Therefore, the ocammeraially ococated parts have damage thiwsnolds two
to three times lower th. the design value. Moreovar, we have not included any
design margin nor have we acoounta! for any degradation in performance of the
ocoated optical oomponent on socaling fram two inch diameter test samples to the

large windows required for a high-power GBL.

More extensive testing of flucrine-resistant, anti-reflective ooatings has
bean performed for the EKrF fusion laser development pr~gram by Stephen Foltyn's
group at Los Alamos. 3ased on these s3sults and assuming a factor of two
improvemant, which has generally vean okserved from 248 om to 351 nm, the
ourrent state of the art is about 6 J/am® for ooatings needed in strategin
defenso appliocations. This estimate, however., does not eocount for one

important fect, ntmely, that the laser pulse length for EMRID will be around

1 .9, while our damage testing 1s performed with pulse lengths of 10-20 ns. ‘lhe
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information on scaling damage thresholds with pulse length is extremely scarce,
but the initial data taken by Foltyn (Los Alamos) and Marrs (NWC) indiocates thet
the darage threshold may be a factor of two higher for tne EMRID pulse length.
Inoorporating the pulse length socaling into our latest test results ylelds
damage thresholds arproaching the design requirements. It appears we are close,
but we need much more detailed informati.m an scaling with pulse length and with

the size of compenent and on the effect of microscopic damage.

APPROACH TO MEET GBL REQUIREMENTS

The approach we are taking to develop ococatings that meet the requirements
for GEL's may be divided into three phases. The first phase oonsists of
identifving the best materials for opticel coatings as well as identifying the
ocammeraial vendors that achiegve the bast results with these materials. An
iterative Ediscnian survey, in which samples are procured fram industry, tested

at Los Alamos and a new set procured, can yield the most pramising candidates
vary efficiently.

The second phase, iato which we are currently entering. is conocernmed with
optimization and performance validation of the materials and vexdors idantified
in phase ome. Quality assuranoe will be essential for designing and building
large GEL's. A oooperative R¥D program will be initiated between Los Alamos ani
a few selected oommercial ooating ocompanies. The purpose will Le to combine
industrial expertise in oocating fabrication with expertise in damage

phenamenclogy and matorials sclenoce at Los Alemos in crder to optimize ooating

performance.
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It is apperent that we must make dramatic lmprovements or breakthroughs in
the quality of optical coatings to satisfy the requirements of strategic
defense. We are still far fram the intrinsic damage limits of optical coatings.
Much more fundamental research on the mechanisms of laser-induced damage is
required to realize the potential performence of coatings. The key is to relate
damage mechanisms and thresholds to microsooplc thin film properties and, in
turn, to relate thin film properties to deposition paramsters. Achievement of
this goal will require strong participation from incdustry, universities and a
wida range of federal laboratories.

OONVENTIONAL COATING OPTIMIZATION

Figure 2 11lustrates the improvement in damage resistance that can be made
by identifying the appropriate materlals and vendors. The data were takem from
the initial develupment phase of optlcal ocamponents for the KrF fusion laser
program. The progress achieved in three years 1s impressive, passing from
microsoopic damage thresholds to thresholds greater than 6 J/am®, which exoeeds
design requirements.

Multiluyer dielectric coatings of alumina (A.lzos) alternating with silica
(8102), which yleld the best results for reflectors at 248 nm, are also prime
candidates for reflectors at 351 nm. However, as shown dramatically in Figure
3, the scatter in performanoce of alurina '~ilica ooatings fram different vendors
and even fram the same vaxdor is tremendous. For example, vendor A delivered a
coating with a damage threshold approaching 15 J/cmz. vhich exoesds the
recuiremants of EMRID, but they also delivered samples with thresholds of

6-7 J/an®, which do Dot meet the requirements. Even more startling is the rande
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of thresholds from 1 to 8 J/cm® obtained for ooatings fram vendor E. Both the
need for performance validation and the pramise for performance optimization are
gvident. One final point, most of the oocatings were produced using oonventional
electrun-beam deposition. The one sample producad using a noval deposition
tochnique, ion-beam sputtering, gave a low damege threshold (1 J/cn®). This
11lustrates the importance of a conoerted effort to oplimlize conventicnally
deposited ooatings.

The soatter in performance abserved between sets of small (two-inch
diameter) samples is also observed across the surface of large opticel
camponents. Figure 4 shows measurements made by Stephen Foltyn at Los Alamos on
an 8"-square coated with alumina/silica to reflect 248 nm. The square was
scribed into 16 two-inch square segments, which were them tested for damage
independently. The average of the sixteen measured damage thresholds
(4.2 J/cn®) wes close to the values obtained from three two-inch samples coated
earlier by the same vendor. However, the dumage thresholds on the 8"-square
varied from 2.0 to 5.8 J/cmz. Clearly the oocating is not uniform and there are
different types of defects in che ooating, some of which have low damage
thresholds. This 1llustrates a major prablem in quality assurance {for large
coated optics. Thousands of spots on the ccating had to be tested to locate a
few damage prone areas. However, the lattar determine the damage resistance of
the camponent, sinoe the wsak areas will be found as soon as the coating is
irradiated with a large spot laser. In this ocase, the actual damage threshold
1s a factor of two lower than the valuss measured on two-inch samples, which

11lustrates the problems of scaling to large optics.
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So far we have only oonsidered oocated optics located in a "benign®
environmment, 1.3., exposure to intemse laser radilation is only the ocnoern. As
discussed earlier, leser cavity optics are exposed to multiple hazards. For
example, XeF and KrF cavity optics wmst be fluorine resistant. Alumina/silica
miltilayer dielectric coatings have demonstrated the best damage resistance, but
silica is not fluorine resistant and must be replaced for ocavity optics. We
have identified cme pramising fluorine resistant oombination, namely,
alumina/cryolite (Na.JAlFe). A simple test for fluorine resistance is static
exposure to a mixture of 0.6% F, in He, which simulates the laser gas mix.
Figure 5 shows the effect of statlc fluorine exposure on reflectance at 248 nm
for three alumina/cyrolits mirrors obtained fram different vendors. Only one

coating retains high reflectance after 100-200 hours of exposure.

To optimize performance in XsF the laser gas 1s actually heated to about
150°C. W¥e have built a oell which emables us to test for damage in the presence
of hot fluorine. Our prel‘ndnary r3sults indicele that there is not much
differanoe between the damag~ thresholds measured in air and in hot fluorine for
ocoatings that do well under the static fluorine exposure. This result greatly
facilitates testing of fluorine resistance.

NOVEL COATING TECHNIQUES

Ancther approach to achle~ the damage resistance required in strategic
defense applications i1s to investigate alternate or novel techniques for
depositing optical ooati.gs. Ope method which has already chown great pramise
in ylelding high damage thresholds is chemical deposition using sol-gels. Ths

development of sol-gel coatings has been advanoed most recently by the Lawrenoe
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Livermore National laboratory (LINL) in oonjunction with laser fusion. The

first samples we received fram LINL for testing displayed high damage

resistance. Demage thresholds of 5 J/c::m2 waere measured at 248 om for two

anti-reflective silica sol-gel coatings on fused silica. During the tests of
the front surface the back surface was being irradiated at subthreshold
fluences. Many workers, including ourselves, have aobserved that subthreshold
irradiation can "harden” an optical coating, actually emhancing the damage
resistance. As a test of this pheanomemon, the back surface was tested and a
threshold of 14 J/am® was measured! As a further test, the eample was allowed
to sit for three months and then was tested again, giving a threshold of

9 J/a®. Ope drawback of silica sol-gel coatings, however, is the lack of
fluorine resistance. Nevertheless, sol-gels and laser hardening are two items
which need to be pursusd vigorously in the future.

10S ALAMOS OPTICAL DAMAGE PROGRAM

Los Alamos has put together a broadly besed optical damage program to
develop damage resistant optical coatings for high-power visihle and ultraviolet
lasers. The besic elements of the program are oonventional coating fabzication,
damage testing, novel coating fabrication and materials analysis. A brief
description of each aspect of the program will be presented below.

Industrial participation is the key to .onvemtiopal coating falwrication.
Ag indiccted above. contracts will be let under the auspioes of ths SDI GEIL
coatings program to two or more camercial ooating manufacturers. The purpose
will be to optimize the performance of curremt coating technology through a
Joint R&D effort which combines industrial ooating expertise with damage testing
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and materials sclence at Los Alamos. Initially the emphasis will bo placed on

develcping fluorine-resistant. damage-resistant, arti-reflective ooatings for
high-power XeF lasers.

Los Alamos possesses extensive cepabilities for damage testing of optical
camponents. There are two damsge test laboratories dedicated to XeF, one
dedicated to simulate FEL's at 1.0 and 0.5 ym, one dedicated to XeCl and XeCl
parped dyes, and one shared between KrF and Alexandrite. Scientists at
Los Alamos have planeered the use video equipment to monitor damsge testing,
which allows efficient testing of hundreds of sites each tested with hundreds of
laser shots. This large amount of data whem ovupled with pew techniques for
analysis yields accurate damage thresholds.

Integrated effects provide the major uncertainty in the performance of
coated optics for GEL's because the data lase is extrumely sparcs. Therefore, a
major emphesis at Los Alamos will he to characterize the multiple haz~rds in
laser cavities that give rise to integrated effects. Schmid (LLE) and Dickirnson
(WSU) have already shown that there is a significent synergism between fluorine
and electrons in etching optiocal ooatings. We plan to augment the ongoing
fluorine testing, which was described earlier, wi.h a detailed study of the

surface chemistry of Fy and F with ooatings using molecular and atomic beams and
sophisticated surface analysis.

Optios in both of the proposed GEL's, XeF and the FEL, will be exposed to
ionizing radiation. We plan to use the aooelerator at the Los Alamos Meson

Physios Facility (LAMPF) as well as a co source to irradiate ocated optiocs and



-13-
simulate the neutron amd y-ray flux expected in the FEL. Measuraments will also
be made in one of the high power KrF lasers, built for the fusion program at
Los Alamos, to determine the X-ray anxd electron flux expected on optics in the
EMRILD X&F laser. At present there are no data on the dose of ionizing radiation

at cavity optics for high power, elsctron beam pumped excimer lasers.

The mechanisms of laser-induced damage are not understood, although they
are known to depend on materials, wavelength, pulse length, eto.. Present day
coatings are riddled with defocts, but not all defects lower damage resistance.
A %oy to illuminating the phemcnenon of laser-induced damage will be the
developnent of nomdestructive praobss that can identify damage prone areas in
opticel coatings and thereby em~ble detalled materials analysis to determine the
type of defect that is reducing the damege resistance. Two pramising defect
identification techniques heve been developed recemtly: (1) leser scattering by
Marrs at NWC and (2) photothermal spectrosoopy by Schmid at LLE. A major
element 1n the damage phencmenology effort at Los Alumos will be to devise
additional defect identificetion techniques as well as to refine the existing
ones. We also plan to initiate a signifiocent theoretical effort on
laser-induoced damege in ¢ooperation with John MoIver at the University of New

Mexioo, bullding on our strength in chemicel dynamics and his strength in
laser-material interactions.

As discussed earlier the optics in exoimer laser oavities may be exposed to
significant doses of eleoctrons and X-reys. The energetic electrons amd X-rays
may damage or degrade the optioel ooatings by stimulating desorptiom tbhrough
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electronic exnitation. We are initiating a groject with Normen Tolk at
Vanderhilt Oniversity to investigate this possible damage mechaniem. Tolk has
rrevicusly shown that neutral atame are orders-of-magnitude more efficilently
desorbed than ions. Rothenbarg and Kelly at 1BM have recently abserved
significant desorption of A1, upon irradiation at 0.25 ym vith 0.5 d/cm’.
Electron and photon stimulated desorption may ke an important damage mechanism
in high power excimer lasers.

Another major thrust of the prugram is applying sophisticated materlals
apalysis to correlate thin-film properties with damage resistance. In
particular, we will be employing iom-beam anal ysis to determine stoichiometry,
density and impurities as & function of depth in multilayer optical oocatings.
We will also be employing more oonvemtional surface analytiocel techniques such
as Auger electron spectrosoopy, electron miarosoopy, iom scattering, eto..
Finally, in oonjunction with Angus Macleod at the University of Arizona we will
be developing theoretical models of thin film growth.

The last element of the Los Alamos Optloal Damage Progranm is novel ooating
fabriocation. We have oontraots with Angus Maaleod at the University of Arlzona
and Robort MaNeil at the University of New Mexioo to study ion-assisted
deposition of optical ooatings. We are also invectigating novel metal oocatings
at Los Alamos in support of our FEL program. |

SUMMARY

In summary, the abjective of the Optioal Damage Program at Los Alamos is to
develop damage resistant coatings for high power visible and ultraviolet lesers
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in applications to strategic defemse, inertial oonfinement fusion amxd special
isotope separation. Significent progress is being mede as attested by the
suocessful operatlion at Los Alamos of the ¥rF large Aperture Module, which
produced 10.5 kJ 1n a single pulse. The optical oocatings performed as required.
This is enoouraging in light of the much more severe requirements on optical
coatings posed by GBEL's for strategic defemse. The key to o'r achleving these
new ambitious goals will bo a strong, ooncerted effort on umderstanding the
basic mechanisms of laser-induced damage. This is an exciting challenge to
wvhich we lock forward.



[ ouandgy

MULTIPLE HAZARDS FOR LASER CAVITY OPTICS

EXCIMER FEL
® FUNDAMENTAL RADIATION ® FUNDAMENTAL RADIATION
¢ X-RAYS ® 7-RAYS
® ELECTRONS ® NEUTRONS
® CORROSIVE GASES (FZ' F.F) e VACUUM

e HIGH PRESSURE H2 (RAMAN CELL) e HARMONICS

POSSIBLE SYNERGISMS:

® [ONIZING RADIATION —~ COLOR CENTERS — ABSORPTION OF FUNDAMENTAL
e ELECTRON AND PHOTON STIMULATED DESORPTION — HIGHER FLUORINE REACTIVITY
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OPTIMIZATION OF 248 nm REFLECTORS
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DAMAGE THRESHOLD (J/cm?)

LARGE SCATTER IN DAMAGE RESISTANCE
OF COMMERCIALLY COATED OPTICS
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SPREAD IN PERFORMANCE EVIDENT IN
SCALING TO LARGER OPTICS

» DAMAGE TEST OF A£,0,/Si0, COATING OF 8 SQUARE

REFLECTOR

— SAME VENDOR COATING TESTED EARLIER ON 2
DIAMETER SAMPLES

— DAMAGE THRESHOLDS MEASURED: 3.6, 3.8, 4.2 J/em?

e SCRIBED 8” OPTIC INTO 16 2" SQUARES

— INDEPENDENT BUT IDENTICAL TESTS OF 2” SQUARES

® RESULTS (MEASURED THRESHOLDS INDICATED IN J/em?)
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KrF CAVITY OPTICS ARE EXPOSED
TO CORROSIVE F2

e BEST DAMAGE THRESHOLDS WITH Al1,0,/Si0,

- A1203 FLUORINE RESISTANT, SiO, IS NOT
— REPLACE SiO:_. WITH CRYOLITE (N33A1F6)

e TEST F2 RESISTANCE BY STATIC EXPOSURE TO G.5% F2
IN He

— TO DATE DAMAGE TESTS IN Fy YIELD COMPARABLE
THRESHOLDS TO TESTS IN AIR
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