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Coatings for High Energy Applications: The Nova Laser* 
6. Richard Mlrtenson 

Lawrence Livermore National Laboratory, P. 0. Box 5508, L-491 
Llvermore, California 94550 

Abstract 
The combined requirements of energy density, multiple wavelength, and aperture make the 

coatings for the Nova Inertlal Confinement Fusion (ICF) laser unique. This ten beam 
neodymlum glass laser system, built at the Lawrence Llvermore National Laboratory (LLNL), 
has over a thousand major optical components; some larqer than one meter 1n diameter and 
weighing 380 Kg. The laser operates at 1054 nm and can be frequency doubled to 527 nm or 
tripled to 351 nm by means of full aperture potassium dlhydrogen phosphate (KDP) crystal 
arrays. The 1.0 nsec fluence varies along th • laser chain, sometimes reaching values as 
high as 16 J/cm2 at the Input lens to one of the spatial filters. 
The design specifications of this massive optical system were changed several times as 

the state-of-the-art advanced. Each change required redesign of the optical coatings even 
as vendors were preparing for production runs. Frequency conversion to Include shorter 
wavelengths mandated the first major coating redesign and was followed almost Immediately 
by a second redesign to reduce solarizatlon effects 1n borosllicate crown glass. The 
conventional thermal evaporation process although successful for the deposition of mirror 
coatings, was not able to produce antireflection coatings able to survive the locally high 
chain fluences. As a consequence 1t became necessary to develop another technique. 
Solution produced coatings were developed having transmissions exceeding 991 per part and 
damage threshold values equal to the bare substrate. The unique requirement of the Nova 
laser necessitated special deposition and metrology equipment. These programmatic 
developments will be reviewed In the context of the cooperative working relationship 
developed between LLNL and Its vendors. It was this excellent relationship which has 
enabled LLNL to obtain these highly specialized coatings for the Nova laser. 

Introduction 
"In the beginning Gcd created the heavens and the earth; the earth was waste and void: 

darkness covered the abyss, and the spirit of Eod was stirring above the waters. God 
said, "Let there be light," and there was light."1 

The thermonuclear match had been struck; 
A fragment of a molecular cloud, a protostar, its gravitational collapse having started, 

continues until the tenperature near Its center is high enough for the nuclei of hydrogen 
atoms to fuse together in a process called nuclear fusion.2 The hydrogen atoms or 
protons combine In a series of reactions, first to form deuterium, *n isotope of hydrogen 
containing one proton end one neutron, and then to form tritium another Isotope containing 
two neutrons. Finally, two of these "heavy" Isotopes fuse to produce a helium nucleus, 
neutrons, and a release of energy. The gravitational force of the star holds the atomic 
fuel in place while the high temperature keeps it "burning". Is 1t possible for man to 
harness this source of energy? 

Inertial Confinement Fusion 
Deuterium and tritium exist on the earth, but the extreme pressures and temperatures 

required for controlled fusion have not existed, until recently. One terrestrial approach 
to fusion and the energy source it represents 1s actively being pursued at Lawrence 
Llvermore National Laboratory (LLNL). This approach 1s called Inertial Confinement Fusion 
(ICF) and 1t utilizes the high energy beams of a laser.3.*,5 The laser drives a fusion 
target containing both deuterium and tritium, Initially by heating the target envelope 
causing compression of the fuel, and then by Igniting the compressed fuel causing 
thermonuclear burn (Figure.1). The fuel is compressed to more than one hundred grams per 
cubic centimeter (100 g/cm-3), many times the density of the heaviest naturally occurring 
element, and Is heated to tens of millions of degrees Centigrade. The solar process, this 
time driven by a laser has begun to benefit man again. 

*Thfs work performed under the auspices of the U.S. Department of Energy under contract 
number H-7405-eng-48 by the Lawrence Llvermore National Laboratory. 
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Figure 1. Inertia! confinement fusion concept. 

The Lasers at LLHL 
Many people think of a laser as a small, possibly hand held device which is used for 

alignment, or measurement, or ranging. The ICF lasers built at LLHL in the last ten years 
are anything but small. A series of laser systems, of increasing energy (Figure 2) have 
been designed and built at LLNL starting in 1971 with Longpath, including Shiva (1977) and 
Novette (1983) and leading to the recently dedicated Nova system. These lasers are 
bringing us successively closer to our ultimate goal, namely the development of a nuclear 
fusion reactor for generating electricity. The size of these laser systems can be 
demonstrated to the layman by the size of the facilities used to house them. Shiva was 
constructed in a laboratory of over 65,ODD sq. ft., while the Nova laser laboratory, when 
added to the original Shiva facility, totaled over 170,000 sq. ft. 6 Figure 3 shows a 
cut-away view of the Nova ICF facility. 
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Figure 2. Laser systems of 
increasing energy designed 
and built at LLNL since 1970 
with the ultimate objective 
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Figure 3. Nova ICF Facility. 



Nova is the world's largest optical Instrument, a neodymiun glass laser system of ten 
beams each with an output aperture of 74 cm. Figure 4 shows five of the more than one 
hundred crown glass blanks required to fabricate full aperture Nova mirrors and lenses, 
some of them more than 100 cm diameter and weighing 380 Kg. While these statements 
describe the size of the Nova laser aperture, the following table {Table 1) puts the scope 
of the project in perspective. The Nova laser required thirty tons of optical quality 
glass, with a surface area the size of a tennis court, polished to four millionths of an 
inch.'»8 

Table 1. Optics for the Nova 
laser. 

(1000 major optical components) 
o 10,000 liters of crown glass 
o 2,000 liters of laser glass 
o 1000 liters of fused silica 
o 150 liters of crystals 
o 200 H 2 of optical quality surfaces 
o 100 H 2 of optical thin film coating 

Figure 4. Borosilicate crown 
glass blanks for fabricating 
full aperture Nova mirrors and 
lenses. 

This paper will trace the history of certain optical coatings required for the Nova 
laser, highlighting the new equipment and facilities needed to coat the optics, the 
changes that occurred during the program, and the process between LLNL and the optical 
industry that made these changes happen. 

Nova Laser Optics and Optical Sub-Systems 
The numerous glass and crystal types have a variety of uses in the laser system. The 

pulse originates in the yttrium lithium fluoride (YLF) master oscillator crystal, exiting 
the crystal at 1 mm diameter and propagating first into the laser glass rods and then the 
discs. The neodymium doped phosphate laser glass is flashlamp pumped to an excited state 
immediately prior to transmission of the laser pulse which "stimulates" emission and 
becomes amplified. Rods range up to 5 cm diameter whereas, split discs of 46 cm are the 
largest aperture amplifiers. BK-7 crown glass is used for both mirrors and lenses 
throughout the system while fused silica is required in regions of high fluence or UV 
radiation. To overcome the decoupling of 1054 nm light caused by super heating of 
electrons at the target surface, we frequency double or triple the light. This is done by 
crystals of potassium dihydrogen phosphate (KDP) which are set to the correct 
crystallographic axis, diamond turned and then oriented in the beam at the full aperture 
in a three by three array. The many different optical components and sub-assemblies 
include the major items listed in Table 2. 

Of the eight types of optical components listed in Table 2 all but the discs required 
some form of optical thin film coating or surface process. Over one thousand optical 
elements require surface coatings. Figure 5, the Nova chain design, shows the 
distribution of these sub-assemblies and components in increasing aperture from the master 
oscillator/rod end of the chain up to the 74 cm mirrors and focusing optics at the target 
end of the laser. 
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Table 2. Nova optical components 
and sub-assemblies. 

Sub awmhly Optical comporant 

AmpWiar Date 
Rod 

Rotifer Poleriier 
Faraday rotator 

Spatial fitter L m n 

OtJrer components Crystal* - Frequency conversion 
- Oscillator 

Lames - Diagnostic 
- Focutinf 

Mirrors - FuM reflectors 
- Partial refractors 

X 

>-»Hrtt«r 

Figure 5. Arrangement of the major optical components In a 
representative Nova beam line. 

Chronological History of Equipment and Issues for Hova Coatings 
In 1977 Shiva was being dedicated and Nova was laaerging from the drawing board. Plans 

for the construction of this new laser system were being developed. 
One of the first questions to be resolved was the trade-off between fewer beaas of 

larger aper:ture and aany beams of saaller aperture. Nova would be a laser systea about 
ten times the size of Shiva, how aany beaas would 1t contain? Shiva was a twenty beaa 
systea with an output aperture of 20 cm per beaa. If the Nova laser were configured like 
Shiva with a 20 ca diaaeter aperture then ISO to 200 beams would be required to obtain the 
factor of ten in energy. On the other hand, would It be practical to fabricate larger but 
fewer optics by Increasing the aperture? Ne were convinced that the answer was yesj 
Optics of up to 1 meter and larger would be required, but fabrication technologies 

existed to polish the optics. Optical coating vendors had already been qualified during 
the Shiva prograa, the coatings were the saae, only the aperture had increased and the 
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technology existed to build bigger coating machines. Therefore, the decision was made to 
Increase the output aperture of the laser to 74 cm which would require Nova's largest 
mirrors to be approximately 1 meter In diameter. 

The second question to be resolved concerned the time required to fabricate and coat the 
optics If they were made one at a time. Mould the Nova schedule permit a series 
production of opt1cs7 

The answer may have been yes, but the production scenario that was adopted, Included 
room for contingencies. Two vendors were selected for fabrication and two for optical 
coating of the large Nova mirrors. Two other fabrication vendors were selected for the 
manufacture of the full aperture lenses. This approach virtually ensured continuing 
production of optical components. Each of the vendors who was selected for flat optics 
fabrication and coating had proposed as part of their bid package, the construction of 
large machines. Four meter flat lapping machines and three neter optical coating machines 
were built for the Nova program, each capable of working multiple Nova optics. 

Production Coating Equipment 
The decision to build Nova with a 74 cm output aperture was made 1n 1978-79. The 

procurement process, with the coating vendors, started in early 1979 and was complete, 
with sub-contracts 1n place, one year later 1n early 1980. This year was spent on the 
design and construction of the coating chambers, while their assembly, check out, and 
calibration were completed 1n 1881. By the end of 1981, the coating machines were built 
and ready to start the production coating of the 1 meter mirrors for Nova. The first Nova 
mirror was coated in March of 1982. 

Over the same time period, three additional Instruments were being built to qualify the 
production size optics for damage threshold, spectral performance and wavefront. They are 
respectively the comparative damage test (CDT) facility, the overall transmittance and 
reflectance (OTR) photometer, and the 80 cm Interferometer. This 80 cm Interferometer met 
the large-aperture optical needs of the Nova laser system. It enabled us to address the 
special requirements for detecting optical distortion caused by manufacture, coating or 
mounting. One-tenth wavelength distortions 1n the laser components are easily detected 1n 
this Fizeau interferometer built by Zygo Corporation.' The Interferometer operates at 
both 1064 and 633 nm and Incorporates a computerized automatic 1nterferogram-reduct1on 
system. The optical cavity accommodates assemblies up to 4 meters long and weighing 
1300 Kg. The entire instrument 1s mounted on an air supported vibration-isolation table. 
Both the CDT and OTR will be discussed in some detail later In this paper. 

Optical Coating Facilities 
Both Optical Coating Laboratory, Inc. (0CLI)1° and Spectra-Physics'1 were funded to 

construct large optical coating chambers to handle the production coating of Nova optics. 
These chambers were to include: 

o A stainless-steel vessel, 
o Vacuum pumps, plumbing, valves, and gauges, 
o Rotation equipment for multiple substrates, 
o Substrate heaters, 
o Electron beam and resistance-heated vapor sources, 
o A th1n-f1lm monitoring system. 
The chamber built at OCLI is similar to an existing, but somewhat smaller OCLI unit 

(2.5 meters) used for the coating of Space Shuttle windows and various Shiva optics. 
The Nova chamber at OCLI was designated 1018. It is an o1l-d1ffus1on pumped vertical 

cylinder of 3 meters diameter with two opposing doors positioned at 2.75 meter chords. 
The chamber is 2 meters high. Figure 6 1s a composite which includes both a sketch and a 
photograph of chamber 1018. The opposing door design was included to minimize 
contamination by allowing one door to open into a clean room for staging pre-cleaned 
optics while alternately the other opens into a maintenance area used for cleaning. The 
chamber, complete with Internal fixturing is shown 1n Figure 7. The four planetary 
substrate positions, plus the petal mask used to obtain the +/- 1/2% uniformity over the 
1 • substrates, are visible in the upper portion of the figure. This mask rotates In the 
same direction ts the substrate planets but at a non-harmonic rate. 
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Figure 6, Composite sketch and photograph of LLNL coating 
chamber 1018 at OCLI. The opposing door concept allows 
loading of optics from a clean area. 

Figure 7. Chamber 1018 with 
internal fixturing. 

The chamber constructed at Spectra-Physics for Nova, A2, is a domed vertical cylinder of 
2.4 meters diameter that is split on the diameter, with an added 0.45 meter flat section 
between the halves. One half section is used as the door as shown in Figure 8 which 
includes both a sketch and a photograph. Cryopumps were used on this chamber. This 
decision was the result of a series of damage threshold tests requested by Spectra-Physics 
on coatings of various types produced in a smaller cryopumped chamber. A series of 32 
witness pieces were coated with antireflecting and high-reflecting films for this 
evaluation. Damage testing of these witness pieces was conducted at LLNL using the CDT 
laser and the absolute laser test facilities. The damage threshold data are presented in 
a previous document.^2 The results showed a trend suggesting that the cryop imp was 
better than either an untrapped diffusion pumped system or a Heissner trapped diffusion 
pumped system. The decision was made to use the cryopumps and to evaluate them over the 
long tern as to their usefulness in preventing contamination of diffusion pump oil and its 
potential for lowering the damage threshold of the coated optic. Thus far, no advantages 
or disadvantages have been attributed to the cryopumped configuration as compared to a 
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trapped conventional diffusion pumped system. Figure 9 shows A2 open; the normal position 
for the wall supported trimming mask is to the right, near the door hinge, just below the 
substrate. Uniformity of +/- 1/21 has been achieved with this configuration. 

hr"* 
Figure 8. Composite including 
A2 at Spectra Physics. A2 is a 

i sketch and photograph of LLNL coating chamber 
cryopumped coating chamber. 

Figure 9. Chamber AZ with 
internal fixturing. 

B 
one 

at thsse vsci.u".! coating chambers win support four 94 cm diameter Nova mirrors at 
;•; with c».e1r aiociated fixturing and rotary support hardware at a total weight of 

Comparative Damage Test (CDT) Facilitie 



7.5 J/cm2. The highest threshold values were exhibited by mirrors (100% reflectors, 36% 
reflectors and "s" state polarizers) where thresholds range from 7.0 to 13.0 J/cmz, with 
a mean of 9.0 J/cm2. While more than fifty percent- of all components tested fell within 
20% of the mean value, we specified that threshold values be evaluated, and parts be 
accepted on an individual basis, especially for critical fluence regions of the User and 
major components. 

To accomplish this 1n a timely way, two CDT facilities were built for testing the damage 
threshold of 1054 nm Nova optical coatings on production size optics. (Our absolute 
damage test facility was operating full tine en other damage test studies and was 
unsuitable for testing large production optics.) The first CDT laser was assembled at 
LLNL and the second at OCLI. Figure 10 is a photograph of the first coated Nova mirrors 
under test at OCLI. The LLNL facility is used to damage test production optics from 
Spectra-Physics or other vendors and to verify data collected at OCLI on a spot-check 
basis. 

Figure 10. First Nova mirror Figure 11. Diagram of the 
coating in CDT test area for ' Comparative Damage Test (CDT) 
1064 nm damage threshold facility, 
measurement. 

Th. CDT, shown diagramed in Figure l l 1 6 was completed in 1979. It measures the 
thrt' .Id of a thin-film coated component against a standard damage reference which has 
been previously evaluated at the LLNL absolute damage test facility. The comparison 
experiment requires a single measurement, the splitting ratio of the energies in the two 
beams. This splitting ratio may be varied in such a way that a single damage reference 
can be used over a wide range of flux values. The damage reference, typically a 10 by 
20 cm BK-7 substrate, 1 cm thick, with a low sub-surface fracture polish (both sides), is 
coated on both faces with antireflection coatings of different damage thresholds.'7 

Ideally you would like the front surface coating to damage at 6.0 d/cm2 while the rear 
surface coating damages at 4.0 J/cm2, this enables the following type of analysis. 
With a 1:1 ratio of the reference beam to the test beam; 

Test Part Reference Surface Damage Threshold #1 rr~ — 
no damage damage damage > 6.0 J/cm2 

no damage no damage damage > 4.0 J/cm2 

damage no damage no damage < 4.0 J/en?2 

Additional measurements can be performed to further isolate the damage threshold for 
example; > 4.0 J/cm2 above coupled with, 

damage no damage damage > 4.0 - < 6.0 J/cm2 

Also the ratios may be changed by replacing the beam splitter with the desired 
reflectance - transmittance ratio. 
The correlation between measurements in the original CDT and those made in the LLNL 

absolute damage test facility is exceptionally good as shown in Table 3. Similar 
agreement has been obtained among these facilities and the second CDT established at OCLI. 
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Overall Transmittance and Reflectance (OTR) Photometer 
Nova optics require that dielectric coatings be used to control the reflectance and 

transmittance of the optical surfaces. To assure coating quality. It was necessary to 
construct an Instrument capable of supporting the large optics while scanning then. 
Figure 12 shows a composite which Incl'x'.-s a recent photograph of the OTP at LLHL used for 
the measurement of Nova optics and an Isometric of the Instrument. A total of three units 
were built, one of a different design by Spectra-Physics and two identical units for use 
at OCII and LLNL. The last two were a joint effort, OCLI having primary responsibility 
for the opto-mechanlcal structure, and LLNL for the detector and electronics. The OTR 
photometer consists of: 1 8 

o A computer-driven x-y scanner for up to 109 cm diameter optics, 
o A 1064 nm head, 
o A 527 - 351 np head for harmonic measurements, 
o A digital electronics system with a photometric accuracy of +/- 0.1X to +/- 0.5T of 

full scale. 

Figure 12. Composite including an isometric of the overall transmittance 
and reflectance (OTR) photometer and a recent photograph of the OTR at LLNL 
during the reflectance measurement of a 10g cm diameter trichroic mirror. 

A schematic o- the 1064 nm head with detectors positioned for transmission and 
reflection measurements about a large partial transmitter is shown in Figure 13. The OTR 
photometer electronics include an LSI-11 computer, hard copy unit, video display, floppy 
discs, detectors, and applifiers. The x-y scanner is 2.7 meters wide, 2.7 meters high, 
and 4.5 meters long and it can hold optics weighing over 500 Kg. Plano-plano optics are 
scanned and data is taken "on the fly". The systeu is also capable of performing "point 
by point" measurements on steeply curved surfaces such as the Nova f/2 diagnostics lens. 
Measurements are made in reflectance for mirrors and in transmittance for polarizers and 
debris shields. 
Figure 13 

The OTR uses i General Photonicsl9 TW0-12 Nd:YAG laser for the 1064 nm head and a 
Spectra-Physics20 2025 Argon Ion laser for the 527 and 351 nm head. Each head also 
includes a helium-neon alignment laser that is combined collinearly with the primary 
beam. The optical heads are mounted on Targe protractors allowing us to set the incidence 
angle from 0 - 65". 

Photometric accuracies are good in part because of the high linearity and sensitivity of 
the silicon detectors which are specially packaged for temperature control to 
+/- 0.01 'C. A special diffuser lens in front of each detector eliminates photodiode 
spatial nonlinearities. 
Other details about the OTR photometer can be found in Reference 18. All of the Nova 

optics ware measured on the OTR or the photometer built at Spectra-Physics and shown 1n 
Figure 14. 
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Table 3. Comparison of absolute 
damage threshold data and data 
obtained from the sane component 
using the comparison test laser. 

Figure 13. Schematic of the OTR Figure 14. Photometer build and 
photometer. used by Spectra Physics for 

measurement of Hova optics. 

Issues Affecting Nova Coatings 
During 1978-79, the design of the Nova laser was taking place and Shiva was being used 

for ICF research. Certain technical issues became apparent fron; this work, namely that 
the optimum Nova design would require higher laser damage thresholds for the 
antireflection coatings on selected spatial filter lenses. Figure 15 shows the interchain 
peak and average fluences as a function of distance along the laser chain for a 10.5 kJ 
laser pulse of 1 nsec. The spatial filters are shown in their relative sizes ant* chain 
locations. 

In addition to the issue of damage threshold, shorter, possibly frequency doubled or 
tripled, wavelengths would more effectively couple with the ICF targets than would the 
1064 nm wavelength used in Shiva. This change in wavelength would most seriously affect 
the design of the coatings on the large Hova mirrors because cf their location near the 
target end of the chain where the frequency conversion takes place. 

These issues constituted a major part of the research and development effort initiated 
during this time and continued into the following years, with the activities and 
technological advances keyed to two optical coating areas; the damage threshold of 
antireflecting coatings and the spectral performance of high reflectors. 
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Figure 15. Interchain peak and 
average fluences as a function 
of distance along the laser 
chain for a 10.5-kJ laser pulse 
1 nsec long. 

Damage Threshold of Antlreflacting Coatings 
Research studies at LLNL and various optical coating vendors were onaolna throughout the 

development and construction of Shiva, since an Improvement 1n the dainaoe threshold of 
optical coatings would permit a reduction 1n aperture for future laser systems with a 
corresponding reduction In construction costs. Conventional optical coating designs and 
materials were being Investigated. The effect of evaporation parameters, such as rate, 
residual pressure, and substrate temperature on damage threshold were being evaluated. 
Substrate preparation Including both fabrication and cleaning were carefully factored Into 
this study along with the purity of the evaporant materials and the type of polishing 
compound. 

Conventional Antireflection Coatings 
The studies of conventional antlreflectlon coatings produced in research coating 

facilities showed damage threshold Improvement when half-wave barrier layers of SiOj 
were used between the coating and the substrate.2' The other damage threshold 
Improvements occurred with super-polished substrates (any procedure to minimize 
sub-surface f'acture and reduce Impurities, such as bowl-feed polishing or controlled 
grind and etch) and lower substrate temperatures during deposition (175 degrees Centigrade 
vs typical coating temperatures - please fill 1n your own temperature)." While some of 
these specialized test witnesses exhibited damage thresholds approachino the Mova value of 
17 J/cm' (Figure 15), none of them had a yield potential that was attractive in a 
production sense. In order to evaluate typical production conditions, a series of coating 
runs was scheduled into the production sequence at both OCLI and Spectra-Physics during 
1981. The average threshold for these 106* nm production run coatlnqs was between 5.7 and 
7.0 J/cm'. The mean value for this data set is slightly higher than but near the value 
of 5.0 J/cm' reported in the previous CDT section of this report. If we were to build 
Nova to the optimum design some new approach to antlreflectlon coating must be found. 

Graded Index Surfaces 
In this case, "graded index" means a region located between two adjacent media and 

varying from the Index of one of the media to the Index of the other. We will discuss 
certain types of "graded index" surfaces in this section. First, a surface produced by 
heat-treating a glass Into different phases at a microscopic level and then etching the 
•ore soluble phase out of the surface. Second, a surface developed by etching a 
conventional borosiHcate crown glass to produce an ever increasing void fraction from the 
substrate tc the air Interface. And third, a surface formed by adding a coating with 
graded-index to a polished surface. We also discuss a coating with homogeneous porosity 
(see Fig. 16). 
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Phase Separated Glass 

These 

In 1976, Minot^ 3 reported tha t "gradient r e f r a c t i v e index a n t i r e f l e c t i o n f i lms are 
produced by a chemical etch/ leach process applied to glasses sensi t ized by a 
phase-separating heat t reatment" . We at LLHL, in conjunction wi th various glass 
companies, began to study th is process as a possible approach to producing damage 
res is tant a n t i r e f l e c t i n g surfaces. The results of th is study, that "Graded-index 
a n t i r e f l e c t i o n surfaces can be developed on phase-separated o p t i c a l - q u a l i t y g lass, 
surfaces have a median damage threshold of 12 J /cm 2 f o r 1 nsec, 1.06 v l aser 
pulses " , were published in 1 9 8 0 . " Although, the i n i t i a l research e f f o r t s reported 
here were very encouraging la rger size optics etched non-uniformly and resulted in lenses 
tha t f a i l e d the Nova spec i f i ca t ions . 

Neutral Solution Process 

Schroeder had studied the change in surface r e f l e c t i v i t y of various glasses during 
chemical t r e a t m e n t . " In 1981, others a t Schott Glass Technologies, Inc . fu r ther 
developed the process fo r BK-7 glass and proposed to LLNL that i t he used to prepare 
witness samples for laser damage t e s t i n g . ' 6 Test resul ts in l a t e 1981 showed mean 
damage threshold values in excess of 12~J/cm 2 for s ingle shot (1 on 1) measurements 2 7 

and laser annealed ( i r r a d i a t e d at fluences jus t below the 1 on 1 l e v e l ) to over 
20 J / c m 2 . 2 8 In January of 1982, we star ted the design and construction of a 
production neutral solut ion process (NSP) f a c i l i t y a t LLNL that processed more than t h i r y 
BK-7 opt ics , f i v e of them 90 cm d ianeter , by August of tha t year and subsequently 
processed a l l of the Nova spat ia l f i l t e r s . This f a c i l i t y i s discussed in more d e t a i l 
l a t e r in th is paper. 

These techniques tor 
producing graded-index 
a mi reflection coatings, 
(a) Phase-separated 
glass. Some alkali-
borosilicate glasses tend 
to separate into 
interconnected sine*-rich 
and silica-poor regions. 
Etching removes the 
more soluble low-sittca 
phase, leaving a 
microporous surface layer (b) 
about 1000 nm thick, 
lb] Neutral-solution 
processing. 
Homogeneous alkali-
borositicate glass is 
subjected to acid attack 
by neutral or weakly 
alkaline salt solutions, 
forming a porous low>-
indev layer resulting from 
a combination of partial 
leaching and total 
dissolution (etching)- (cj 
Sol-gel layers. A liquid sol 

homogeneous gUst 
surface leaving a thin 
antireflecliba fite. 

(a) Selected 
mul ticomponent 

alkali-borosilicate glass 
Phase-separated 

glass 

Figure 16. Graded-index and porous a n t i r e f l e c t i o n coat ings. 

Sol-Gel Process 

o in 1981 , we began to invest igate the p o s s i b i l i t y of applying a sol -ge l technology 
e problem of low damage threshold t ransmit t ing sur faces .™ The resu l t of t h i s 

Also 
to the 
effort has produced coatings which yield 1064 nm, 1 nsec, damage thresholds of 10 to 
14 J/cm 2. 3 0» 3l These sol-gel coatings are not limited to a borosilicate glass but are 
useful for many different substrates! and have been applied to both fused silica lenses 
and KDP crystals in Nova. In addition, the process can be used for the formation of other 
metallic oxides. This will be discussed more completely in a later section. A summary of 
the characteristics of each of the graded-index surfaces is presented in Table 4. 
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Table 4. Danage threshold and 
characteristics of various 
graded-index surfaces. 

S t t H m t y p * 
Da.iw|t 

ihrahoM CKirecwrtitiei 

Ph«MMp*m*4l>M* 12 - Mottled ttch o l U r n opt l a 

Nftttral fotution 12 - Only bomtt t icm type l>*» 
- UMful at10S4 »fld 527 nm 

S c l ^ 12 - Coats virtually any sutxtmt 
- UsafgK at i l l NOVA wavttatfths 

Harmonic Conversion 
Shiva experiments had shown that the laser beam produced a dense plasma when it 

Interacted with the target pellet. This plasma reduced the direct coupling of the laser 
to the target. In addition, the deuterium - tritium fuel mixture was being preheated, 
causing 1t to expand just prior to the compression stage of the process. Both of these 
phenomena, plasma and preheating, reduced the efficiency of the thermonuclear burn. 

Experiments on laser plasma Interactions confirmed predictions that shorter wavelengths would produce better target coupling efficiencies. The use of XDP for harmonic conversion was well understood and routinely practiced on small aperture laser systems. By extending this technology to larger apertures, the 1054 nm wavelength of our neodymlum glass laser system, could be doubled (£27 nm) or tripled (351 nm) to achieve the desired wavelength shortening. The decision was made to build Hova with harmonic conversion. What had started out as a single 'red' wavelength optical system, now added a 'green' and a 'blue' dimension.34 
Locating the Crystal Array 

When the decision was made to frequency convert Nova, the full aperture beam had a 
diameter of 74 cm, the next smallest full beam aperture was 46 cm, and KDP crystals were 
typically available 1n 5 cm by 5 cm sizes. A full scale effort was undertaken to grow and 
harvest KDP crystals that could be arrayed i.i Nova. A single crystal of full aperture, if 
it could be grown, would take many years at the KDP growth rate of about 1.0 ni per day 
and would not be available within the schedule required for Nova. It was, therefore, 
necessary to array multiple crystals somewhere in the beam. 
Two of the most promising locations for such crystal arrays are shown in Figure 17. 

After reviewing these locations, the Nova schedule, and our best estimate on the size of 
KDP crystals that could be grown, the following plan evolved. The baseline crystal size 
would be 27 by 27 cm, this would permit either a 3 by 3 array at full aperture or a 2 by 2 
array at the 46 cm aperture. The backup crystal size was 15 by 15 cm, requiring either a 
5 by 5 or 3 by 3 array. Eventually, one 15 cm, 5 by 5 array and ten 27 cm, 3 by 3 arrays 
were built for Nova. Figure 18 shows three KDP single crystals 5 cm, 15 cm and 27 cm 
respectively, on a side. The 74 cm crystal array location was selected because: 
o Required lower 527 nm and 351 nm damage thresholds for large turn mirrors, 
o The propagation path for the converted wavelengths were minimized, 
o Solarizatlon from 351 nm light was less of a problem, 
o 27 cm KDP crystals could be grown. 

The coating related issues are discussed in the next sections. 
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Figure 17. Major KDP crystal 
array location options. 

Figure 18. Polished KDP crystals 
of 5 cm, 15 cm and 27 cm square 
aperture. 

Coatings for Multiple Wavelengths 
Research and development studies dealing largely with materials, process parameters, 

E-field considerations, deposition approach and the like were continuing at various 
vendors. Two parameters were found to improve the damage threshold of reflecting or 
mirror coatings, namely adding a half-wave barrier layer of SfOg over the multilayer 
stack 3 5* 3 6 and lowering the substrate- temperature during film deposition. 3 7* 3 8 

Figure 19 shows the 1064 nm, 1 nsec, damage threshold for various non-overccdted and 
SiOg overcoated fifteen layer TiC^/SiOg high reflectors. Additionally, thd 
influence of lower substrate temperature on improving damage threshold h?.d previously been 
shown for antireflection coatings. 2 2 Ont research study in late 1981 was performed to 
corroborate results obtained earlier in the parallel pre-production efrort underway at 
both OCLI and Spectra-Physics. Table 5 shows the measured 1064 nm, 1 nsec, damage 
threshold of a series of all quarter wave Zr02/Si09 high reflectors as a function of 
substrate temperature from that research study. 

fne pre-production coating evaluation program was funded at both OCLI and 
Spectra-Physics to study optical coating performance variations from run to run and 
between vendors. We planned to mitigate any problem of coating control, establish a 
database on materials, coating designs and performance, and to evaluate typical production 
coating conditions at both of the Hova coating vendors. Because of the frequency 
conversion, Nova mirrors would now have to transport 1054, 527 and 351 nm light. Both the 
Shiva high index coating material and large aperture mirror design would have to be 
replaced. 

Table 5. Damage threshold of 
Zr02/Si02 reflectors as a function 
of temperature. 
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Figure 19. Ti02/S10z high 
reflectors with and without a 
1/2 Si 02 overcoat. 15 



Pre-Production Plan and Schedule 
In late 1980, when design and construction of the large optical coating chambers was 

already underway for one year, we Initiated contracts to determine the materials and 
•Irror designs necessary for the frequency converted Mova syster. Our first objective was 
to determine the high index material that would he used in place of Ti0 2. Figure 20 
shows all of the materials that eventually were considered for Mova mirrors. S102 was 
the low Index material of choice. TIO2 was the high Index material used for the Shiva 
mirrors but it has a region of transparency which extends only to about 420 nm and 1s 
therefore absorbing at the third harmonic (351 nm). 

Scandium oxide was not considered during the Initial phase of this study but became 
Interesting due to its high damage threshold at 351 nm. 3 0 Subsequent damage test*" 
performed In one of the large production coating chambers with three wavelength coating 
designs, showed this material to have about the same 1054 nm damage threshold as Zr02 
and a narrower (due to its lower Index) region of maximum reflectance. This narrower 
reflectance region made tne coating more difficult to manufacture and less interesting in 
light of the very high cost of SC2O3. Therefore, scandium oxide was not selected as 
the Nova high index coating material. 

Hafnium oxide is a material of choice for Spectra-Physics. Damage test measurements of 
trichroic reflectors made from this material were found to be comparable to or slightly 
lower than measurements of similar designs using Zr02-*° 

Selection of Mirror Designs 
The materials originally selected for evaluation as high index substitutes were, 

aluminum oxide., tantalum oxide, and zirconium oxide. Results of CDT tests on both 
antireflection coatings and partial transmitting mirror designs using each of these 
materials 1n combination with Si02 as the low index material, showed little difference 
(all fell bet.csn 5.0 and 6.0 0/cm 2) in threshold for the antireflectlng coatings. In 
the case of tfcs partial transmitters, the tantalum oxide and zirconium oxide were both in 
the range 7.G ti 9.5 0/cr2 while the aluminum oxide had measu'ed values 1n the range, 
7.0 to 11.0 0/cmi!. These data,*1 obtained in March of 1981, were measured both at 
OCLI and at LLHL and were in good agreement. While the aluminum oxide exhibited a range 
of daatge thresholds that was higher than the other materials, it also had the 
disadvantage of a lower retractive index. Mirror designs using this material required 
many more layers, forty-three compared to fifteen for Zr02. Also, the AI2O3 design 
was substantially thicker (almost 7000 nm vs 2200 nm for the Zr02 design) and produced a 
narrow reflectance peak (8 nm vs 28 nm for the Zr02 design) shown in Fig. 21. 

Region of tnnuwmcy 

361 S2t 10S4 
1 SSconOxid* sx>3 a*) 

TfBemium Oxid* T<>2 IZ20) 

Ziraanktm Oxiojt ZtQ2 iZOCi 

Twitaliiin Oxitfe T » 2 ° 5 
12.10) 

Aluminum Oxide A I 2 O a aes> 
Kcfniwn Oxkb H f O z (2.05) 

Scandium Ox idt * * ° 3 (1.-6) 

Figure 20. Thin film coatina 
materials considered for Nova 
(refractive index * 1000 nm). 

A1203 designs would Invariably nave a lower yield. While I have not yet mentioned 
cost, it 1s Important to note that rework'of one Nova mirror cost nearly $30K, and had a 
schedule Impact of about six months. Suffice it to say that yield to specification was a 
compelling 1-ssuei 
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Figure 21. Third harmonic peak 
of one micron nirror designs. 



Finally, our choice for a high Index coating material had narrowed down to tantalus 
oxide or zlrconlua oxide. Since they are close 1n Index, using about the saae nuaber of 
layers for a given coating design and their aeasured daaage thresholds were approximately 
the saae, the selection was aade on the basis of processing requirements. Tantalum oxide 
always required a post bake to reaove residual absorption. This post bake, at 400*C 1n 
air, required further handling and potential jeopardy for the Nova mirror. As the result, 
but after considerable discussion with the vendors and review at LLNL, zirconium oxide was 
chosen as the high Index material for the Nova mirrors. 

The selection of the final coating designs was not as simple; 
Crystal array location as previously mentioned was closely related to mirror 

performance. If frequency conversion took place, prior to the last spatial filter then 
the mirrors would have to transport not only 5.0 J/cm2 at 1054 nm, but 4.0 J/cmz at 
527 na and 3.5 J/cm2 at 351 na. No trlchrolc mirror coating designs that we had tested 
would survive these fluences at all of these wavelengths. In addition, all boroslllcate 
crown (BK-7) optics transmitting 351 nm light of this fluence would solarize. The need to 
transport fluences of this level virtually compelled us to select the fi'll aperture 
(74 cm) crystal array configuration. 

One Issue, solarlzatlon, will reappear and change the design once more. We did not 
determine, until well Into 1981 that BK-7 would solarize slowly even at level; of a few 
tenths of a 0/cm2 at 351 na. Our output sensors were designed with BK-7. If these 
lenses were to constantly change transmission, then our aeasureaents would be jncallbrated 
and cur laser systea useless. The final alrror design change, to be d1i.;ussed later, 
eliminated this problea by lowering the 351 na throughput. 

With the decision to locate the harmonic conversion array 1n front of the focus lens. It 
was necessary to develop large KDP crystals, larger aperture fused silica of transmlsslve 
quality, and the sol-gel technique. The mirrors on the other hand had to transport high 
fluence only at 1054 nm, but still had to reflect both 527 and 351 nm diagnostic light. 
Figure 22 shows the switchyard optics and the return bean diagnostic path. 

Figure 22. Incident 1054 nm red light (dotted area) converts 
to either 527 or 351 nm light (striped areas) at the crystal 
array. Soae of the converted light Is retro-reflected froa 
the target Into the output sensor for diagnostic purposes. 
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By October of 1981, we had reviewed the "(100) 3" design options, I.e., the designs 
which would produce approximately 1001 reflectance at each of the Nova wavelengths. In 
the Appendix there Is a brief review of possible mirror design options. Using this data, 
eight single surface (reflection was not allowed from both mirror faces, front and back) 
design options were Identified. Six of these designs are composed of two separate 
superimposed sticks and are frequently called ensemble designs. Table 6 lists these eight 
design options, the shorthand notation we have chosen to describe each, and the actual 
designs and design wavelengths. 

Table 6. Eight trlchrolc reflector design options for Movi mirrors. 

Design shorthand Natation 
Layer 
Pairs 

(Design 
Wavelength) 

3 to 1 — thick zirconia 
3 to 1 — thick silica 

3:1 Z 
3:1 L(low) 

14 
14 

(518) 
(518) 

2 to 1 — thick zirconia 
1 to 1 — 351 nm under 
2 to 1 — thick silica 
1 to 1 — 351 nm under 
2 to 1 — thick zirconia 
1 to 1 — 351 nm on top 
2 to 1 — thick silica 
1 to 1 — 351 nm on top 
1 t o l — 
1 to 1 — 527 nm under 
1 to1 
1 to 1 — 527 nm on top 

2:1 2 BU (blue under) 

2:1 L BU 

2:1 2 BO (blue over) 

2:1 LBO 

1:1 6U (green under) 

1:1 GO (green on top) 

10 
8 
10 
8 
8 
9 

(700) 
(330) 
(700) 
(330) 
(330) 
(700) 
(330) 
(700) 

(1020) 
(1020) 
(1020) 
(1020) 

Figure 23 shows the spectral curve for each design over the wavelenoth range 300 to 
1200 nm. 
An analysis of potential 3:1; 1:1 on 2:1 and 1:1 on 1:1 designs was conducted to 

evaluate the width of the second and third harmonic peak for each of these stacks. The 
peak width 1s directly proportional to the ability to manufacture the design, since a 
narrow peak is more difficult to locate at the desired wavelength. All peak widths were 
evaluated at the calculated 991 reflectance point. Table 7 compares these peak widths for 
the three designs given (the total thickness of each design is approximately equal, as 
shown). The design materials were SIO2 and ZrO£. 

Table 7. Second and third harmonic peak width at 99s reflectance 
point for three trichrolc mirror designs. 

Type. Design 351 nm 328 nm Totai 
width width thickness 

nm 

3:1 ( 3 L Z ) 1 8 © 5 2 7 14 45 6000 

1:1 or 1:1 

o r ( L Z ) 1 3 S 1 0 5 4 

19 50 5900 

1:1 or 2:1 (LZ)"©351 

or(2LZ) 1 3 e730 

18 

46 33 5600 
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3:1 and 1:1 Ensemble Designs 
Both 3:1 and 1:1 ensemble designs exhibit 351 nm peak widths of less than one-half the 

width of the 2:1 ensemble, while the slight 527 nm narrowing of the 2:1 ensemble Is 
compensated for by the broad high reflectance width of the 1054 nn peak. (Centering of 
this design Is keyed to location of the 527 nm peak allowing the 1054 nm peak to locate 
anywhere In its high reflectance region.) A review of the 3:1 design using ZrO? and 
S10j supports the finding that this design 1s exceedingly difficult to produce (poor 
yield - high cost). 

Zlrconla deposits as an Inhomogeneous film resulting 1n a refractive Index that varies 
unpredictably with thickness and layer. Therefore, precise reproductabillty or peak 
location is virtually unachievable. This effect coupled with slight thickness ,'arlatlons 
(+ 0.5X) 1n well controlled coating chambers gives rise to an uncertainty of peak location 
o7 up to 2% at 351 nm. Measured 351 nm high reflectance regions of 3:1 7r02/Si'02 stacks designed for 1054, 527 and 351 nm use, exhibit widths of only 15 nn. This 
extremely narrow peak Is approximately 4% of the wavelength at which we see a location 
uncertainty of 2X I.e., one-half of the peak width. 

The 1:1 on 1:1 design also suffers from a relatively narrow peak at 351 nm. This fact 
coupled with 1064 nm damage threshold studies 1n 1980 on blchromatig TIO2/SIO2 
designs, point to a yield limited condition for 1:1 on 1:1 designs.*3 Damage threshold 
measurements at 1064 nm yttrium aluminum garnet (YAG) line for the Nova mirror studies 
were considered equivalent to measurements at the 1054 nm yttrium lithium fluoride (YIF) 
line. 

The measure.! 1064 nm, 1 nsec damage threshold range (mean), 1n Joules per centimeter 
squared, for the 1:1 GO was 6.5-9.0 (7.0) J/cm2 while the 2:1 maximum reflector had a 
range of 7.0-13.0 with a nean if (11.0) J./cm2. 

2:1 Ensemble Designs 
The trichrolc reflector options had been reduced to the four 2:1 design candidates by 

late 1981. The engineering approach to the selection of the Nova trichrolc design 
centered about three successive decisions; high index material selection, design and 
process evaluation on 5 cm diameter witness samples and final selection after evaluation 
of coatings deposited on 100 cm parts. The decision to use zlrconia as the high index 
material was made in early 1981, although we subsequently .-e-evaluated it against both 
hafnia and scandia as previously mentioned. Programs were underway at both 0CLI and 
Spectra-Physics during 1981 and 1982. The 1981 studies were limited to a series of tests 
on the small (5 cm diameter) substrates. We had found by October 1981, that low substrate 
temperature (R.T. to 150*C) during deposition, produced higher 1064nm, 1 nsec damage 
threshold than was obtained from the more typical substrate temperatures of 225 to 300'C. 
This fact was subsequently confirmed by the parallel study mentioned earlier In this paper 
and previously shown In Table 5. A mlnimua production temperature of 100' was established 
to ensure highest damage threshold while still promoting desorption of water and other 
volatile^ from the substrate during the pump down cycle prior to coating deposition. In 
addition, these small aperture witness tests also supported the 1064 nm, 1 nsec. damage 
threshold superiority of a 2:1 BO trichrolc (8.3 to 11.8 J/cm 2) to a 1:1 GO trichrolc 
(7.2 - 9.0 J/cm 2) previously Inferred from the blchromatic study.'3 

By late 1981, the materials calibration runs 1n the large (3 meter) coating chamber at 
0CLI, 1018, had been completed. A series of trichrolc mirror test runs was scheduled 1n 
the machine to evaluate the spectral, distributional, and damage threshold performance of 
these remaining Nova coating options. Table 8 shows the 1064 nm, 1 nsec damage threshold 
for these designs fro* selected parts located across a simulated 94 cm diameter. 4 0 

No major difference In damage threshold exists among the four candidate materials at 
1064 nm. The same witness samples were also evaluated for 527 nm and 351 nm damage 
threshold. Design of the 2:1 Z type exhibited a 527 nm mean damage threshold of 
5.54 J/cmz while the 2:1 L type mean was 2.95 J/cm*. 



Table 8. 1064 nm, 1 nsec damage threshold for 2:1 Zr02/S10 2 

trichroic reflectors coated 1n Chamber 1018. 

imple# 

1386 
1393 

Run# 

1018-278 
278 

Shorthand 
Design notation 

2:1 LBO 

1064 nm damage 
Threshold J/cmz 

7.8 + 1.5 
7.8 ± 1.1 

1389 
1396 

294 
294 

2:1 L BU 10.5 ± 1.6 
8.9 +1.3 

1387 
1394 

279 
279 

z:1 Z BU 10.7 ± 1.6 
~ 1 0 

1388 
1395 

280 
280 

2:1 Z BU 10.3 ± 1.6 
7.9 ± 1.2 

1391 
1380 

293 
293 

2:1 Z BO ~6.4 
10.6 ± 1.6 

1390 
1397 

295 
295 

2:1 Z BO 9.9 ± 1.5 
7.6 ± 1.1 

Placement of the 1:1 blue stack did not seem to matter at 351 nm, since the damage 
threshold mean values on the same sample set were both low, although BU (1.03 J/cn z) was 
inexplicably higher than B0 (0.56 J/cm z). Because of a manufacturing preference, we 
chose the 2:1 Z B0 design as the Nova baseline trichroic reflector. 

In general, all Nova coatings of large aperture were treated in the same way during the 
1982 scale up program, i.e., materials evaluation, small aperture test witness preparation 
and damage testing, and design selection, coating, and evaluation of large aperture parts 
prior to production coating. 

Several different -oatings for each application 1n the Nova laser system have been 
developed in small production coating chambers. From the accumulated data for these 
several coatings, LLNL and vendor personnel decided which of the design candidates would 
be used for each specific application. The selected coating designs and their respective 
coating processes were then transferred to the Nova production coating chambers, 1018 at 
OCLI and A2 at Spectra-Physics. The transfer included demonstrated scale-up capability 
for deposition of the coatings onto substrates up to 94 cm diameter. 
The typical plan for each process transfer consisted of the following steps: 
o Calibration verification for the selected material combination, 
o Evaluation of selected design on large glass substrates. Coated plates were scanned 

on the laser photometer, tested for laser damage threshold and checked for coating 
thickness uniformity, 

o Repeatability was checked by coating successive runs of the design. 
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ir each coating type were reviewed before the start of the 
• 5 cm by 5 cm BK-7 witness samples and 70 cm by 80 cm glass 
for each selected design the data package Included spectral. 

Results from these steps fo 
production coating runs. The - *_ » 
plates were supplied by LLNL for eac. « 
uniformity, and damage threshold results 

For the "(100) 3" tH.hrolc reflector, we had used this process sequence to select a 
design (2:1 Z BO) deposited at a temperature just slightly above 100" to yield the 
following characteristics: 

o > 99t reflectivity at all three wavelengths, 
o (8-10 J/cm 2) 1064 nm damage threshold, 
o Relative ease of production, 
o Good environmental- durability 

- Passed (scotch tape adhesion), 
- Passed (lens tissue/acetone abrasion). 

Production of Nova Coatings 
Three optical coating or optical surface treatment processes evolved during the course 

of the Nova program. They are: conventional optical thin film multilayer deposition for 
components requiring a reflectance property, neutral solution processing for 
antlreflection of BK-7 for 1054 and 527 nm and sol-gel coating for 1054. 527 and 351 nm 
components such as fused silica and KOP. All of these coatings are reqa-tred on large (up 
to 1 meter) diameter optical elements. Figure 24 shows these three processes 1n relation 
to the substrate material type and finishing process required for each. The following 
sections discuss where applicable, production facilities, process, specifications, yield 
and certain properties of the process. 
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Figure 24. Nova optics technology - coating tree. 
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Neutral Solution Process 
Over 150 optical elements ranging in.Size to 90 cm diameter were processed for Nova In 

the Neutral Solution Process Facility. 4 5 The excellent yield of this process Is 
demonstrated by the fact that fewer than four of these lenses required reprocessing. 

The process takes place in chemically inactive tanks of polypropylene plastic which are 
initially filled with filtered deionized water. The deionized bath is brought to 
temperature (*x.90*C) on a programmed linear ramp, which varies between 10 and 3D*C/hr 
depending on the glass shape and thickness. Chemicals are then introduced for a minimum 
one hour etch. This solution can be flushed with four throughputs of deionized water from 
tanks at the same temperature, or the etch can be allowed to remain in the tank since it 
is compatible with the process. Chemicals are then added to the tank, and the processing 
is allowed to progress for two to four days depending on the wavelength of interest. 
Forty to 70 hours of processing time allows an hour or two of latitude in timing. By 
means of witness pieces, progress is monitored at about two-thirds of the estimated period 

- "and at least twice more towards the end of the period using spectrophotometer-measured 
transmission maxima and a linear extrapolation. Processing is quenched by a flush with 
deionized water at processing temperature using the four tines throughput. Again a linear 
programmed ramp is used to cool tho t*nks to room temperature. Slow cool down is precluded 
by a slight reversal of the process 1n protracted exposure to hot deionized water. 

You gain a sense of the effectiveness of this process in Figure 25 which is a photograph 
of two 54 cm diameter lenses, one unprocessed, the second NSP processed. 

The unprocessed lens reflects a detailed image while the processed lens reflects only a 
vague or subtle image of the journal positioned 1n front of 1t. Usable surfaces to 90 cm 
diameter have been produced that show excellent low reflectance characteristics and good 
damage threshold. Reflectance minima have been produced at 527 nm and 1054 nm both singly 
and almost simultaneously, and the process can be controlled to yield useful minima 
anywhere from about 400 nm to at least 2500 r.m. Figure 26 shows a two-surface 
transmission scan obtained from a 5 cm dianeter BK-7 witness piece processed with an 80 cm 
Nova focusing lens. An unprocessed piece would transmit about 92X. This scan was made on 
a Cary 17 spectrophotometer and verified on a Perkin-Elmer 330, which yielded identical 
results. At the same time, it is a rather extreme result, more typical results showing 
0.5 to 0.8% reflection losses through two surfaces in the peak transmission regions. . 
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26. Spectrophotometer trans
it through two neutral solution 
sed (NSP) surfaces of i 1 ci 
BK-7 witness piece. (Curve 
1zed to 100? baseline.) 

process. 

At the 1054 nn wavelength, the NSP parts show daaage thresholds (Fig. 27) it least two 
to three tines that of vapor-deposited layers producing the sane optical result. Tests.on 
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Figure 25. 54 cm diameter Nova spatial Figure 
filter lenses showing in one case the missio 
full reflectance of an unprocessed lens proces 
and in the other case the reflection thick 
reducing effect of the neutral solution normal 
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a single part at 527 nm yielded results of 14.4 J/cm . We can postulate a number e 
posslble reasons for these higher values: 

a. The process Involves chemical etching. He may be etching away chemical 
contamination and traces of physical disruption produced by the polishing process. 

b. The Interface between bulk and leached layers is not only less contaminated but both 
structurally and chemically continuous. 

c. The altered layer has a density gradient which could possible absorb dynamic shock 
or Impede electromagnetic effects. Electron microscopy indicates the pores are on 
the order of 40 to 60 A as shown in Fig. 28 with a processed optical element. 

Witness pieces procasssd in developmental phaw 

NSP surface (average for 15 samples) 12.5 
Laser annealed NSf> surface 23.3 

Witness pieces processed in operational phase 

NSP surface 122 
Laser annealed NSP surface 25.0 

46-cm aperture lent NSP surface 15.0 

Figure 27. Damage threshold at 
1064 nm, 1 nsec (J/cm 2). spot 
size for these lasers is 
approximately Gaussian and 2 mm 
diam. at 1/e. 

The antireflection layer produced by NSP is a particular type of gradient index layer 
varying in both density and chemical composition with depth. This is in contrast to the 
homogeneous layers deposited by more conventional vapor deposition. Thus the effects of 
an NSP surface as the angle of incidence changes are no longer linear with optical path 
through the layer as they are with vapor-deposited layers. 
The surfaces are extremely fragile and cannot stand much physical contact. We have 

successfully drag wiped with acetone-moistened facial tissue several 5 cm specimens. We 
observed no noticeable effect on damage threshold, but drag wiping on some other specimens 
has shown visible scratching, so this has been avoided with all parts. We have also seen 
surface damage when spraying these parts with Freon at 80 psig. 

Sol-6 el 
More than 250 opt ical elements were a n t i r e f l e c t i o n coated using the production sol-gel 

process, approximately 200 KDP crysta ls and over 50 fused s i l i c a lenses, some as large as 
80 cm diameter. This sol-gel coating is composed of roughly spherical p a r t i c l e s of s i l i c a 
(about 20 nm) which bui ld up on the sur f ice to form a porous f i l m . This f i l m is adherent 
but can be removed mechanically. This apparent disadvantage is in r e a l i t y an advantage 
since sol -gel coated optics may be reprocessed a f t e r mechanical scrubbing (usual ly under 
alcohol) of the or ig ina l coat ing. Our y i e l d on sol -gel coated optics has been 100% since 
even the few parts that may be questionable due to uneven processing can be recoated. The 
sol -ge l process developed tt and used by U H L 4 6 y i e l d s s i l i c a of the highest pur i ty 
which produces coatings with very high damage thresholds. Figure 29 shows the measured 
1064 nm, 1 nsec laser threshold of a series of sol -gel coated parts vs conventional 
mu l t i l ayer a n t i r e f l e c t i o n coatings. The sol -gel coatings have two to threp times the 
damage threshold of these conventional designs and made the use of coated fused s i l i c a and 
coated KDP crysta ls possible. The o r ig ina l plan f o r the KDP crysta l array was to support 
the 3 by 3 matrix between windows of fused s f l i c a and in a bath of index matching f l u i d . 
The f l u i d was intended to e l iminate the inside window surface ref lectance loss as well as 
the loss from the crystal surfaces. The outside window surfaces would have been l e f t 
uncoated and contributed a t o t a l of 71 loss to the beam. The use of sol-gel coatings on 
KDP has enabled us to e l iminate not only the windows but also the index matching f l u i d . 
At 351 urn the damage threshold of the sol -ge l a n t l r e f l e c t l n g coating I s in the range of 
8 .5 to 10 J/cm' on fused s i l i c a (bare fused s i l i c a has a damage threshold of 10 J /cm 2 ) 
and >4 to 5 J/cm' on KDP, while exh ib i t ing transmissions of 99.SJ or greater through 

ttt nwlm 

Figure 28. (a) Processed 80 cm 
diameter f/20 spatial filter lens 
and (b) Transmission electron 
micrograph of replica of neutral 
solution processed surface. 
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1 cm thick optics of these Materials. Figure 30 shows the transmission spectrum 
successive coatings of sol-gel on fused s i l i c a . 3 1 The coating can be layered to 
antlreflectlon properties at longer wavelengths or the sol-gel can be varied In 
concentration to produce thicker films. 

-2.20' 
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200 400 600 
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Figure 29. Damage thresholds of 
sol-gel graded-1ndex coatings and 
multilayer antireflectlon coatings. 

Figure 30. Transmission spectrum 
of porous silica antlreflectlon 
coating on fused silica Is controlled 
by coating's thickness. 

The fused silica spheres are derived from tetraethyl orthosllicate, TEOS with the 
chemical formula (C2H50>4Si. This material 1s a liquid at room temperature and can 
readily be purified by fractional distillation to yield an extremely high purity starting, 
material for the reaction: 

(C 2H 50) 4S1 + 2H.20 •+ S102 + 4 C2H5OH: (Catalyst- HH4OH) 
The base catalyzed system 4 6 was developed at LLNL to eliminate the high temperatures and 
potential unwanted organic residues of the add catalyzed approach. The base catalyzed 
system produces pure silica directly at room temperature. A solution composed of purified 
or reagent grade 

Ethanol 
TEOS 
Ammonium Hydroxide 

C2H5OH 
(C 2H 50) 4S1 
NH4OH 

86X 
111 
31 

by weight Is mixed and allowed to stand for three days, after which time it is filtered to 
remove any large aglomerates or contsainants leaving only the collldal silica in ethanol. 

LLNL has employed three techniques to apply the sol-gel coating to various optics. 
These techniques are: 

Spin coating* - KDP crystals, 
Dip or Draw coating - small optics (<60 cm), 
Drain coating - large optics (>60 cm). 

•Allows coating of only one side or both sides but with different thickness. 
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Figure 31 shows a sketch of both the spin and draw coating equipment currently 1» use at 

TlMMM •* HOP cm** *•* 
MM M* 527 n». ami 527 

Figure 31. Production sol-gel antlreflectlon treatment of 
fused silica optics and KDP. 

Spin coating may be extended to large optics but It was originally used to coat KDP 
crystals since both sides of the crystal need to be ant1reflected for different 
wavelengths. The crystal 1s coated by spinning on a rotary stage at about 350 rpm and by 
using a wore dilute sol applied by hypodermic syringe.3! The crystal array contains two 
crystals In series, which we call a quadrature-cascade configuration. The first crystal 
converts red light (1054 nw) to green light (527 nm). The second crystal, depending upon 
the angle and rotation of the array, will convert remaining red light to green light or It 
will combine the remaining red light with the green light to make blue light (351 nm). As 
the result crystal surfaces ire coated »s follows: 

Surface 
1 
2 
3 
4 

An. Coating 
1054 - 52? nm 
1054 - 527 nm 
1054 - 527 nm 
527 - 351 nm 

Dip-Draw 
The dip or draw process slowly extracts the optic at rates of about 1 ma/sec and has 

proven to-be very useful for coating net only the smaller lenses but more recently the 
large (80 cm) parts. A hood (not shown) Is positioned on the container of sol-gel, 
helping to stabilize the atmosphere and the surface of the fluid. If time Is not allowed 
for the liquid surface to stabilize, then banding of the sol-gel coating as shown 1n 
F1g. 32 will occur. The bands are slight variations In sol-gel thickness causing spectral 
reflectance variations. Vibrations caused by blower fans or nearby activity were found to 
produced surface ripple resulting In the bands shown 1n above. The tanks are now isolated 
and activity during coating Is monitored. 

Drain 

The original process was one In which the part was submerged in the sol-gel and then the 
f luid was drained away. Figure 33 shows one of the large (80 cm diameter) fused-slUca 
lenses for the Nova laser being lowered Into the tank where I t wil l receive I ts sol-gel 
antlreflectlve coating. Once the lens Is In place, the tank is f i l led wfth about 
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750 liters of colloidal silica solution. After a wait of about 15 Minutes to allow the 
atmosphere between the liquid surface and the tank lid to cone to equilibrium anil all 
waves and ripples in the solution to dissipate, the liquid is drained away at a constant 
rate. The rate at which the liquid is drained away controls the thickness of the coating; 
a fast rate produces a thick coating, a slow rate a thin coating. 

Figure 32. Banding of sol-gel Figure 33. Nova (80 cm diameter) focus lens 
coating caused by liquid surface being prepared for sol-gel coating in drain 
ripples during removal of optic. tank. 
(5 cm diameter). 

At LLNL we are also studying other metal organic alkoxides which are suitable for the 
sol-gel process, In the production of the 'elemental oxide. Thomas* 6 who developed the 
base catalyzed SiO? coating at LLNL has been performing most of this development 
directed toward multilayers. He specifically mentions the following metal organic 
alkoxides; B(0C4H 9) 3; Ta(0C2Hi;)5; A1(0C.4H9)3; Ti(0C 3H7H and Nb(0CH 3) 5. 

Multilayer Thin Film Deposition 
More than 500 optical elements were coated by conventional thermal evaporation 

techniques for use in the Nova's power chains. Half were polarizers ranging in size up to 
40 cm by 70 cm and about one fourth included amplifier rods, Faraday rotators, and beam 
splitters. The remaining parts were mirrors of various sizes ranging from 60 cm to 
109 cm, of which about 50 required a modified 2:1 Z BO design. These trichroic reflectors 
were the most difficult new design in Nova and our discussion will continue to center 
exclusively on these parts. The yield for these mirrors and for the entire set of coated 
optics was in the range of 85 to 901. As previously mentioned, the first 94 cm was coated 
in March of 1982, It was a 2:1 Z BO trichroic design reflecting >99t at each of the Nova 
wavelengths and exhibiting a 1064 nm, 1 nsec damage threshold of 8 J/cmz. The mirror is 
shown in Fig. 34. In 1981 the reflectivity requirements for the large aperture mirrors 
were defined as follows in Table 9. 
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Table 9. Nova large aperture 
mirror ref lectance requirements 
(c i rca 1981) . 

Mirror dwnwMr 
(cm) 

1054 
Rt f te tann (nm) 

527 351 

80.4 >99% - -
00.4 96.5 ±1.5% - -
•2.0 > 9 » % > 9 9 % > 9 9 % 

94.G M.5±1.5% 5 0 ; 2 0 % 50 ±20% 

M.0 > M K > 9 9 * >99%» 

10910 > 9 9 X >9B% >»%• 
" In 1 St2 than raftactanca valoas W M changed tram > 9 K to 43.5 ± 6.5 
to pravant aobrizacion of BK-7 diatfloitic akmanb. 

Figure 34. First 94 cm diameter 
Nova trichroic mirror coating. 

Because of the solarization effect on transmitting BK-7 optics (lenses and partially 
transmitting mirrors) it was necessary to reduce the Intensity of the 351 mm diagnostic 
light reflected back (Fig. 22) through the mirror chain. Various options were considered 
for reducing the intensity of the 351 nm light reflected from the target, namely the use 
of a 351 nm beam dump or by reduction of the mirror reflectance at 351 nm. If a full 
aperture beam dump were used, it would have to transmit 1054 nm light while absorbing 
351 nm light. It would require antireflection coatings and would introduce some loss at 
1054 nm. On the other hand, a 351 nm mirror of reduced "reflectance might be designed 
without a 1054 nm reflectance loss. We needed to reduce the 351 nm reflectance for target 
shots but have sufficient 351 nm reflectance for alignment. An analysis of the system 
requirements determined that a 351 nm reflectivity of about 50% on each mirror would be 
sufficient for purposes of alignment and would reduce the fluence entering the diagnostic 
mirror to 0.03 J/cm* and the fluence entering the output sensor (at reduced aperture) to 
0.10 J/cm^. A more precise analysis of our requirements resulted in a mirror 
reflectance specification change to: 

Specification Goal 98.4 
98.8 

527 nm 
95.0 
98.8 

351 nm 
> 34.0/< 54.0 
> 37.0/7 50.0 

We were able to obtain this specification simply by reducing the number of layer pairs in 
the Blue Over stack. We used our originally developed 2:1 Z BO design concept to produce 
the curve shown in Fig. 35. 
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Figure 35. Calculated spectral reflectance of Mova 
reflectance of Nova trichroic mirror designed to 
reduce 351 nm solarization effect. 

Unfortunately, theory and practice are rarely coincident. The "saw tooth" condition 
near 351 nn caused the reflectance to be sensitive to the 1/2% non-uniformities which 
occur in coating thickness. This 1/21 which is extrenely good coating distribution 
uniformity, still produced a shift of 2.0 nm in the coating along the mirror radius, 
giving rise to variations in reflectance of up to 10% (we had specified 51). In addition 
to this large variation across the mirror the average 351 nm reflectance for mirror to 
mirror was in the range of 28 to 56%. Fortunately, these extreme variations were 
mitigated by the fact that each chain contains either two or three mirrors and an 
averaging effect occurs. The 527 and 351 nm calorimeters 1n the output sensor are 
averaging not imaging devices. A careful review of our needs convinced us that the 
averaging effect of the multiple mirrors in each chain would allow use of mirrors with 
this broader 351 nm reflectance range. Therefore we specified the coating to obtain * 
maximum of 25% thruput (two mirrors of 50% reflectance each) or a minimum of 5% throughput 
Itnree mirrors of 37% reflectance). The average throughput of the Mova chains for thi* 
section is 7.71. No chain exceeds the 25% reflectance value. The quantity of mirrors in 
Nova has allowed us to select mirror locations and therefore obtain the desired throughput. 

The average reflectance value obtained for all of these Nova mirrors closely approximate the goals set for this laser: 
1054 nm - 98.81 
527 nm - 98.3* 
351 nm - 40.1% 

Goal - 98.8!l 
Goal - 98.81 -
Goal - > 37% - < 

Specification 
50% 

95.0% 

In addition the average damage threshold for the same mirror set Is: 1064 nn - 7.4 J/cmz 

Conclusion 
In 1977 Nova was only a dream. By 1984 with the cooperation of a major part of the 

optical industry Nova became a reality. The world's largest optical Instrument required 
old products but of much greater size, new processes to withstand the power of the 
instrument and the dedication of many people at LLNL and in Industry to make it and make 

Einstein was right." To paraphrase him: 

Engineering jj^ a little madness requiring a lot of (cooperation)2. 
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Appendix 
The aost coaaonly discussed optical fila thickness is a quarter wave, Q, i.e., a 

thickness of material which when considered s-oa an optical point of view, is 
Q » 4 n t 

where n is the refractive index of the Material and t is Its geometric thickness. 
(Symbolically 0 is usually represented by a capital H or L for high or low Index.) Host 
aultllayer alrrors can first be considered as a series of layer pairs of different 
refractive Index, such as titanium oxide CHOj, n * 2.2) and silicon oxide 
(Slug, n » 1.45). In this case the materials are treated as non-dispersive. Figure 36 
shows the spectral perforaance of a 15 layer quarter wave design (HL)'L using these 
materials. (With the computer software available today, aost designs would be optiaized, 
i.e., changed slightly froa the quarter wave thickness, in order to supress or enhance 
certain spectral regions.) This design has a reflectance peak at the first harmonic 
(design wavelength) and the third harmonic. In other words, when the high-low Interface 
is at a non-nodal point light 1s reflected. However, when the Interface is at a nodal 
point no energy is available for reflection. (Mo second harmonic peak reflectance occurs 
for a quarter wave design.) 

If we maintain the same total optical pair thickness H+L 0 1054 nm but alter the 
thickness ratio of high to low index, 2H + L * 702 nm or 3H + L » 527 na, we can produce 
reflectance peaks at both the first and second harmonic, (2HL)» a 702 nm or the first, 
second and third, (3HL)8 a 527 na.* 4 (We could have chosen to double or triple the 
low index layer instead of the high index layer.) These designs were considered in 
reviewing the options for producing high reflectance at 1054, 527 and 351 nm for Mova. 

Figure 36. Calculated reflectance of a standard quarter wave multilayer 
design, a 2:1 design and a 3:1 design. 
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