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Manufacturing Laser Glass by Continuous Melting’ 

Lawrence Livennore National Laboratory 
Hoya Corporation, USA 

Schott Glass Technologies, Inc. 

Abstract 
A novel, continuous melting process is being used to manufacture meter-sized plates of laser glass at 

a rate 20-times faster, 5-times cheaper, and with 2-3 times better optical quality than with previous one-at- 

a-time, “discontinuous” technology processes. This new technology for manufacturing laser glass, which is 

arguably the most difficult continuously-melted optical material ever produced, comes as a result of a $60 

million, six-year joint R&D program between government and industry. The glasses manufactured by the 

new continuous melting process are Nd-doped phosphate-based glasses and are marketed under the product 

names LG-770 (Schott Glass Technologies) and LHG-8 (Hoya Corporation USA). With this advance in 

glass manufacturing technology, it is now possible to construct high-energy, high-peak-power lasers for use 

in fusion energy development, national defense, and basic physics research that would have been 

impractical to build using the old melting technology. The development of continuously melted laser glass 

required technological advances that have lead to improvements in the manufacture of other optical glass 

products as well. For example, advances in forming, annealing, and conditioning steps of the laser glass 

continuous melting process are now being used in manufacture of other large-size optical glasses. 

Cover: 
(Top-left) Front cover fiom Laser Focus World magazine (July 2000) showing laser glass produced by 
continuous melting technology; (bottom-right) a finshed laser glass plate ready for installation in the laser. 

This work was performed under the auspices of the U.S. Department of Energy by the University 
of California, Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48. 
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AFFIRMATION: I affirm that all information submitted as part of, or supplemental to, this entry is 
a fair and accurate regyes 
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Product: Continuous laser glass melting process 

Entry description: 
Glass production process carried out in a highly automated, custom designed melting system capable 
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largest strip melt ever achieved of any optical glass. 

When product first marketed or available for order: 
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9. Product description 

What does it do? The continuous laser glass melting process, shown schematically in Fig. 1, converts 

high-purity, powdered raw materials into one continuously moving strip of high optical-quality laser glass. 

Plates of laser glass (-1 m x 0.5 m for our specific application) are then cut from the end of this strip as it 

exits the production system. The laser glass product is marketed under the names LHG-8 (Hoya) and 

LG-770 (Schott). 

6. Hanogcnizs 

Rocem unit 

mixing 

7. Annealiw 

Figure 1. Schematic representation of the continuous laser glass melting systems now being used to 

manufacture laser glass. 

How does it do it? A detailed description of the process is given in the supporting documents 

(Appendix E-1). In brief, the laser glass melting process requires seven separate operations carried out in 

separate vessels; to make the process continuous, the vessels are interconnected. The first process unit is 

designed to mix and dry the high purity raw materials with minimal contarnination. The laser glass 

specifications require that the raw materials contain only trace amounts (510 ppm) of most common 

transition metal ions and less than 0.1 wt?h of either physically or chemically absorbed water. 

The second unit is the melter system, which dissolves the powdered raw materials into a pool of 

molten glass and mixes these ingredients using convection currents inside the melter. The melter consists 

of custom designed high-purity refractory materials and employs a proprietary electrical heating system. 

All units beyond the melter are lined with high-purity platinum metal, as are the interconnecting 

pipes. Platinum is required to achieve the part-per-million optical homogeneity necessary for laser 

applications. However, the platinum can contaminate the glass with microscopic metallic inclusions. When 

a high-power laser beam hits an inclusion it causes it to explode, generating fractures within the glass. To 

overcome this, we developed a unique conditioner unit (the third unit in the process) that uses oxygen and 

chlorine to remove platinum inclusions as well as any residual water. This is perhaps the most complex 

unit in the whole system. 

The glass from the conditioner next moves to a refiner section where bubbles are removed using a 

combination of high temperature and proprietary additives. From here the glass enters the homogenizing 
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unit and is thoroughly mixed to achieve the one-part-per-million chemical uniformity required to meet 

optical homogeneity specifications. Finally, the glass flows through a platinum tube to a mold where it is 

formed into one continuously moving strip about 5 to 8-cm thick, 0.5-m wide, and 30-m long. The glass 

strip finally passes through a custom-designed annealing oven over one hundred feet long where it is 

gradually cooled from more than 600°C to room temperature. Annealing the laser glass strip is difficult 

because of its size and the unusually high thermal expansion and low mherent strength of the glass. In fact, 

laser glass is a factor of five more sensitive to fracture by thermal shock than most other optical glasses. 

What theories, if any. are involved? The laser glass continuous melting process involves a number of 

theories, some of which were developed as part of the associated R&D program. Specifically, we 

developed and published a theory for laser glass dehydroxylation (i.e. -OH removal) based on extensive 

laboratory experiments and model calculations. Ths theory is included in our numerical process model 

used to design the melting system and set baseline process conditions. 

We also used the theory for platinum inclusion dissolution developed in the late 80’s to set the 

conditioner and melt redox conditions to give platinum-inclusion-fee glass. Finally we used f ~ t e  element 

mass and heat transport models, based on contemporary theories of fluid dynamics and heat transport, to 

define the critical glass forming and thermal annealing process. 
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10A. Product competitor methods 

Neodymium-doped phosphate laser glass can be manufactured either by a discontinuous, one-at-a- 

time melting process or by our novel continuous melting process. Schott Glass Technologies and Hoya 

Corporation are the only two companies in the world with the technology to make meter-square sized plates 

of phosphate laser glass by either a continuous or a discontinuous process. Therefore the “competitor” in 

thls case is really the old, discontinuous technology for producing laser glass. The discontinuous melting 

process involves first melting raw materials in a refractory vessel, then manually transferring to a second 

platinum-lined vessel, and then finally manually casting the glass into a mold. The whole process must then 

be repeated to make the next glass piece. Discontinuous processing methods have been used for producing 

laser glass for over 25 years. However, this process has a small throughput of two to three pieces per week. 

In addition, product quality can vary from one melt to the next simply because of small run-to-run 

variations in processing conditions. Most importantly, the product cost is hgh (>$5000/liter). Continuous 

glass melting, on the other hand, not only has the advantage of a much greater production rate of 70 to 300 

pieces per week, but also little, if any, measurable variation in glass properties from one glass plate to the 

next. Also, the cost is dramatically less (5$1000/liter). 

10B. Competitive matrix 

Table 1 gives a comparison of our continuous melting process with the nearest competing process 

of discontinuous melting. 

Table 1: Competitive matrix of discontinuous versus continuous melting of phosphate laser glass. 

Discontinuous melting Continuous Better, worse, or 
melting Same 

Glass cost (per liter) >$5000* - <$ 1 ooo* >5x Better 
Production rate (piecedweek) 2-3 70-300 >20x Better 
Yield ** ** >2x Better 
Optical homogeneity (waves at 633 nm): 

Power - <0.30 waves - <O. 15 waves 2x Better 
Astigmatism - C0.35 waves - <O. 1 1 waves 3x Better 
Higher order <O. 15 waves <0.07 waves 2x Better 

RMS gradient 5601 waves/cm - <0.0040 waveslcm 2 . 5 ~  Better 
Nd-doping uniformity +5% +2.5% 2x Better 
Optical transmission 3%.95% - >59.95% Same 
(at 1053 nm; l-cm thick) 
OH content 4 0 0  ppm 4 0 0  ppm Same 
Impurity concentration <20 ppm Fe <20 ppm Fe Same 

<1 ppmCu <1 ppm Cu Same 
*Numbers based on sales to Lawrence Livermore fiom 1983 to 1995 (discontinuous) and 2000 
(continuous); exact quotes depend on the customers’ specific quantity, size, and specification. 
**Exact numbers are proprietary. 

1OC. Improvements upon competitive product or technologies 

The competitive discontinuous melting process fails to provide the production rate, cost, or optical 

quality needed to meet the demands required for today’s high-energy laser systems. The Implementation of 

continuous melting process has led to significant improvements in all three of these areas, as outlined in 
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Table 1 above. The technical improvements are a result of a six-year, $60 million joint R&D effort between 

LLNL, Hoya, and Schott. The specific technological developments and associated technical references are 

listed below: 

Pt-inclusion removal: Microscopic Pt particles (51Opm) in the laser glass can absorb laser light 

and cause fracture in the glass (laser induced damage). Research on their formation and 

dissolution has led to a redox-controlled process for minimizing the number and sue of 

inclusions in the glass (see Appendix E-1, E-6, E-7, and E-8). 

OH removal: Hydroxyl (OH) groups in the glass quench the fluorescence of the Nd and reduce 

the laser output energy. Our research on the chemical mechanism of OH removal 

(dehydroxylation) using reactive gas bubbling and the incorporation of this information in 

numerical process models has led to a l o x  reduction of OH content of continuously melted glass 

(see Appendix E-1 and E-3). 

Fracture mevention: Phosphate laser glasses are prone to fracture due to their low fracture 

toughness and high thermal expansion. Finite elemental heat transport and stress analysis 

combined with the identification of various stress sources and research in crack growth have led 

to improvements in the annealing process that eliminate fracturing (see Appendix E-9, E-10 and 

E-1 1). 

Imuritv minimization: Metal ion impurities (such as Fe2+ and Cu’? Z 10 parts-per-million level 

can increase the optical absorption of the glass above acceptable limits. New analytical 

techniques to quantify impurity levels combined with research on the absorption characteristics 

of these impurities (see Appendix E-12) has led to much improved specifications and QC 

procedures for both the laser glass and the raw materials. 

Homogeneity: Laser glass requires a refractive index uniformity (i.e. optical homogeneity) of 

about one-part-per-million requiring advanced forming technologies. The details of this 

technology are proprietary. 

Oualitv assurance: A number of unique quality-assurance tools have been developed to inspect 

large optical glass plates at a high rate. These tools include large-aperture (24-inch) phase- 

measuring interferometers and large-aperture laser damage testers (see Appendix E- 13). 
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11A. Principal applications 

The continuous melting process is now being used to manufacture two commercial phosphate 

laser glasses marketed under the product names LG-770 (Schott) and LHG-8 (Hoya). These are primarily 

being sold for use in high-energy glass laser systems; two such systems are currently under construction in 

the U.S. and France. Each laser system is about the size of a municipal football stadium and will require 

approximately 3000 to 4000 square-meter-sized pieces of continuously melted laser glass; if stacked end- 

to-end the glass pieces would stretch nearly 8 km (5 miles). Continuous glass melting is the only method 

that can be used to produce the large quantity and hgh quality of laser glass necessary for these systems; 

without this melting technology it would be clearly impractical, and probably impossible, to build these 

lasers. The laser glass is the heart of these systems in that it is the optical medium in which the laser energy 

is first stored and then later extracted as high-power optical pulses. 

The U.S. system, called the National Ignition Facility (NIF) will cost about $2 billion dollars and 

is approximately 50% complete. Its primary purpose is to demonstrate nuclear fusion ignition. The results 

from that achievement play an important role in maintaining the US nuclear defense capabilities and in 

providing the first step in the road to an inexhaustible supply of clean energy. 

11B. Other applications 
A number of new technologies have been developed to make the continuous laser glass melting 

process a success. These technologies, both individually and as a whole, have opened the door for 

manufacturing other large optical glass components by continuous melting. For example, Schott Glass 

Technologies is now continuously melting a borosilicate optical glass (BK-7) using several of the 

technologies developed from producing laser glass. BK-7 is one of the most common optical glasses in use 

today and is commonly found in cameras, binoculars, and other optical instruments. Certain aspects of the 

forming, annealing, and conditioning steps of the laser glass process are now being incorporated into the 

manufacturing process of other optical glasses. For example ths includes glasses for digital cameras, hard 

disk drive (HDD) substrates, liquid crystal display (LCD), projector lenses, and telecommunications 

devices. 
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11C. Potential applications 

Understandably, there is considerable reluctance to discuss the potential future applications of this 

technology. This is simply because our two co-developers (Hoya and Schott) are intense competitors in the 

optical glass marketplace and they consider such plans proprietary. The three testimonial letters that are a 

part of this application, however, independently attest to the significance of this technology on future 

optical glass production and products. Also, the Otto Schott award, an international award given every two 

years by the Ernst-Abbe Foundation for advances in glass science (see Appendix B-2) recognizes our 

research on continuous melting as a major advancement in glass science and technology. 

There are two potential applications which we can discuss. Glasses for photonic applications, such 

as Schott’s waveguide-based glasses, can be produced in a continuous melting operation when the demand 

requires this increase in production capacity. In addition, the technological advances in dehydrating, 

forming, inclusion control, annealing and melter design that have resulted from the laser glass work are 

being planned for use with other product lines. For example, a number of the doped glasses that are used 

for precision optical filter applications are phosphate-based material. The advancements from our laser 

glass development can be used directly to improve the quality of these glasses and broaden their market. 

9 
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12. Summary 
The construction of hlgh-energy, high-peak-power lasers such as NIF is critical to define the 

conditions for nuclear fusion ignition and gain necessary for future fusion energy development and 

maintenance of a safe and reliable US nuclear defense strategy. Without the development of continuous 

glass melting it would be impractical, if not impossible, to build such laser systems. The importance of the 

glass melting technology explains the driving force b e h d  the $60M, six-year R&D investment to make 

this a reality. 

The difficulty of developing this new technology was compounded by the fact that hlgh-optical- 

quality phosphate glasses, the compositional matrix used in the best laser glasses, have never before been 

continuously melted. Moreover, the size and quality of the optical laser glass strip exceeds that produced 

for any other optical glass of this quality whether it be silicate, phosphate, or other matrix. Acheving this 

breakthrough required a number of scientific and technological advances that were only possible with the 

unique partnership of industry and a government research lab. As a result of h s  joint venture, laser glass 

can now be produced more than 20 times faster, five times cheaper, and with optical quality two to three 

times better than glass produced by conventional techniques. Other properties that dramatically affect laser 

performance, such as microscopic inclusions, hydroxyl contamination, transition metal impurities, and 

doping uniformity, meet or exceed what could be achieved with the old technology. 

The development of continuously melted laser glass has led to improvements in the manufacture 

of other optical glass products as well. For example, advances in forming, annealing, and conditioning 

steps of the laser glass continuous melting process are now being used in manufacture of other large-size 

optical glasses for applications such as digital cameras, HDD substrates, LCD-projector lenses, and in 

telecommunications devices. Continuous forming of large strips of the most common optical glass, BK-7, 

is now possible with the technology developed to make laser glass. Also, glasses for photonic applications, 

such as Schott’s waveguide-based glasses, will be produced in a continuous melting operation when the 

demand requires this increase in production capacity. 
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The New York State 
Cdkge of Ceramics at 
Alfred University Alfred, NY 14802-1296 
A Statutory College of 
the State University of 
New York py&king.alfred.edu 

Office of the Oean 
2 Pine Streef 

607 871- 241 1 
FAX 871- 2344 

Alfred University 
F- 6,2001 

To whom it may concern: 

RECOMMENDATION FOR 2001 RESEARCH AND D E V E L O P F T  
100 AWARD 

It is strongly recommended that the application entitled "Continuous Melting 
of Laser Glass'' be selected for the 2001 Research and Development 100 
Award. This resommendation is basd on: 

1. The break-through achievement of continuous fabrication of 
extraordinary, highquality laser glass critical to meeting the goals of 
the National Ignition Facility; 

2. the xernatkable technological advances ha& were made to achieve 
this fabrication and especially the integration of melting, conditioning, 
forming, and annealing; and 

3. the potential application of these advances to heretofore 
unavailable largecscale manufactuting of a wide variety of valuable 
optid glasses ranging ftom the industry standard, Schott B K 7  70 

more esoteric types having high coefficients of thermal expansion and 
low fhcture toughness. V 

Tbc tacanotogical milestones achieved in developing this continuous process 
included the duction of dissolved water (OM) content to less than 100 ppm, 
amarbd increase in optical homogeneiv, the near elimination of 
UnbeS-Ie micro inc~usions of platinum, anci the fine amealing of hi:gh- 
quality optical glass of uncommon width, thickness, and length. It is 
coddently anticipated that these advances will be of great help in 
supporting the opto-electronic industry of the U.S. 
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Recommendation letter for 2001 R&D 100 Award 

Fabfilsry 6.2001 
p a w  

The achievement of these gods has also produced within Schott Glass 
Tcchadogies an incftascd awareness of thc importance and value of i 
communication, cooperation, and sharing of technicat insights and expertise 
among all units involved: manufacturing, research and development, quality 
asmancc, purchasing, sales, finance, and human resources. Thus the 
remarkable progress achieved to date has served to strengthen not only 
Schott Glass Technologies, but the entire optical materials industry as well. 

The success of this p e t  can only be regarded as a win-win situation for 
al l  involved: the National Ignition Facility, tbe optical materials indusuy, 
Scho# Glass Technologies, and bbe scientists/engineedtecs/technicians who 
participated in this once in a Wetime engineering effort of great national 
-ce. For these reasons, confcmnt ofthis award can only reflqct 
cradit upon Lawrence Livermore National Labomtory for having funded and 
guided this effort, and thosc charged with making decisions on the 2001 
RdkD 100 Awards. I 

Lh6dPye / 
Rofkmr of QLass Science and Past Dean of the NYS CoUcgc of C e 4 c s  
Mambea of the Intematid Academy of Ceramics 
Past "haec, Glass and Optical Materials Division, American Ceramic-;Society 
Immadiate Past Resident, Thc International Commission on Glass 

! 

1 



@university of 
Central 
Florida 

From 

School of Optics/CREOL* 

TO WHOM IT MAY CONCERN 

Martin Richardson 
Professor of Optics, Physics and Electrical & Computer Engineering, 
School of Optics & CREOL, Univ. of Central Florida, 4000 Central Florida Blvd, Orlando FL 32816-2700 
Tel 407 823 6819 Fax 407 823 3570 Email: mcr@,creol.ucf.edu 

Date February 5,2001 

Subject Recommendation for Research & Development 100 Award (R&D 100) 

I am grateful for the opportunity to support the application being made for an R8zD 100 Award by LLNL, Schott Glass 
Technologies and Hoya Corp, for the development of the continuous melting of phosphate laser glass. This is an extremely important 
achievement, having national and international significance extending well beyond the boundaries of laser science and fusion 
technology. 

I feel qualified to comment on this from a balanced viewpoint, since, although for a long time I played an important role in this 
field, I now no longer work directly in the ICF program. Nonetheless as an academician I have several reasons for maintaining a keen 
and critical eye on recent developments. Firstly, I have established a research laboratory here at the School of Optics that focuses on 
advanced applications of ultra-high-power solid state lasers, a program that of necessity considers the limits of existing laser materials 
and methods. Secondly, I recently served as a technical expert on an assessment committee established by the US Congress, the 
Lockwood-Greene committee that made a thorough review of the NIF facility. Lastly, I have through the years come to know well, 
many of the principal scientists at both Schott Glass Technologies Inc., and the Hoya Research Laboratories, as well, of course, as those 
at LLNL. 

The NIF facility, and its counterpart in France, the Megdoule Project, is considered a cornerstone of our national defense 
program. It is the centerpiece of the stockpile stewardship program that allows us to maintain pre-eminence in nuclear weapons 
technology while subscribing to a comprehensive nuclear test ban policy. Building this facility, a facility over an order of magnitude 
more difficult and complex than any other laser fusion facility, forced major innovative developments in many areas of laser 
technology. The sheer size of the laser, the sheer magnitude of the number of individual components, is well beyond anything else that 
has ever been built. The biggest challenge by far is the fabrication of the vast number of extremely large, finely-fabricated optical 
components within extremely tight tolerances on precision, material quality, cost and delivery. This forced the development of new 
crystal growth techniques, new coating technologies ,and innovative electro-optical engineering. However, perhaps the biggest 
challenge was associated with the laser medium itself, the ultra-pure, Nddoped phosphate glass that both generates and sustains the 
power within the laser system. The sheer size and number of laser glass elements required was well beyond the capabilities of existing 
technologies. Had these technologies been used, the laser system would probably have taken well over two decades to build and the 
price would have been astronomical. The conventional method of making laser glass blanks was a show-stopper to the project itself. It 
took the combined efforts of an international team, between scientists at LLNL, Schott Glass Technologies and Hoya Corp, to develop a 
whole new way of making and processing precision optical glass. This process, the Continuous Melt Process, reduced the production 
cost of laser glass by a factor of five, and perhaps more important, resulted in a twenty-fold decrease in the production time. Not only 
that, but the optical homogeneity was also improved several-fold, an important requirement, given the power levels that this laser will 
have to sustain. Without this development, the NIF and MegaJoule projects could not have proceeded. 

For these reasons I strongly recommend you recognize this achievement with a 2001 R&D 100 Award to the LLNL, Schott, 
Hoya team for this tremendous accomplishment. 

Yours truly, 

Martin Richardson 
C E O L  Building P. 0. Box 162700 4.ooo Central Florida Blvd. Orlando, FL 32816-2700 

(4.07) 823-6800 FAX (4.07) 823-6880 
M Equal Opportunity and Affirmative Action Inslitucion 
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February 7,2001 

RBrD100 Committee 
Lawrence Livermore National Laboratory 
7000 East Ave. 
Livennore, CA 94550-9234 

Dear R&D100 Committee, 

The purpose of this note is to strongly endorse the work of LLNL. Hoya Corpo-*:i-- and 
Schott Corporation in “Manufacturing-hser Glass by Continuous Melting” for an R&D 100 
Award. This revolutionary development in the low cost, high production of laser glass with 
extremely demanding tolerances exceeds all of the criteria for this award. As described in the 
accompanying documentation, this effort involved high risk RBtD that had to be s&cessful, 
not only in the laboratory, but on the factory floor. It involved unprecedented coo@-ation 
amongst a world leading laser and optical sciences laboratory and the two leading (and 
competing) companies in large laser glass production to significantly advance the state of the 
art. 

This effort which utilizes advanced glass chemistry and manufacturing techniques, and state 
of the art thermal management and quality control has been “reduced to practice.” The 
continuous melting process has now produced nearly 40 96 of the laser glass slabs required for 
the multi-megajoule National Ignition Facility now under construction at LLNL. The 
resulting laser glass not only exceeds the size and specifications of all other previous lasers of 
this type but at a cost per unit volume and production schedule that has been reduck by an 
order of magnitude! 

The continuous low cost production of highly quality large aperture optical giass spdd have 
impact well beyond megajoule class solid state lasers for fusion, national security and 
scientific research that are now under construction in the US and France. This p n p s  will 
benefit every product that requires such optical components including flat pane& -:,,.+, high 
quality windows (including those with specialized adsorbing characteristics) and the mass 
production of devices for the optical telecom industry. 

I 

In summary, “Manufacturing Laser Glass by Continuous Manufacturing” represents and 
demonstrates the best of the National laboratories and industry. Together they havp taken a 
daunting, high-risk challenge to significantly advance the field and they have succeeded. This 
success has enabled a major federal project and will impact the entire field in the manufacture 
of low cost, high quality optics. In my 24 years as a participant in the high-energyilaser 
community, I have rarely seen such a deserving submission. 

.--”)....- 
I 

Vice President 
Lasers and Inertial Fusion 

i 
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ELSEVIER Journal of Non-Crystalline Solids 2638~264 (2000) 342-357 
www.elsevier.com/lotdjnoncrysol 

Continuous melting of phosphate laser glasses 
J.H. Campbell 
J.M. Cimino b, A.J. Marker I11 b, K. Takeuchi ', M. Smolley ', G.F. Ficini-Dorn ' T.I. Suratwala a, C.B. Thorsness a, J.S. Hayden b, A. J. Thorne 

a Lawrence Livermore National Laboratory, P. 0. Box 808. Livermore, CA 94550, USA 
Schott Glass Technologies, 400 York Aw..  Duryea, PA 18642. USA 

Hoya Corporation. USA. 3400 Edbon Way, Fremont. CA 945386190, USA 
Centre dEtudes de Limeil-Valenton, EMEIECO. 94795 Villeneuw St. Georges cedex. France 

Abstract 

Continuous melting of phosphate laser glass is being used for the first time to prepare meter-scale amplier optics for 
megajoule lasers; a description of the melting process is given. Two key factors in the successful melting of laser glasses 
are the elimination of damage-causing Pt-inclusions and dehydroxylation of the glass to concentrations less than 
-100 ppmw OH. Oxidizing conditions using 1ooOh 0 2  or 0 2  + Cl2 mixtures (at one atmosphere) can be used to dissolve 
Pt inclusions and the effects of different gases on the dissolution of Pt-inclusions show the trend 0 2  + CI2 > 02 >> N2. 
The removal of hydroxyl groups is achieved by reactive (02 + C12) or non-reactive ( 0 2 )  gas bubbling; model calculations 
are used to simulate this process. 0 2000 Published by Elsevier Science B.V. All rights reserved. 

1. Introduction 

Continuous laser glass melting is being used for 
the first time to supply glass for large laser systems 
designed for fusion energy research [1,2]. One of 
these laser systems is under construction in the US 
[l] and a second is planned for construction in 
France [2]. The US facility is called the National 
Ignition Facility (NIF); the name is derived from 
its purpose: to achieve controlled thermonuclear 
(fusion) ignition. The French laser system is called 
the Laser MegaJoule (LMJ). 

The NIF laser wil l  be capable of delivering 
nearly 1.8 MJ of energy in about a 3.5 ns pulse, 
giving a peak power of approximately 

'Corresponding author. Tel.: +1-925 422 6497; fax: +1-925 
423 0792. 

E-mail address: cambeUl2@nl.gov (J.H. Campbell). 

5.0 x lOI4  W. To achieve this output, NIF uses 
192 individual laser beamlines each of which con- 
tains 16 Nddoped laser glass plates (Fig. 1). More 
than 3000 glass plates will be installed on the NIF. 
Similarly, the planned French laser will require 
nearly 4500 glass plates. Thus, almost 8000 laser 
glass plates will be needed for the two laser sys- 
tems: this represents a volume in excess of 125 m3 
(330 metric tons) of finished optical quality glass. 
Note that the quantity of raw glass that must be 
melted is larger than 330 metric tons to account for 
various process losses. 

In contrast to the 1.8 MJ NIF and LMJ laser 
systems, the largest Nd-glass lasers currently in 
operation are the 70 kJ Nova (LLNL) [3] and the 
40 kJ Omega [4] (University of Rochester) laser sys- 
tems. These two systems use only about 2.2 and 
1.1 m3 of laser glass, respectively. In addition, the 
largest size Nd-glass amplifier disks installed on 
these two lasers are the 7 L (46 cm aperture) elliptical 

0022-3093100/$ - see front matter Q 2000 Published by Elsevier Science B.V. All rights reserved. 
PII: S 0 0 2 2 - 3 0 9 3 ( 9  9 )  0 0 6 7 5 - 4 

mailto:cambeUl2@nl.gov
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Fig. 1.  One of the 3072 laser glass optics that will be used on 
the 1.8 MJ NIF laser. Each optic is about 81 x 46 x 4 an3 and 
is comprised of a rectangular plate of either LHG-8 or LG-770 
Nddoped phosphate laser glass. The edges of the plate are 
edgeclad with 1.2 cm thick strips of an index-matching 
Cudoped phosphate glass. Each optic can store about 3.5 kJ of 
energy. 

disks on Nova and the 2 .t (21 cm aperture) disks on 
Omega. Therefore, the combined NIF and LMJ 
lasers require approximately 75 times the laser glass 
production capacity used for Nova and Omega 
with glass-part sizes more than 2 times larger. 

Both the NIF and LMJ laser systems employ a 
compact laser amplifier design called the ‘multi- 
segment amplifier’ (MSA) [MI. These amplifiers 
consist of stacked 4 x 1 arrays of laser glass plates 
inside a flashlamppumped cavity. By using square 
apertures (i.e., square beams), it is possible to 
tightly pack the individual laser glass amplifiers 
into a compact matrix and greatly reduce the size 
and cost of the system [1,8]. This design requires 
that the laser glass be manufactured in rectangular 
plates (Fig. 1) [9]. Note that although the laser 
aperture is square, the laser glass plates are rect- 
angular because they are mounted at Brewster’s 
angle to the propagation direction of the beam. 
Mounting the glass at Brewster’s angle minimizes 
the Fresnel reflection losses at the slab surfaces 
[lo]. In addition, mounting at an angle increases 
the coupling e5ciency of the flashlamppump light 
with the slabs [5,10]. 

In this paper, we first summarize the composi- 
tion and properties of the two laser glasses to be 

used in the megajoule lasers and then describe the 
advanced continuous optical glass melting systems 
that have been developed to produce these laser 
glasses. The remaining sections of the paper de- 
scribe technical advances in understanding two of 
the key processing steps that affect the laser glass 
performance: (1) elimination of metallic Pt-inclu- 
sions that might induce laser damage and (2) re- 
duction in concentration of hydroxyl groups that 
shortens the Nd3+ fluorescence lifetime. 

Continuous laser glass melting systems, based 
on the technology described here, have been con- 
structed and are currently producing glass at both 
Schott Glass Technologies and Hoya Corporation, 
USA. 

2. Laser glass composition and properties 

The laser glasses used in the large laser ampli- 
fiers are Nddoped metaphosphate glasses [ll]. 
The two specific glasses that meet the gain, energy 
storage, extraction efficiency and damage resis- 
tance requirements of NIF and LMJ [ll-131 are 
LHG-8 (Hoya Corporation) [ l l , l417]  and LG- 
770 (Schott Glass Technologies) [11,12,14,17,18]. 
The composition and key properties of LHG-8 
and LG-770 are summarized in Table 1 and the 
Nd3+ absorption and emission spectra of the two 
glasses are given in Fig. 2. Campbell and Surat- 
wala [l I] have reviewed recent advances in Nd 
phosphate laser glasses used for high-energy and 
high-peak-power applications; consequently, we 
will not discuss laser glass properties further here 
except as they directly relate to continuous 
melting. 

The glass composition data (Table 1) are given 
on an oxide equivalent basis. Both glasses have 
near-metaphosphate compositions (OIP- 3) and 
have very similar performance properties allowing 
them to be used interchangeably on the laser 
system. The major compositional difference in the 
two glasses is the group I1 modifier: LHG-8 con- 
tains BaO whereas LG-770 contains MgO. Both 
glasses use the same Nddoping-level ( 4 . 2 ~  

The compositions given in Table 1 are listed as 
ranges and are intended to reflect the maximum 

io20 i o n d ~ ~ n ~ ) .  
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Table 1 
Composition and properties of Nd-doped phosphate laser glasses LHG-8 and LG-770 [14,16,17] 

J. H .  Campbell et a/. I Journal of Non-Crysralline Solids 263&264 (2000) 342-357 

Composition‘ or property LHG-8 LG-770 
P?OS 5 5 4 0  58-62 
A1203 8-12 6 1 0  
KzO 13-17 20-25 
BaO 10-15 - 
MgO - 5-10 
Nd203b 0-2 0-2 
Other <2 <2 
O/P (* 0.1) 3 3 

Optical 
Refractive index‘ 
nd (587.3 nm) 
nl (1053 nm) 
Non-linear refractive index 
n2 (1O-I) esu) 
y ( m2/W) 
Abbe number (fO.05) 

Laser 
Emission cross-section (IO-*O cm2) (39.2) 
Radiative lifetime (zero-Nd) (p) (f3)  
Judd-Ofelt radiative lifetime (p) (*lo??) 
Emission band width (nm) (*O.I) 

1.5296 
1.5201 

1.12 
3.08 
66.5 

3.6 
365 
351 
26.5 

Thermal 
Thermal conductivity, 90°C (WlmK) (f0.03) 0.58 
Thermal diffusivity (lo-’ m2/s) 2.7 
Specific heat, Cp (J/gK) (10.02) 0.75 
Coeff. thermal expansion, 20-300°C (I&’/K) (f3) 127 
Glass transition temperaturec, T, (“C) ( f 5 )  485 

Mechanical 
Density (g/rm3)c (f0.01) 
Poisson’s ratio (fO.O1) 
Fracture toughness (MPa m1/2) (f0.02) 
Hardness (GPa) (49.10) 
Young’s modulus (GPa) (fl.O) 

2.83 
0.26 
0.51 
3.43 
50.1 

1.5067 
1.499 I 

1.01 
2.78 
68.4 

3.9 
372 
349 
25.4 

0.57 
2.9 
0.77 
134 
460 

2.59 
0.25 
0.43 
3.58 
47.3 

Range in composition values reflect variations due to Nddoping concentration, melt volatility, and batching variations. 
bNddoping levels typicaIly <2 mol?4Nd203 (4 x l p  Nd ions/cm3); the NIF and LMJ use a doping of 4.2 (* 0.1) x 1020 ions/cm’. 
‘Values may vary slightly with Nddoping level. 

variability in composition that can occur due to 
volatile losses, different Nddoping levels and 
batching variations. In addition, this protects 
certain proprietary aspects of the exact composi- 
tion. However, once the continuous melting con- 
ditions are established the composition variation is 
insignificant as indicated by the very small index 
fluctuations in the product glass over any 24 h 

period (< f 0.0001) and confirmed by chemical 
analysis of the product glass. 

Note that small ranges in phosphate laser glass 
composition, such as those shown in Table 1, have 
little effect on the key laser properties. LHG-8 and 
LG-770 have nearly identical properties (see Table 
1 and Fig. 2) yet their range of compositions and 
modifiers differs. Campbell and Suratwala [ 1 11 

. 
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1 1 I I 
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0.6 - - a 
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I 

1000 1040 1080 1120 
Wavelength (nm) 

Fig. 2. Absorption (a) and emission (b) spectra for Nd3+ in the 
two phosphate laser glasses LHG-8 and LG-770. 

have reported a similar insensitivity of most 
properties to minor changes in composition for 
laser glass having the approximate composition 
60P205-10A1203-30(MzO/MO). As regards this 
particular manuscript, the range of compositions 
shown does not affect the results and conclusions 
given here for continuous glass melting. 

3. Discontinuous melting 

To put in perspective the scale of the continu- 
ous laser glass melting process, it is instructive to 
briefly describe the older discontinuous process 
[19,20]. In the past, the glasses made for the large 
ICF laser systems (e.g., Nova LLNL], Phebus 
[CEA], Beamlet [LLNL], Gekko [Osaka], and 
Omega [University of Rochester]) [12] were man- 
ufactured using a one-at-a-time, discontinuous 

melting system. The first step of the discontinuous 
process is a pre-melting step designed to melt and 
mix (on a large-scale length) the raw materials 
(Fig. 3). A gas is often bubbled through the pre- 
melt to remove unwanted volatile products, par- 
ticularly water and, if necessary adjust the melt 
redox state. The pre-melt is carried out in a rela- 
tively inert refractory crucible such as Si02. The 
walls of the refractory vessel dissolve over time 
eventually requiring the vessel to be replaced. The 
glass from the pre-melter generally contains bub- 
bles, striae, and, occasionally, some small particles 
of unmelted starting material. 

The product glass from the pre-melt stage is 
next processed in a physically separate unit called 
the ‘remelter’. The remelter is a platinum-lined 
refractory vessel that also has provisions for stir- 
ring and gas bubbling. The main purpose of the 
remelter is to dissolve any platinum-inclusions, 
remove bubbles and finally, improve the homoge- 
neity of the glass to provide the striae-free, optical 
quality glass necessary for laser applications. The 
remelting process occurs in several stages [19]. 
During the first stage, the redox state of the glass is 
adjusted to increase platinum particle dissolution 
[21]. This step is followed by a refining process 
conducted at temperatures greater than 1050°C at 
which the viscosity of the glass is 4 0  poise, al- 
lowing bubbles to rise to the surface. The third 

Melt raw materials, 
dehydrate, set redox and homogenize 

Refine (move bubbles) 

\ Raw materials 

Platlnum 
lining 

Refractory 
crucible 

Fig. 3. Schematic representation of the discontinuous, 2-step 
melting process formerly used to produce laser glass. 
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stage is a stirring process that is generally con- 
ducted at temperatures lower than either the 
melting or the refining stages. The continuous 
stirring thoroughly distributes all components 
within the glass melt, eliminating striae and in- 
creasing the uniformity of the refractive index over 
the entire casting. Finally, the melt is cooled to a 
temperature such that the viscosity of the glass is 
proper for casting into a mold of the appropriate 
size and shape. After casting, the glass undergoes 
an initial, relatively rapid annealing step, is in- 
spected for inclusions and striae, and then is again 
annealed at a slower rate (several weeks) to reduce 
any residual thermal stresses. 

Discontinuous processing methods have been 
used with good results for producing small quan- 
tities of laser glass. However, the discontinuous 
process has a small through-put and a single 
melting system can, at best, only produce a few 
glass plates per week (9 [19,20]. In addition, the 
quality of the product glass can vary from one 
melt to the next simply because of small, but 
random, run-to-run variations in processing con- 
ditions. Continuous glass melting, on the other 
hand, has the advantage that not only can a much 
greater production rate be achieved but, in addi- 
tion, once steady-state is achieved, there is little if 
any measurable variation in glass properties from 
one glass plate to the next. 

Oxidizing blend and 

4. Continuous glass melting 

Continuous optical glass melting systems are 
generally divided into several interconnected zones 
[20,22]. Each zone consists of one or more vessels 
designed to carry out a particular part of the 
process. In the specific case of the laser glass 
continuous melters, there are six main intercon- 
nected processing zones (Fig. 4): (1) raw material 
mixing and feeding, (2) melting, (3) conditioning, 
(4) refining, (5) homogenization and (6) continu- 
ous strip forming. Each of these is described briefly 
below. 

4.1. Laser glass raw material, mixing and feeding 

The glass transmission losses at the laser 
wavelength (1054 nm) must be very low (50.0015 
crr-I). Therefore the purity requirements for the 
raw materials are very demanding. In particular, 
only trace amounts (few ppm) of most transition 
metal ions are permitted [23-261. Although Cu has 
the highest measured absorption loss at 1054 nm, 
Fe is perhaps the most troublesome impurity to 
control because most processing equipment uses 
iron-based metals. Therefore, the purity require- 
ments affect the choice of the raw material pro- 
cessing equipment and procedures. As an example, 
Table 2 gives the purity requirements for the Nd 

5. Homogenizer 
thoroughly mix 

Process unit: 2. Melter 3. Conditioner bubbles 
Purpose: meltraw 

-9 bg€+ 
u r k t  
mixing 

Distance (time) - 
6. Forming 
contml 
tlowtotorm 
arbe-free glass 

7. Annealing 

Fig. 4. Schematic representation of the continuous laser glass melting systems now being used to manufacture phosphate laser glass. 
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Table 2 
Metal ion purity for Nd salt (on oxide basis) used in laser glass 
melting 

Element (as oxide) Purity level (ppmw) 
Specified Measured 
(maximum) (typical) 

Transition metals 
CUO 
Fez03 
coo 
NiO 
v205 

Cr203 

Rare earths 

ho3 

pr6ol I 

Sm203 
c e o 2  

DY203 
(Other rare earths) 

1 
2 
1 
1 
1 
1 

100 
100 
30 
30 
10 
10 

0.25 
1.3 
0.05 
0.44 
0.03 
0.42 

18 
27 
0.9 
1.4 
<os 
<10 

salt used in the melting process; the transition 
metal impurity levels are typical of the require- 
ments for most of the raw materials. Unique to the 
Nd, however, is the low concentration of other 
rare earths (400 ppmw) that is required. Rare 
earth ions are usually separated by a solvent ex- 
traction process [27]. This process can make the 
manufacture of a high-purity Nd salt quite difficult 
because the similar reaction chemistry among rare 
earths often makes the extraction process ineffi- 
cient particularly for certain pairs of rare earth 
ions. 

Compounding the difficulty of raw material 
purity is the need to achieve these levels for many 
tons of material. Recall from above that more than 
300 tons of finished glass must be manufactured. 
Of course, much more than this must be melted to 
cover the yield and fabrication losses inherent in 
the process. The Nd raw material requirements 
alone consume most of the world-wide manufac- 
turing capacity for high-purity Nd salt. 

In addition to transition and rare earth ele- 
ments, the raw materials should contain little 
physically or chemically absorbed water (<O. 1 
wt%) as this introduces hydroxyl groups in the 
glass that can increase the Nd non-radiative decay 
rate 1111. This requirement can be quite trouble- ' 

some because of the inherent hygroscopic nature 
of some of the laser glass raw materials and the 
fact they are supplied as finely ground powders. 
The raw materials should be mixed in a dry at- 
mosphere and then delivered continuously to the 
melter with precautions to avoid water uptake. 

4.2. Melting 

The batch powder that enters the melter dis- 
solves in the molten glass and undergoes large- 
scale mixing driven by convection currents within 
the melter. Off-gas handling equipment collects 
any gas emissions from the melter (or other ves- 
sels) and treats the effluent to meet environmental 
regulations. 

Compared to silicate glasses, phosphate laser 
glasses generally melt in the range of 1O00-120O0C. 
Heat is supplied to the melter by electrical means 
because gas-fired heat sources increase the con- 
centration of hydroxyl groups in the glass. 

The lifetime of the whole melting system is 
governed by the dissolution rate of the refractory 
walls of the melter unit. Phosphate glasses tend to 
be relatively corrosive to most refractories; there- 
fore the choice of a proper refractory becomes a 
critical decision in the design of the melter system. 
This choice is made by comparing results from 

I 

m- sa, 

Fig. 5. Comparison of dissolution rata of various refractories 
with those for pure platinum (99.95%) in a metaphosphate laser 
glass melt (LG-750, see Table 3). Unless noted, all data are for 
melts in ambient air at 1300°C. 



348 J. H .  Campbell et al. I Journal of Non-Crystalline Solids 2636i264 (2000) 342-357 

lab-scale measurements of the dissolution rate of 
candidate refractories exposed to the molten glass 
composition over the range of temperatures of 
interest. Fig. 5 compares the dissolution rate of a 
range of typical refractories when exposed to a 
metaphosphate laser glass at 1300°C. Also shown, 
for comparison, is the corrosion rate of Pt metal 
under both oxidizing and reducing conditions; this 
will be discussed further in the next section. 'The 
dissolution rate of the refractory is usually not 
uniform over the whole area exposed to the melt 
but tends to be greatest at the three-phase region 
where the melt surface contacts the refractory [28]. 
The melter refractory material must be high purity 
so as not to significantly add impurities into the 
melt. This includes not only dissolved impurities 
such as transition metals or -OH groups 
[11,24,26], but also particulate material or, as 
commonly labeled, 'stones' [21]. Table 3 summa- 
rizes the observed dissolution properties for the 
same set of refractories whose wear rate is shown 
in Fig. 5.  

One advantage in melting phosphate glasses is 
that the dissolved refractory wall. material can 
generally be easily identified in the glass matrix. 
Therefore, by periodically analyzing the product 
glass for dissolved refractory material, one can 
continuously monitor the melter wear rate and, 
using a simple mass balance, estimate the l i e  re- 
maining in the melter. 

4.3. Glass conditioning 

All glass-processing sections beyond the melter 
(from the conditioner to the forming down-pipe, 

see Fig. 4) use platinum-lined vessels. In addition, 
all interconnecting pipes, stirrers, etc., are also Pt. 
The Pt purity is >99.95% and is refined and pro- 
cessed into the needed shapes at a precious metal 
fabricator. Platinum is used in the melter systems 
because of its low wear rate (Fig. 5 )  and because 
the small quantity of ionic platinum that is intro- 
duced into the melt ( 5  100-200 ppm) has a negli- 
gible effect on the laser glass properties. 

Apart from cost, the one major technical dis- 
advantage in using platinum is the possible intro- 
duction of Pt-metal inclusions into the glass. For 
many years Pt-inclusions limited the output flu- 
ence of glass lasers because the interaction of the 
laser light with the inclusions generates fracture 
sites within the glass [21,29-311. Processing con- 
ditions have since been developed that largely 
eliminated Pt-inclusions in phosphate glasses by 
controlling the redox state of the melt [32,33]. In 
fact, one of the major purposes of the conditioning 
unit is to adjust the redox state of the glass melt to 
increase Pt-inclusion dissolution. The redox state 
of the melt is controlled by addition of an oxidiz- 
ing gas. Because of the size and continuous flow of 
the glass through this system, it is generally most 
efficient to bubble the oxidizing gas through the 
glass melt. Studies of platinum dissolution rates 
under oxidizing conditions show that 02 [32,33], 
Clt [33], Clcontaining gases (e.g., CC4 1331, 
P0Cl3 [34]) or 02 in combination with these gases 
can dissolve Pt-inclusions. 

Bubbling gas through the glass melt has the 
added advantage of increasing the removal of 
-OH groups [35-381. In the case of a non-reactive 
bubbling gas (e.g., 02) the removal is achieved by 

Table 3 
Comparison of dissolution properties for various refractories exposed to a metaphosphate laser glass" at 1300OC [21] 

Refractory material Absorption at 1060 nm Wear rate (mm/h) Refractory inclusions 

Fused silica 3 0.28 f 0.03 Few 
Mullite 6 0.20 f 0.03 Few 
A2S (chrome) 15 0.1 1 f 0.02 Several 

(fused) 7 0.07 f 0.02 Several 
Sintered alumina 5 0.06 f 0.02 None 
Zircon (medium density) 4 0.02 f 0.01 Several 
Zircon (dense) 7 0.02 f 0.01 Few 
Zirconia (fused) 21 0.01 f 0.005 Many 

(10-3 m-1) ( f i )  

LG-750 (mol%): (55-6O)P205-(8-12)Al20~~13-17)K20-(10-15)BaO-(0-2)Nd2O3. 
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equilibrium between the -OH in the glass and 
H 2 0  in the bubble as described by the reaction. 

/ o  \ 0 0 
I1 II 

I I 
+ + H 2 O + P - O - P - ,  (1) 

0- 0- 
>where the OH equilibrium constant is propor- 
tional to the (PH20)'/' [39,40]. The data in Fig. 6 
are measured hydroxyl contents in LG-770 and 
LHG-8 glasses as a function of the water vapor 
partial pressure equilibrated with the glass. 
Equilibrium was achieved by bubbling an inert gas 
(02) containing water vapor at a !ked vapor 
pressure through the glass melt at the temperatures 
shown in Fig. 6. The hydroxyl content is given in 
terms of the -OH absorption coefficient at 3000 
cm-' 140,411. The slope of the data yields equilib- 
rium constants of 0.41 and 0.51 cm-1/Pa'/2 for 
LG-770 and LHG-8, respectively. 

Reactive gases, such as the chlorine-containing 
gases mentioned above, are more effective than 02 
because they react with the H2O generated at the 
bubble interface via Eq. (1) and form HCl. For 
example, in the case of C12, the governing reaction 
with H 2 0  is [42] 

2H20 + 2C12 2 4HC1+ 02. (2) 

The equilibrium constant, &, for this reaction, 
known as the reverse Deacon reaction [42], favors 
the products (i.e., & >> 1). Therefore the con- 
sumption of H 2 0  (ie., OH) is much greater than 
can be achieved with a non-reactive gas. More 
specifically, when an inert gas such as 02 is used to 
'dry' the glass then the factor limiting OH removal 
is the build-up of H2O within the bubble. As soon 
as the H20 level reaches equilibrium then a net 
mass transport of OH across the bubble interface 
stops. Furthermore, the smaller the OH content of 
the glass the quicker the bubble saturates and the 
less effective the drying process. On the other 
hand, a reactive gas such as Cl2 consumes H20 at 
the bubble interface greatly increasing the drying 
capacity of the bubble. Of course, the equilibrium 
constant for Fq. (2) still governs the amount of 
H20 consumed. 

Further details of platinum particle dissolution 
and dehydroxylation are discussed in later sections 

30- I I I -  
a) 

20 - - 

- 

1100 c 
Kq = 0.51 cm-'l(Pa)'" 

I 
0 20 40 60 

(water vapor pressure)'" (Pa)'" 

1 LGTIO 

K, = 0.41 cm-"I(Pa)'R 

0 20 40 60 80 

(water vapor pms~um)'~ (Pa)'" 

Fig. 6. Equilibrium hydroxyl content in (a) LHG-8 and (b) LG- 
770 metaphosphate laser glasses versus 6 at melt tem- 
peratures of 1100°C and 1300"C, respectively. The OH content 
is expressed in terms of the measured absorption coefficient at 
3000 cm-1. 

because of their critical importance to the pro- 
duction of phosphate laser glasses. 

4.4. Refining, homogenization, and forming 

The molten glass from the conditioning unit 
then flows to the reliner section where the tem- 
perature is elevated to reduce the glass viscosity 
and thereby increase the bubble rise velocity to 
promote bubble removal. This glass process, 
known as refining, is described in the literature 
(see, for example [22]). 

The bubbles reach terminal velocity (ut) which is 
governed by a balance of forces due to buoyancy 
and viscous drag, and at steady state is described 
by the Stokes equation [43] 
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Vf = g ( P ,  - P b ) d m L  (3) 

where q is the glass viscosity (poise), db the bubble 
diameter (cm), g the acceleration due to gravity 
(980 a d s 2 ) ,  and P b  and pg is the density (g/cm3) of 
the gas in the bubble and the liquid, respectively. 
Phosphate glasses tend to have much lower vis- 
cosities at a given temperature than silicates 
(Fig. 7) with the result that bubble rise velocities 
are comparatively larger. Bubbles, in most cases, 
are not a problem in continuous melting of phos- 
phate laser glasses. 

The glass from the refiner next enters the ho- 
mogenization section where Pt stirrers thoroughly 
mix the glass to achieve the part-per-million index 
homogeneity required for laser applications. Just 
as in the discontinuous process, the temperature of 
the homogenizing section is reduced to adjust the 
glass viscosity to give the desired flow properties 
needed to form a wide (-50 cm), thick (-5 cm), 
homogeneous strip of glass. 

The combined width, thickness, and length 
of the glass strip produced during the forming 
operation is greater than any optical glass pro- 
duced prior to continuous laser glass melting de- 
velopment. The technology used to ‘form’ (i.e., 
cast) the glass into a homogeneous continuous 
strip is proprietary and will not be discussed fur- 
ther here. 

4.5. Coarse annealing 

Once successfully formed, the cast strip moves 
via a conveyer belt through a long (25-35 m) 
coarse annealing oven where the temperature is 
ramped down at a rate to avoid generating unac- 
ceptable thermal stresses in the glass. The coarse 
annealing step is typically much more of a chal- 
lenge for phosphate laser glasses than other optical 
glasses because phosphate glasses have high coef- 
ficients of thermal expansions and low fracture 
toughnesses (Table 1). For example, compared to 
common commercial silicate optical glasses (e.g., 
BK-7 [44] or BSC-7 [45]), the thermal expansion 
coefficient of phosphate laser glasses is nearly twice 
as large and the fracture toughness only one-half 
as large. Therefore, the thermal shock resistance 

Fig. 7. Viscosity versus temperature for a typical silicate (solid 
line) and phosphate (dashed line) glass. 

[1 11 of the phosphate laser glass is only about one- 
fourth that of BK-7, and the probability of frac- 
ture during coarse annealing and other post-pro- 
cessing steps becomes proportionally greater. 

At the end of the coarse annealing oven, the 
continuous as-cast strip is cut into pieces that are 
then individually processed to give the desired la- 
ser glass plate. 

4.6. Glass processing after melting 

There are four laser glass processing steps after 
melting: (1) final annealing, (2) optical metrology, 
(3) fabrication into prefinished blanks, and (4) 
cladding and h a 1  finishing. The first three steps 
are carried out at the glass manufacturers (Schott 
and Hoya) and the last step at an optical glass 
finishing company. The order in which various 
inspection, annealing, and fabrication steps are 
carried out may vary and depends on how each 
company has chosen to optimize their process. 

The specified optical homogeneity and residual 
stress-induced birefringence of the laser glass re- 

* 
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. quire that it be annealed a second time at a much 
slower rate. During this second annealing step, 
called ‘ b e  annealing’, the glass plate is reheated 
to a temperature near the glass transition tem- 
perature (-450-500”C, see Table 1) and then 
slowly cooled over a period of several weeks 
( 2 25 days). Under these conditions the thermal 
gradients across the plate are small enough that 
residual stresses, as measured by the stress in- 
duced birefringence, are less than 5 nmlcm across 
the optic. 

The laser glass must meet a given set of optical 
and laser performance criteria that are measured 
on each plate. Perhaps the four most important 
properties are: (i) index homogeneity, (ii) absorp- 
tion loss at the laser wavelength, (iii) residual -OH 
content (specified by a maximum allowed absor- 
bance at 3000 cm-I) and (iv) platinum-inclusion 
content. The latter two are discussed in more detail 
in Sections 5 and 6, and the absorption loss is 
measured using standard spectroscopic transmis- 
sion methods and thus is not discussed here. In- 
stead we briefly discuss the index homogeneity 
measurements. 

In the absence of residual stress, the homoge- 
neity of the glass, as measured by variations in the 
refractive index (An) is <f2 x The refractive 
index homogeneity of the glass is specified in terms 
of an allowable aberration in transmitted optical 
wavefront. This is measured directly on a 61 cm 
aperture, phase interferometer (Veeco Metrology). 
The interferometer measures the spatial variation 
in the phase of the transmitted wavefront that, in 
turn, is related to the refractive index homogeneity 
by 

(4) 

where At$(x,y) and An(x,y) are the spatial varia- 
tion in phase (radians) and refractive index, re- 
spectively, when measured at wavelength, A (m), 
using a glass of thickness, t (m). The magnitude 
of the allowed phase variation due to the glass 
inhomogeneity is usually expressed in terms of 
either the common set of optical aberrations 
(sphere, coma, astigmatism) or the set of or- 
thogonal Zernike polynomials [46]. Note that in 
addition to specifications on the absolute magni- 

tude of the phase error, there is also a limit on the 
magnitude of the phase gradient (i.e., 64/6x,  
b+/by). Measurement of glass index homogeneity 
is carried out in a fashion that eliminates phase 
error contributions from the front and back sur- 
faces. 

4.7. Cladding and finishing 

Each laser glass plate is eventually edge-clad 
with an index-matched glass containing a dopant 
ion (Cu2+) at a concentration sufficient to produce 
an absorption coefficient of 0.28 cm-I at 1054 nm 
[47]. The purpose of the cladding glass is to absorb 
emission from the spontaneous fluorescent decay 
of excited-state Nd3+. These spontaneously emit- 
ted photons are amplified as they travel along the 
length of the glass plate either near the surface or 
by total internal reflectance. If these rays are not 
suppressed by a non-reflecting (Le., index mat- 
ched) edgecladding then they can lead to parasitic 
laser oscillations which effectively deexcite the 
entire glass plate [47,48]. 

The cladding glass is produced using standard 
continuous strip melting operations in a separate 
melting system to avoid crossantamination of 
the Cu2+ dopant into the laser glass. Nearly 20 
metric tons (14000 pieces) of cladding glass are 
needed to clad the roughly 3500 glass plates 
needed for the NIF laser system. 

The cladding is bonded to the edges of the laser 
slab using a custom-formulated, index-matched, 
amine-cured epoxy [47]. The adhesive strength of 
the phosphate glass-to-epoxy bond is increased by 
use of a silane coupling agent [49]. Care is taken to 
avoid particulate (dust) contamination in the ep- 
oxy or on the bonded glass surfaces to eliminate 
sites for optical damage. Details of the cladding 
process are described elsewhere [47]; the process 
has been further developed so that glass plates can 
be automatically cleaned and clad using a combi- 
nation of continuous and semiantinuous pro- 
cessing steps. 

The cladding operations are the first step in fi- 
nal finishing. Once the cladding has been applied, 
the slab surfaces are ground and polished to 
achieve the overall transmitted wavefront quality 
needed for the laser. 
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5. Dissolution of damage-causing Pt-inclusions 

The operating fluence and irradiance of the 
megajoule scale lasers will be larger than any cur- 
rent laser system. Peak fluences in the laser glass 
will approach 18-20 J/cm2 with a peak irradiance 
of about 5.0 GW/cm2 [8]. To avoid optical damage 
the laser glass must be free of defects, specifically 
microscopic inclusions (either metallic or ceramic) 
left from the melting process. The most common 
inclusion source is metallic Pt-inclusions from the 
Pt-lined vessels used in the melting system [21]. 
Prior to about 1988, Pt-inclusion damage repre- 
sented the major source of damage in laser glass 
used for peak-power application. However new 
processing methods have been developed that re- 
duce the Pt-inclusion concentration by more than 
lo00 fold to <0.1 per liter [32,33]. 

The process for eliminating Pt-inclusions relies 
on the intrinsic property of many phosphate 
glasses to dissolve Pt metal under oxidizing con- 
ditions. Rindone and Rhoads [SO] and Ryder and 
Rindone [Sl] were the first to report increased 
platinum dissolution in phosphate glasses with the 
addition of 02 and Cl2. Izumitani et al. [34] have 
reported the use of gaseous POC13 as an oxidizing 
additive, and Campbell and co-workers [21,32,33] 
studied the effects of 0 2 ,  C12, CC4 and Nd02 
mixtures. The rate of Pt dissolution follows the 
approximate trend [21,33]: 

c12+022ccl4+02z02=c12 

> N2 + 0 2  + C4 > N2 + 0 2  >> N2. 

The measured rate of platinum dissolution at 
1100°C as a function of both O2 partial pressure 
and different gas additives, based on data from 
Campbell et al. [21], is shown in Fig. 8. 

The proposed reactions [32,33] governing Pt 
dissolution in either 0 2  or C12 containing additives 
are 

( 5 )  

n 
Pt' + ?02 + Pt"+ + n 0 2 - ,  

2 

(7) 
n ~ t "  + 3C12 + Pt"+ + nCl-. 

In the absence of O2 (or Cla) as gas additives, the 
oxidation is controlled by the equilibrium oxygen 
fugacity of the glass melt. 

Ionic platinum gives the glass a slight yellow 
color due to its optical absorption below 450 nm. 
Correlation of ionic platinum content with the 
absorption at 400 nm has been reported [21] 

[Pt"'] = k ~ 1 4 ~  - 1.6, (8) 

where [Pt"'] is the ionic platinum content in the 
glass (ppmw), a400 the absorption coefficient 
(cm-') at 400 nm, and k is an empirically derived 
constant with a value of 855 ppmw Pt/cm-' for 
LHG-8, LG-750, and LG-770 laser glasses [21]. 
Therefore values for the optical absorption of the 
product glass at 400 nm provide a measure of the 
degree of platinum dissolution during continuous 
melting. 

The first published Pt solubility study was by 
Ryder and Rindone [51] on lead-alkali silicates, 
phosphates, and borates who report that the sol- 
ubility follows the trend: phosphates >> 
borates > silicates. The work by Ryder and Rin- 
done [51] combined with the more recent work 
by Izumatani et al. [34] show the effects of glass 
composition on platinum solubility follow 
the trend: phosphate > silica-phosphate >> fluoro 
phosphate x borates > silicate [34,51]. Izumatani 
et al. [34] results are based on solubility measure- 
ments using LHG-5 and LHG-8 (phosphates), 
HAP-3 (silicophosphate), LHG-10 (fluorophos- 
phate) and LSG-91H (silicate). In another study, 
Hayden et al. [52] examined the effects of the 
A1203 concentration in phosphate glasses on Pt 
solubility. They chose three commercial phosphate 
laser glasses (LG-770, LG-760 and APG-I) each 
having different A1203 content. The effects of alu- 
mina were studied because it is a common modifier 
added to improve thermal-mechanical properties 
and chemical durability [l 11. These researchers [52] 
report that the Pt solubility decreases as the Ah03 
content increases. The effects of A1203 on Pt sol- 
ubility tend to parallel those reported by Izumitani 
et a1 for SO2 in phosphate glasses [34]. The com- 
positions of LHG-8 and LG-770 (Table 1) have 
been selected in part because of their Pt solubility 
properties under oxidizing conditions. 

A model for Pt-inclusion dissolution has been 
reported [53]. When the temperature is sufficiently 
high, mass transport (molecular diffusion), rather 
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Fig. 8. Platinum dissolution rate in the metaphosphate laser glass, LHG-8 at 1200°C as a function of (a) 02 partial pressure, and (b) 
type of chlorinated gas additive in various 02 + N2 gas mixtures. 

than reaction kinetics, dominates the dissolution 
process. The time to dissolve a Pt-inclusion can be 
approximated by the simple expression 

where fd is the dissolution time (s), pi the inclusion 
material density (19 g/cm2 for Pt), ro the initial 
inclusion radius (cm), M the gram-atomic weight 
of Pt, and D is the Pt-ion diffusion constant 
(cm2/s). C, and Co refer to the Pt-ion concentration 
(g/cm3) at saturation and measured in the melt, 
respectively; C, is about 1100 ppmw Pt"+ at 
1100°C in LHG-8 [53] and CO is determined from 
Eq. (8). The diffusion constant for Pt"+ in LHG-8 
laser glass has been estimated to be about lop7 
cm2/s at 1100°C [53]. 

The dissolution of platinum-inclusions is more 
difficult in continuous than discontinuous melting 
because of the variable melt residence time. In the 
discontinuous process the entire glass melt sees the 
same process time whereas in a continuous melter 
the glass experiences a distribution of residence 

times. The residence time distributions depend 
entirely on the properties of the fluid and the ge- 
ometry and degree of mixing within the melter. 
Therefore, to insure complete Pt-inclusion disso- 
lution in a continuous melter requires vigorous 
addition of oxidizing gas. 

In most cases a small number of inclusions can 
be tolerated if the size of the inclusion is small 
(<5 pm) and the laser-induced damage (Le., frac- 
tures) they produce does not exceed 300 pm. In- 
spection methods have been developed and put 
into production to scan each piece of laser glass 
with the output from a pulsed laser and measure 
the size of any damage site generated at fluences 
between 7 and 14 J/cm2 (laser pulse length -8 ns) 
[54]. These fluences are similar to those the glass 
sees in operation on the megajoule laser [8]. 

6. OH removal from phosphate laser glasses 

As discussed in Section 4.3, phosphate glasses 
react with water vapor forming chain terminating 
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CL 

UquM 
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hydroxyl groups at equilibrium concentrations 
that vary as & (see Fig. 6). These hydroxyl 
groups increase the rate of non-radiative decay of 
Nd3+ from the upper 4F3,2 laser level [l 11 and thus 
adversely affect laser performance. 

The gases added to promote Pt-inclusion dis- 
solution can also increase the removal of residual 
hydroxyl groups in the glass. The reduction of 
-OH in the glass by addition of either inert or 
reactive gases has been the subject of numerous 
studies (see, for example [35-38,55-571). In par- 
ticular, the addition of chlorine or chlorine-con- 
taining compounds is a welldocumented method 
for OH removal in silicate and phosphate glasses 
[36,38,40,55,56]. 

We have developed a computer model that de- 
scribes the removal of OH groups from phosphate 
laser glass using either an inert (e.g., 02, N2) or re- 
active (e.g., C12) gas employing reaction equilibrium 
and mass transfer constraints (Fig. 9). The model is 
based on a time-dependent, onedimensional bub- 
ble column formulation [58] and is designed to cal- 
culate glass dehydration for either discontinuous 
or continuous melting operations involving one or 

Bulk Gas Phase 
CG 

Bulk gas 
w- 

J c; 

Gas transporl 
(fast) 

c) 

Llauidaas interface 

Surface interface 

surface tiactions 

more interconnected processing tanks and one or 
more dehydrating bubble columns. 

6. I .  Equilibrium chemistry and mass transport 
governing dehydration 

The model treats the dehydration process by a 
combination of mass transport and chemical 
equilibrium. This process was discussed in Section 
4.3. The transport step involves the diffusion of a 
water carrying component (-OH) from the inte- 
rior of the glass liquid to a liquidvapor interface. 
This interface may occur at the exposed top sur- 
face of a melt or at a bubble surface for the case in 
which bubbling through the melt is employed. At 
the interface, the model uses Eq. (1) as the gov- 
erning reaction with the -OH in the liquid in 
equilibrium with water in the vapor phase ac- 
cording to the equilibrium relation 

where Kw is the equilibrium constant ( l/(moVm3)), 
Cg~,O the water vapor concentration in the gas 

1 Gas outlet 

Liquid 
(inlet or outlet) 

Gas inlet 
I 

Gaslliquid 
interfaces 

Liauid 

Gas inlet 

Fig. 9. Physical representation of the numerical model for OH removal using gas bubbling through a phosphate glass melt. The model 
treats bubbling using both inert and reactive gases. 
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phase (mourn3) and CmoH the OH concentration in 
the melt (mourn3). 

In the presence of chlorine we add the addi- 
tional vapor phase equilibrium given by Eq. (2). 
As written, Eq. (2) is known as the reverse Deacon 
reaction [42], and chlorine acts to dehydrate 
the vapor phase (e.g., bubble). It is assumed that the 
bubble contents are held near equilibrium for 
the reverse Deacon reaction that has an equilibri- 
um constant given by 

where the square brackets denote species concen- 
trations (mourn3) and & is the equilibrium con- 
stant that has a value of 5523 and 9871 mourn3 at 
1150OC and 1250°C, respectively [42]. These rela- 
tively large & values lead to low values of water 
vapor in equilibrium mixtures. As a consequence, 
in system containing chlorine in the bubbling gas, 
the concentration gradient that controls the rate of 
mass transfer across the liquidgas interface re- 
mains high. In contrast, in systems where only 
oxygen is present the bubbles tend to reach water 
vapor saturation because of the equilibrium im- 
posed by Eq. (1). In this case, the concentration 
gradient for transport of OH is smaller and the 
dehydration rate is correspondingly slower. 

Mass transport across the bubble interface is 
computed by using an effective transport parame- 
ter, (M), which is the product of the mass transfer 
coefficient, k, and the interfacial area, A. Deckwer 
[59] has proposed a correlation for mass transfer 
that can be employed over a range of bubble flow 
conditions; we have used this correlation in model 
simulations of bubble column dehydration in both 
discontinuous and continuous melting. 

The dehydration model has been used to predict 
dehydration levels for both discontinuous and 
continuous melting processes; in Fig. 10 the com- 
puted relative OH levels are compared to mea- 
sured levels in the product glass from both melting 
processes. The continuous melting data represent 
operating regimes for which the bubbling flow rate 
and C12 content differed by more than 10 times and 
thus is a good test of the model. The ability to 

0 0.2 0.4 0.6 0.8 1 .o 
Relative OH concentration-measured 

0.2 0.4 0.6 0.8 1.0 
Relative OH concentration-measured 

Fig. 10. Comparison of measured versus predicted OH con- 
centrations in glass produced by (a) small-scale ( 4  E)  discon- 
tinuous melts and (b) production-scale continuous melting 
operations The solid circles are 1W/o oxygen bubbling only, 
while open circles represent bubbling with oxygen and variable 
amounts of chlorine (<50%). 

predict the dehydration in both discontinuous and 
continuous melts confirms that the basic model 
assumptions capture the primary physics and 
chemistry involved in dehydration of phosphate 
glass by gas bubbling. 

7. Summary and conclusion 

Continuous melting has been used for the first 
time to prepare meter-scale plates of Nddoped 
phosphate laser glass. Two laser glasses have been 
successfully manufactured using this process: 
LHG-8 and LG-770. 
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To meet the laser performance criteria, the glass 
must have high-optical quality (An < 2 x be 
free of Pt-inclusions, and have only trace amounts 
of hydroxyl group contamination. The latter two 
specifications require special processing features in 
the continuous melter system, in particular the 
addition of oxidizing and chlorine-containing 
gases into the glass melt. 

Platinum inclusions are removed by dissolution 
in the melt under oxidizing conditions; the time to 
dissolve Pt-inclusions increases as the square of the 
inclusion diameter. The rate of Pt dissolution is 
highest with the use of a C12 and 02 mixture. 

The measured equilibrium OH content in the 
glass depends on the square root of the sur- 
rounding water vapor pressure as expected from 
simple reaction equilibrium. The equilibrium con- 
stant has an approximate value of 0.41 cm-'/& 
at 1300°C in LG-770 and 0.51 cm-'/& at 
1100°C for LHG-8. 

A computational model is used to simulate de- 
hydroxylation of the laser glass using either reac- 
tive gas (e.g., Cl2) or inert gas (e.g., 02) bubbling. 
The model accurately predicts OH removal during 
both discontinuous and continuous melting oper- 
ations of both LHG-8 and LG-770. 
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Abstract 

The composition and properties of neodymiumdoped (Nd-doped) phosphate glasses used for simultaneous high- 
energy (103-106 J) and high-peak-power (1012--1015 W) laser applications such as fusion energy research, are reviewed. 
The most common base glasses are meta-phosphates (OP -3) with the approximate composition: 60P2O5-l0Al2O3- 
30M20/MO; WBa or WMg are typical modifiers. The spectroscopy of Nd3+ in these glasses is well understood and 
laser properties can be accurately determined from measured spectroscopic properties. The major mechanisms for Nd3+ 
non-radiative relaxation are reviewed and empirical expressions are presented that predict these effects in phosphate 
glasses. Optical and thermal-mechanical properties have been measured on a number of laser glasses and can be 
correlated with composition. Subcritical crack growth rates in stress regions I, I1 and I11 have been reported for the 
first time in phosphate laser glasses. The mechanism for Pt inclusion formation and dissolution has been studied leading 
to damage resistant (FY-inclusion-free) laser glasses. 0 2000 Elsevier Science B.V. All rights reserved. 

1. Introduction Unfortunately, space prohibits us from review- 
ing the many developments of phosphate laser 
glasses using other rare-earth dopants or those used 
for fiber optics and wave-guided structures; the 
reader is referred to recent reviews and articles by 
others in this field (see for example [9-181). Simi- 
larly, in the past there have been several excellent 
reviews of earlier work on both phosphate and non- 
phosphate laser glasses (silicates, borates, fluorides, 
fluorophosphates, aluminates, germanates, chalc- 
ogenides and sulfates) [16,19-291 and as a conse- 
quence that material is not covered here. 

The manuscript is organized in sections dealing 
with key properties of laser glasses; the main ex- 
ception is the brief review in Section 2 of the 
compositional space that has been studied during 
the development of Nd:phosphate laser glasses. 
Where possible the results are presented in a for- 
mat that should be useful to both glass researchers 
and laser engineers for estimating key performance 
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properties of laser glasses. In addition we attempt 
to show why the laser glasses in wide use on multi- 
kilojoulelmulti-terrawatt lasers have evolved to a 
specific set of metaphosphate compositions. 

2. Phosphate laser glass composition development 

Fig. 1 is a ternary composition diagram for the 
P205-(A1203,RE203)-(M0, M20) system showing 
the range of laser glasses that have been studied as 
well as the specific compositions of several com- 
mercial laser glasses produced today. Note that 
most of the commercial glasses lie near the line 
representing the metaphosphate join and have the 
approximate molar composition 60P20~-10&03- 
30M20/M0. Nd is added to this base composition 
at concentrations of about 0.2 mol% (-5 x lOI9  
ions/cm3) for laser rods and up to 2 mol% 
(4 x lo2’ ions/cm3) for disks and plates [8,30,31]. 

The compositions of the three most widely used 
commercial metaphosphate laser glasses, LG-750, 
LHG-8 and LG-770, have recently been reported 
for the first time [7]: LHG-8: (56-60)P20548- 
12)Al2O3-(l3-17)K20-(10-15)BaO-(0-2)Nd2O3, 

(10-15)Ba0+-2)Nd203 and LG-770: (58- 

(&2)Nd203. The compositions are reported as 
ranges to account for variability due to doping and 
melting methods and protect certain proprietary 
aspects of the compositions [7]. Nevertheless, as 
discussed later in this manuscript, the laser, optical 
and physical properties of these three glasses are 
quite similar (+10%) suggesting that over these 
minor ranges in composition (and modifiers) the 
laser glass properties are largely unchanged. The 
reasons these specific modifiers and compositions 
make good laser glasses is discussed in several of 
the later sections. 

LG-750: (55-60)P~0~-(8-12)A1~0~~13-17)K~0- 

62)P~O~-(6-lO)Al~O~-(20-25)K~O-(5-lO)M~O- 

‘2’5 

0.6 0.4 
0 0.1 0.2 0.3 0.4 0.5 0.6 

N 2 0 3 ,  RE203 M20 + MO 
Fig. I .  P~O~-Al2O~,RE20~-MO/M20 composition diagram showing both research and commercial laser glass compositions. The 
sources for the research samples are given in Table 1; the compositions for the commercial glasses are from chemical analyses by the 
authors. 
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Table I 
Systematic composition studies of Nd phosphate laser glasses 
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Composition space Fixed components Varied components Source 
- P~OS-AI~O~-M.~O [321 

P205-AI203-M,O AI P, Na, Li, K, Cs, Mg, Ca, Ba t34,351 
P~OS-AI~O~-M~O-MO AI P, Na, Li, K, Ba (361 
P205-Al203-MzO-MO P, AI, Li, Na, Ba, Ca [371 
P205-9~03-M~O-MO P, B, K, Na, Li, Ba, Sr, La [381 
P205-Al203Si02 P, AI, Si [321 
P20s-Nd203-Si02 P, Nd, Si [321 
P205-Si02-Li+AI203 P, Si, Li, AI [321 

P~O5-A120~-Ln205-M20 Li, K, Nd, La, P, AI 14 11 
P2O5-AI203-Na2O-MO P, Na AI, Mg, Ca, Ba [421 

P, AI, Li, Na, K, Mg, Ca, Sr, Ba, Zn, Pb 

- 

- 

- 

- 

- 

P205-A1203-M2O-MO P, AI Li, K, Na, Mg, Ca, Ba [391 
P2O5-AI2O3-NaZO-MO P, AI Na, Mg, Ca, Ba t401 

[431 Pz05-AI203-MO-M20 - 

P20j-AI203-M20 P Li, Na, K, Rb, Cs [441 
P2O5-AI2O3-SiO2-K~0 P, K Si, AI (441 
P205-Al~03-M~O-MO PO231 
P205-Sr0-K20 Sr P, K [451 
P~OS-K~O-B~O~-MO K, Ln Sr, Ba, B, P 1451 
P~O~-K~O-LII~O~-Y 2 0 3  K, Ln, Y P [451 

- 

Be, Mg, Ca, Sr, Ba, Li, Na, K, Rb 

- AI, Be, Mg, Ca, Sr, Ba, Cd, Li, Na, K, Rb 

A number of systematic composition studies of 
phosphate laser glasses have been carried out. 
Unfortunately, these cannot all be represented in 
the single ternary diagram shown in Fig. 1. Instead 
we summarize many of these in Table 1. One of the 
most important systematic composition investiga- 
tions is that reported by Toratani [32]. He exam- 
ined not only laser properties but other key glass 
properties for the composition series P20+U203- 
(M20, MO) with M=Li, Na, K, Mg, Ca, Sr, Ba, 
Zn and Pb. In addition, his compositions span the 
ultraphosphate to polyphosphate composition re- 
gion. Also included in his work is an exploration 
of the P2Os-SiO2-Al203, P20s-SiO2-Nd2O3 and 
P2Os-SiO2-Al203-Li2O glass forming systems. 
The latter system yielded a lithium silicophosphate 
glass with acceptable laser properties and much 
improved thermal shock resistance that was a fore- 
runner of commercial glasses for high-average- 
power (HAP) applications [33]. 

Many composition studies [20,23,32,4345], 
correlate variations in glass properties with 
modifier additions using the cation electric field- 
strength parameter [46J Hayden et al. [39] ex- 
tended this to include a compositionally averaged 
field strength that summed the contributions of the 
individual modifiers into one 'effective' field 
strength. They [39] were able to successfully cor- 

I 

relate laser, optical, thermal and mechanical 
properties with the effective field strength param- 
eter for a range of modifiers. 

Although there is generally a variation in the 
M+ or M2+ modifiers used in laser glasses, the M3+ 
modifier is nearly always A13+. Thus the role of 
AI3+ in metaphosphate laser glasses has been a 
subject of much interest. This interest is because 
A13+ not only affects thermal-mechanical proper- 
ties but also laser properties [20,32,47]. The most 
authoritative study of effects of A13+ in phosphate 
glass structures is the work of Brow et al. [48-501. 
They showed that physical property changes ob- 
served with addition of A1203 are predominantly 
due to cross-linking of the long metaphosphate 
chains by A13+ in octahedrally coordinated sites 
(Al(OP)6) [49,50]. This cross-linking is in contrast 
to the earlier-held view that the Al formed a three- 
dimensional network via the weaker tetrahedral 
Alp04 units. Also, A13+ in the octahedral sym- 
metry is the only form observed for ,< 12.5 mol% 
Al203 additive; at larger concentrations 4- and 5- 
fold coordinated Al are detected [50]. It is inter- 
esting that the optimum A1203 composition used 
in most commercial laser glasses is in the same 
6 12.5 mol% range (see Fig. 1). 

Raman [32,51-541 and NMR [55-60] spectros- 
copy continue to be used to investigate phosphate 
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glass structures and many of these studies span the 
compositional region of interest for laser glasses 
(specifically, metaphosphate glasses). Unambigu- 
ous assignments have been made for many Raman 
bands such that these bands can now be used as a 
routine tool for structural investigations [54,61]. In 
one of the few Raman spectroscopy studies of just 
laser glasses, Toratani [32] and Izumatani et al. 
[62] reported spectra for each of the glasses in a 
systematic study of the P2O5-Al2O3-M0(M20) 
composition space. Toratani used the data pri- 
marily to relate measured Nd3+ multi-phonon de- 
cay rates (from the 4F3/2 level) to the most 
energetic phonon modes observed in a specific 
glass. Little structural interpretation has been 
given to his data although the Raman spectra 
show variations in band structure with changes in 
glass composition. Similarly, a number of glass 
structure studies using 31P in combination with 
"Al, 29Si, 'IB, 7Li and 23Na MAS NMR have been 
reported for phosphate glasses in general and 
metaphosphates in particular. Kirkpatrick and 
Brow have recently reviewed this work [60]. 

3. Laser properties derived from Nd spectroscopic 
measurements 

The laser properties of Nd in a glass host are 
determined by the Nd3+ spectroscopic properties. 
In this section, we review recent research on Nd- 
spectroscopy in phosphate glasses and its relation 
to laser performance. 

The electronic spectra of rare earths in crystalline 
and glass matrices has been the subject of investi- 
gation for more than 40 years. The excellent text by 
Powell [63] is perhaps the most recent authoritative 
account of the spectroscopy of transition metal and 
rareearth lasant ions in crystalline and amorphous 
matrices; the reader is referred to this text and the 
references cited therein for further details. 

The neutral Nd atom has the outer electronic 
configuration 4f46s2 which, when incorporated in 
the glass gives Nd3+ with the ground electronic 
configuration 4f3. The energy levels associated 
with the Nd3+4f3 configuration are determined by 
the well-known, multielectron atom Hamiltonian 
[63,64] (Fig. 2): 

The terms inside the parentheses are sums of the 
individual (discrete) hydrogen-like kinetic and 
potential energy contributions summed over all n 
electrons of charge, e and mass, m. The electrons 
lie at distances, T i ,  from the shielded nucleus that 
has an effective nuclear charge, eZeR. The next 
term, HcoUl, accounts for the pair-wise electron 
coulombic repulsions where the restriction on i 
prevents double counting and rij is the pair-wise 
interelectronic separation. The third term, Hso, 
describes the electron-spin and orbital-angular 
momentum interactions, where I is the multi- 
electron spin-orbit coupling constant. Finally, the 
last term, HCF, describes the electron perturba- 
tions, Vci, caused by the surrounding crystal field, 
where Vci is dependent on all three spatial coor- 
dinates (I, 8, 4). In general for Nd3+ in glass the 
magnitude of the various interactions described by 
the Hamiltonian in Eq. (1) are [63] 

The crystal field interaction (H,-F) is quite small 
because the rare earth 4f orbitals well shielded by 
the overlying 5s2 and 5p6 shells and therefore the 
states arising from the 4f" configurations are only 
mildly affected by their surroundings [63,65]. The 
magnitude of the crystal field splitting for rare 
earths in glasses and crystals is of order 100 m-' 
(Fig. 2) and thus approximates kT at ambient 
temperatures (200 an-'). In addition, in most 
glasses, including phosphates, the Nd ions reside in 
sites of low symmetry (C , )  with each site having a 
slightly different crystal field interaction [63]. 
Therefore the Stark splittings associated with the 
crystal field perturbations cannot be individually 
resolved. This lack of resolution is represented in 
Fig. 2 by using broad, shaded bands to represent 
the site-to-site variation in the crystal field Stark 
splitting. 
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The single-electron spin-orbit coupling con- 
stant is large for Nd, being a value of 884.6 cm-' 
[64]. This large coupling constant is important for 
the laser performance of Nd3+ in that the J-state 
immediately above the ground state remains vir- 
tually unpopulated at ambient temperatures. The 
energy gap between the 4F312 state and the termi- 
nal 4I states, combined with the thermal isolation 
of the terminal laser levels from the ground state 
(see Fig. 2), gives Nddoped materials their four- 
level lasing properties [66]. 

Fusion laser systems use the broadband output 
from a flashlamp to pump the large-aperture, Nd- 
doped glass laser amplifiers [67,68]. The typical 
spectral overlap of the output from a xenon 
flashlamp with the Nd3+ absorption (Le. 'pump') 
bands is shown in Fig. 2 [30]. Beach et al. [69] have 
recently developed a unique diode-pumped glass 
rod amplifier for use in the smaller preamplifier 
systems of a fusion laser system. This amplifier 
uses a diode-bar array operating at 808 nm (12 400 
em-') and a unique lens duct to transport the di- 
ode output to the glass rod; the diode pumps the 
419/2 to 4F5/2,2H9/2 transition (see Fig. 2). This di- 
ode pumped glass amplifier has been demonstrated 
using rods, 5 mm dia. x 50 mm long, of phosphate 
glassdoped with 4 x 1019 Nd ions/cm3 [70]. 

The states above the 4F3/2 level are split by 
energies of order 1000 crr-I (Fig. 2). These ener- 
gies are similar to the phonon energies of the glass 
matrix (-1 100-1200 cm-' for phosphates [32,71]) 
and therefore electrons excited to these levels relax 
by non-radiative multi-phonon processes. As a 
result, the electrons excited to these upper bands 
cascade down to the 4F3/2 state where they become 
'bottle-neck@. This bottle-neck is a result of the 
large energy gap (-5500 between the 4F3/2 
state and the lower-lying 4I manifold (Fig. 2). The 
phonon coupling for this magnitude energy gap is 
poor and therefore radiative relaxation dominates 
[71]. Radiative transitions can occur to all the 
lower lying 41J levels but the transition of greatest 
interest is the one to the 4 1 ~ 1 / 2  level; this laser 
transition produces output radiation near 1053 nm 
in most phosphate glasses [23,30,66]. 

The electrons terminating in the 4111/2 state 
undergo non-radiative, multi-phonon decay to the 
ground state. This decay process must be fast 

compared to the pulse length of the laser for Nd3+ 
to operate as a four-level system. Bibeau et al. [72- 
741 have recently determined the decay rates from 
the 4111,2 to the 419/2 ground state in several Nd- 
doped laser glasses using different measurement 
techniques. They report lifetimes between 250 and 
450 ps for three commercial phosphate laser 
glasses (LG-750, APG-1 and APG-2). These decay 
times are such that they can affect laser perfor- 
mance for pulse-lengths less than 1 ns; Bibeau et al. 
[74] present a model that can be used to predict 
these performance effects. The megakilojoule la- 
sers used for fusion energy research will operate at 
nominal pulse-lengths between 1 and 20 ns [l] and 
thus the performance should not be affected by the 
Nd3+ terminal level lifetime. 

Payne and Bibeau [75] have extended this work 
to include measurements of the non-radiative de- 
cay rate from the 4G7/2 to (4G5/2, 2G7/2) state. 
These measurements were carried out on the same 
set of glasses (and some crystals) as used in the 
previous study [72]. The reason for studying this 
particular transition is that the energy gap is sim- 
ilar to that between the 4 1 1 ~ / 2  to 419/2 levels. In 
addition, the decay rate is more amenable to direct 
measurement. The measured rate of decay from 
the 4G7p state correlates to within about 15% with 
that measured for the 4111,,2 state. 

Payne and Bibeau [75] analyze their data using 
the Forster [76] and Dexter [77l theory for dipole- 
dipole energy transfer, treating the Nd ions as 
donors and the phonons as energy acceptors. 
From this theory they independently derive a form 
of the well-known energy gap law in which they 
separate the information regarding the host and 
rare earth (Nd3+) into the exponential and pre- 

To predict the performance of a laser amplifier 
containing a given Nd-doped glass medium re- 
quires knowledge of the Nd3+ laser properties for 
the particular glass (e.g., emission cross-section, 
radiative lifetime, etc.). In a classic paper, Krupke 
[78] showed how these laser properties can be ac- 
curately estimated for a given glass from measured 
Nd3+ absorption and emission spectra. Krupke's 
method, based on the Judd-Ofelt (J-O) treatment 
[79,80] of spectral intensities for trivalent rare 
earth ions, provided glass chemists with a means of 

exponential factors, respectively. : 
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assessing key laser properties using straightfor- 
ward spectroscopic measurements on glass sam- 
ples from small-scale test melts. As a result, a large 
number of glass composition studies followed (e.g. 
[23,25,27,28,32,39,81]) and continue today 
[35,45,82-841. The number of phosphate glass 
compositions studied in this fashion probably ex- 
ceeds a thousand; in our laboratory alone we have 
evaluated several hundred individual phosphate 
glasses. 

In the J-O treatment, the line strength, S, of a 
transition between the initial (J) and terminal (J') 
states is given by 

S ( d  : W') = 62,1(aJIU(')lW')12, (4) 
/=2,4,6 

where a and b denote S, L and other quantum 
numbers that completely specify the state. The 
individual matrix elements I (dI U(')IW') between 
the various J-states of the Nd 4f3 configuration 
have been calculated and are tabulated in readily 
available sources [23,63,78]. The J-O intensity 
coefficients (622, 624 and a,) are phenomenological 
parameters determined by a least-squares fit to the 
integrated absorption band strengths measured in 
the 400-950 nm (25 O W 1 0  500 m-') region [23]. 
The bands that are usually included in this calcu- 
lation are shown in Fig. 2. 

Once the J-O parameters are determined, it is 
straightforward to calculate the all-important 
emission cross-section at the peak wavelength 
from the relationship 

(5) 
where n is the refractive index at 4, the peak flu- 
orescence wave wavelength, A& the effective 
bandwidth and the other constants have their 
usual meaning. The effective linewidth is deter- 
mined from the measured fluorescence intensity 
(Zf(A)) for the associated fluorescence transition 

The cross-section determined by the J-O treatment 
is accurate to within f lP? provided the Nddop- 

ing density has been accurately measured 
(< flY0). 

The J-O method can also be used to calculate 
the radiative decay rate, k, and the branching ra- 
tio, p,,. The radiative decay rate is the sum of the 
individual radiative decay rates from the 4F3,r 
state to the 4I terminal J' states (see Fig. 2) and the 
branching ratio is the fraction of radiative transi- 
tions that terminate at a particular J' state. The 
branching ratio depends on the ratio of the J-0 
intensity parameters, 624/Q6 [23,63,85]. In general, 
04/62, is near-unity for most commonly used 
phosphate laser glass compositions [20,23,32] and 
therefore the branching ratios for the various Nd3+ 
fluorescence transitions are nearly the same. To be 
more specific, in meta-phosphate laser glass com- 
positions approximately 50% of transitions termi- 
nate at the 4111/2 state, 40% at the 419/2 state and 
l P ?  at 41~3/2 ;  typically less than 0.5% radiate to the 
4115/2 state [20,23,86]. 

The emission cross-section (at the peak-emis- 
sion wavelength), a,, is related to the other key 
spectroscopic properties through the expression 

g e m  = B k r ~ ~ / ( 8 ~ c n 2 ~ ~ f f )  7 (7) 

where is the branching ratio, k,, the radiative 
decay rate and the other terms have been defined 
previously. Tabulations of cross-sections, branch- 
ing ratios and radiative decay rates have been 
published for a number of Nddoped phosphate 
glass compositions as well as many other non- 
phosphate glass compositions (see, for example 
Ref. [23]). 

Caird et al. [87l have determined the radiative 
lifetime and cross-section by direct measurement 
of the quantum yield. The quantum yield ( E )  is the 
ratio of the measured fluorescence lifetime (rmaS) 
to the radiative lifetime (tr) 

E = tmeas/tr,  (8) 

and represents the fraction of ions in the meta- 
stable state that can potentially produce emitted 
photons. Payne et al. [47] have also used this 
method to measure quantum efficiency for other 
phosphate laser glasses. The results show that the 
radiative lifetime determined by the J-0 treatment 
and from the quantum yield method agree to 
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within about k 10% for the phosphate glasses they 
have measured. This number is in agreement with 
Krupke's original assessment of the accuracy for 
the J-O method for glasses [78]. 

Based on the combination of composition 
studies and laser property measurements that have 
been carried out to date, it is now possible to 
generalize about which metaphosphate glass 
compositions make the best glasses for high-ener- 
gy laser applications. Results from the work by 
Toratani [32] on the system MO-M2O-A1203- 
P205 perhaps best illustrate which compositions 
give the best laser performance (Fig. 3). 

It is generally desirable that the laser glass used 
in multi-kilojoule laser system has a large emission 
cross-section, long fluorescence lifetime and nar- 
row emission bandwidth [8,20,30,66,88]. The data 
show that K 2 0  is perhaps the best modifier and the 
A 1 2 0 3  content should be minimized because of its 
adverse effect on the cross-section. Furthermore, 
the laser properties also tend toward an optimum 
in the meta-phosphate to slightly ultra-phosphate 
composition region (60-65 mol% P205). Indeed, 
commercial laser glasses generally have composi- 
tions (see Section 2) close to that inferred from 
Toratani's data (Fig. 3). 

Note that some A1203 must be added to the 
glass to improve its physical properties but in 
general the tendency is to decrease A1203 to as 

Fig. 3. Radiative decay rate, emission bandwidth and emission 
cross-section vs. compositional parameters derived from data 
reported by Toratani [32] for the ternary glass systems shown. 

small as possible. Similarly, using K 2 0  as the only 
modifier is not practical, so each manufacturer has 
added a group I1 modifier: BaO in the case of 
LHG-8 and MgO for LG-770. MgO was chosen 
because it gives a smaller non-linear index [39] 
which improves the laser glass performance at 
larger intensities (see Section 6.1). Similarly, BaO 
is used because it improves physical properties 
(over K20 alone) with little degradation of laser 
properties [32,39]. The output energies and peak- 
powers obtained using either LHG-8 or LG-770 
are essentially identical [8] and both glasses have 
been successfully melted on a large-scale [7]. Other 
commercial phosphate glasses are near-meta- 
phosphates (see Fig. 1) and are in the same com- 
position region. 

4. Non-radiative energy losses 

Non-radiative energy losses from the 4F3/2 state 
can reduce the stored energy and thereby affect the 
laser gain and overall system performance 
[20,63,66]. Non-radiative losses in phosphate laser 
glasses have been studied to such an extent that it 
is now possible to estimate the magnitude of most 
loss processes. 

The rate of energy transfer, ktotal, from the 4F3p 
level is given by 

ktotal = k, + knr 7 

where k, is the radiative relaxation rate and kn, the 
non-radiative rate. Experimentally the rate of en- 
ergy transfer (kIotal) is determined by measuring the 
fluorescence decay of the sample after it has been 
excited using a short-pulse pump source [23,47]. 
The measured decay rate can generally be fit using 
an exponential decay with characteristic time 
constant, r,; thus in Eq. (9) ketal = ti$, and 

(9) 

where the radiative decay rate, k,, is given by 7;' 

and is independently determined using the J-O 
treatment (see Eq. (7)). 

The non-radiative decay rate is a sum of con- 
tributions from all non-radiative processes [63] 
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The first three terms refer to loss by multi-phonon 
relaxation (kmp), Nd self-quenching ( k N d )  and 
Auger up-conversion (kaus). All three of these 
terms are intrinsic losses that depend on the glass 
structure and composition (Nd-doping level). The 
last three terms represent non-radiative losses due 
to impurities that enter during glass processing, 
specifically: hydroxyl groups (koH), transition 
metal ions ( ~ T M )  and rare earth ions (kRE) (e.g. 
[20,45,47,89,90]). Since there is the possibility of 
several transition metal or rare-earth impurities 
then the losses are given as a sum of the individual 
ion contributions [90]. Fig. 4 schematically illus- 
trates each of the non-radiative loss processes. 

- 

- 

Experimentally it is relatively straightforward 
to determine the contributions due to the last four 
terms in Eq. (11). This measurement is done by 
first preparing a 'reference' glass and then doping it 
with different concentrations of either Nd, OH or 
impurities (e.g. [89,90]). The increased decay rate 
due to the additive is then 

(12) 
- I  

kaddirive = T k '  - T w / o ~  

where T~ and T ~ / ~  are the measured fluorescence 
decay times with and without the additive, 
respectively. 

4.1. Multi-phonon relaxation (kmp) 

The rate of multi-phonon relaxation between 
two states can be described using an energy-gap 
law [20,71,72,75,91] 

Auger upconversion 

Intrinsic processes 

Nd + Nd concentration quenching 
Crosa relaxation Excitation migration 
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Fig. 4. Non-radiative Nd3+ relaxation processes in phosphate laser glasses. 
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k,, =Aexp(-am), (13) 

where A E  is the energy difference between the two 
states (cm-') and A and a are empirically derived 
constants. Layne et al. [71] report A and a of 
4 x loi2 Hz and 4.61 x lo-' cm, respectively, for a 
67P205-1 5Na20-1 8Ba0 phosphate glass. The 
measurements were made for excited states that 
were separated by about 2500-3900 cm-'. Re- 
cently Bibeau et al. [75] have measured multi- 
phonon decay rates from the 4G7,2 and 4 1 ~  1/2 states 
and report that these data also follow an energy 
gap law. 

Direct measurement of the rate of multi-pho- 
non decay from the 4F3/2-I15/2 state is difficult 
because the rate is less than a few hundred Hz. 
From extrapolation of the data from Layne et al. 
[71] and Bibeau et al. [75] to an energy gap of 5500 
an-' (4F3p-411sp) we get a rate of only about 150 
Hz. Measurements by Caird et al. [87l on two 
commercial phosphate glasses (LG-750 and LG- 
760) are consistent with this observation; the 
measured multi-phonon relaxation rate is about 
220 f 120 Hz. The data from the above-mentioned 
studies are shown in Fig. 5; a least-squares fit of 
Eq. (13) to the data gives A and a of 2.4 x 10l2 Hz 
and 4.35 x lo-' cm, respectively. These numbers 
are in agreement with those originally reported by 
Layne et al. [71]. 

No.dphonocu 
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Fig. 5. Rate of Nd3+ multi-phonon relaxation in phosphate 
glasses vs. energy gap between J-states, based on data from 
Bibeau et al. [73], Lame et al. [71] and Gird et ai. [87J 

4.2. Nd-concen t rat ion quenching ( kNd ) 

The study of Nd self-quenching in laser 
glasses has received perhaps the most attention 
of all the non-radiative decay processes. One 
reason for such scrutiny is that most multi-kilo- 
joule lasers use glass disks or slabs with Nd- 
doping densities which maximize the pumping 
efficiency (pump light absorption) and the stored 
energy density [30]. Concentration quenching re- 
fers to the energy exchange between a pair of Nd 
ions and is the result of two relaxation mecha- 
nisms (Fig. 4) [63]. One is cross-relaxation in 
which two neighboring ions exchange energy and 
the second is migration of the excitation energy 
from one ion to the next (the so-called 'hopping' 
mechanism). In theory the rate of relaxation due 
to concentration quenching vanes as r-6, where r 
is the inter-ion distance; note that the r-6 de- 
pendence is physically equivalent to the square of 
the Nd3+ concentration. In reality the effect of 
the Nd concentration on relaxation rate is de- 
pendent on the glass composition and varies 
from near-linear in ultra-phosphates to quadratic 
in near-metaphosphates and from quadratic to 
cubic in silicates [20,41,45,47,86,87,92,93]. 

The empirical relationship commonly used to 
describe concentration quenching in metaphos- 
phate laser glasses is [47] 

kNd = ~ I ( N / Q ) ~ ,  (14) 

where ko is the zero concentration decay rate, k N d  

the increased decay rate due to the presence of Nd 
(see Eq. (11)), N the Nd3+ ion concentration 

is an empirically determined 
quantity for a given glass. Q is physically equiva- 
lent to the Nd concentration needed to reduce the 
lifetime to one-half its zero concentration limit 
(Le., twice the zero-concentration decay rate). The 
parameter, Q,  has been reported to vary linearly 
with the emission bandwidth for a number of 
phosphate laser glasses (Fig. 6) [47l. This trend is 
physically reasonable on the basis of the Forster/ 
Dexter theory [76,77] for dipolar energy transfer 
because the rate of concentration quenching is 
related to the extent of spectral overlap between 
the two adjacent Nd ions. Therefore greater 

and Q 
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I I I 1 

5 I I I .  
23 25 n 29 

Ernhrion band- aX (nm) 

Fig. 6. Measured Nd concentration quenching factor (Q)  vs. 
the measured emission bandwidth for a series of multi- 
component metaphosphate laser glasses, based on data from 
WI. 

concentration quenching rates are expected for 
glasses with greater emission bandwidths. 

Fig. 7 shows the concentration quenching rate 
measured for samples of two commercially avail- 
able meta-phosphate laser glasses commonly used 
in high-energy applications: LHG-8 and LG-770 
[8]. Both have a linear dependence of decay rate 
with the square of the Nd-doping concentration as 
predicted by Eq. (14); measurement errors are 
within the size of the data symbols. 

Caird et al. [87] have reported Nd concentra- 
tion quenching effects in LG-750 and LG-760. 
They have measured the quantum efficiency over 
a concentration range from about 0.2 to 
13 x lom Nd3+/cm3 and analyzed the non-radia- 
tive decay using the Forster [76] model for cross- 
relaxation, but modified for energy migration 
using Burshtein's [95] 'hopping' model. The re- 
sults show that both mechanisms are needed to 
model the change in quantum efficiency with Nd 
concentration; however, cross-relaxation appears 
to be the dominant relaxation mechanism in these 
glasses. 

Lunter et al. [81] report the affects of Group I 
modifier ions on the rate of concentration 
quenching in an ultraphosphate laser glass and 
show that the quenching increases from Cs to Li. 
They also show that the quenching rate increases 
linearly rather than quadratically with Nd-con- 
centration in agreement with the work of Sto- 
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Fig. 7. Nd concentration quenching in LHG-8 and LG-770 
metaphosphate laser glasses based on data reported in [8,94]; 
the measurement errors are within the symbol size. 

kowski on ultraphosphates [20]. The relaxation 
rate can be represented by the expression 

(kmeas - ko) = A FJd] 7 (15) 

where k,,, is the measured transition rate, ko the 
rate in the absence of concentration quenching and 
A is a constant for any given cation. Fig. 8 shows 
that the quantity A, determined from the slope of 
the decay rate data reported by Lunter et al. [81], 
increases with the cation field strength (Z/a2). 

Jiang et al. [96] report measurements of Nd3+ 
concentration quenching in the two glasses 
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Fig. 8. Correlation of Nd self-quenching rate with modifier 
electric field strength; generated from data reported by Lunter 
et al. [81]. 

18K20-1OAl203-6Ln203-66P20~ and 26Li20- 
lOLn203-64P20~. The glass containing the Li 
modifier had a much greater quenching rate. This 
trend agrees qualitatively with the results from 
Lunter et al. [81], although the effect of the small 
amount of A 1 2 0 3  used in one of the Jiang et al. 
glasses raises some uncertainty. 

The effect of a systematic change in the group I1 
modifiers on Nd concentration quenching is re- 
ported in the work by Byun et al. [97]. They use a 
Nd3+-doping range of 0.2-10 x 1020 ions/cm3 in 
two meta-phosphate glasses: 45RO-2.5&03- 
52.5P205 and 35R0-10Na20-2.5A1203-52.5P205 
(R=Mg, Ca or Ba). The data show a trend 
Ba < Ca < Mg in increased Nd selfquenching. This 
trend agrees with the trend observed for the group 
I oxides (Fig. 8) in that the quenching rate in- 
creases with modifier field strength. 

Ebendorff-Heidepriem et al. [45] report Nd 
concentration quenching measurements in the two 
meta-phosphate glasses Sr(PO3)2 and 11K20- 
28BaMAlz03-55PzOs doped with between about 
1 and 10 x lozo Nd3+/cm3. The decay rates vary 
linearly with the square of the Nd concentration as 
predicted via a dipolar relaxation mechanism (see 
Eq. (14)) similar to that reported above for other 
metaphosphates. In agreement with the work dis- 
cussed above, Ebendorff-Heidepriem et al. [45] 
also conclude that using low field strength modi- 
fiers, such as K and Ba, reduces the concentration 

quenching. They suggest that the large difference 
in field strength between K+ (and Ba2+) and Nd3+ 
produces a regular alteration in positions of the 
two cation polyhedra (Nd and K) along the meta- 
phosphate chains and thus maximizes the separa- 
tion between Nd3+ ions. They propose that such 
an alteration would not occur for modifiers having 
field strengths comparable to Nd3+ (e.g., Y3+). 

The data from the above studies [40,45,81,96] 
show that laser glass compositions with the 
smallest concentration quenching effects are those 
glasses that use groups I and I1 cations with the 
smallest electric field strengths. The data indicate 
that K and Ba should give the best results and 
indeed one or both of these two modifiers are used 
in commercial laser glass compositions (see 
Section 2). 

4.3. Auger up-conversion losses (kAug) 

Until recently, Auger upconversion loss had 
not been reported in Nd-doped laser glasses. Au- 
ger upconversion occurs when two excited Nd 
ions, both in the metastable 4F3/2 state, interact 
such that one ion returns to a lower-lying 41J state 
while the other is excited to an energetically 
equivalent higher state (see Fig. 4). Payne et al. [98] 
have recently measured up-conversion losses in 
two phosphate laser glasses (APG-2 and LG-770), 
a silicate (LG-660) and the heavy metal fluoride 
glass, ZBLAN. They report that the product of the 
emission lifetime (T) and the Nd upconversion 
constant (7") @e., y A t )  is nearly constant for these 
materials and between 1 and 2 x 102' cm3. The y 
for LG-770 is 8.1 x lo-'' (cm3/s) +30% [98]. 

The kinetic equation describing the decay from 
the 4F3/2 state depends on the Nd excited state 
concentration [98]. The contribution of the up- 
conversion process to increased Nd decay rate, 
kAug,  can be approximated as 

k ~ u g  X YAN', (16) 

where N' is the excited state density. N' is about 
10" ~ m - ~  in glasses used in most high-energy laser 
applications (i.e., stored energy about 0.25 J/cm3 
[88]). Thus, the increased decay rate due to up- 
conversion loss (via Eq. (16)) is less than 
100 Hz. 
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4.4. Hydroxyl group effects on non-radiative decay 
rate  OH) 

A number of researchers have reported either 
OH quenching rates or data from which it can be 
easily derived [20,32,94,96,99]. In several cases the 
measurements have been made as a function of Nd 
concentration in various phosphate glasses; Fig. 9 
summarizes these data. The data are valid for -OH 
concentrations (as measured by the absorption at 
-3000 cm-') up to about 10 cm-'. 

A simple empirical relation that can be used for 
estimating the magnitude of OH quenching in Nd- 
phosphate glasses at a given Nd concentration is 
P I  

where (XOH is the absorption coefficient at 3000 
cm-' due to OH and Q o ~  is the quenching coef- 
ficient (Wan-') determined from Fig. 9. The OH 
quenching rate increases nearly linearly with Nd 
concentration at doping levels 2 3 x leo iondcm3. 
However at doping levels < 1 x 10'' i0nslcm3 the 
quenching rate approaches a constant of about 60 
Wcm-'. The trend at low doping is unexpected. 
Based on a simple dipolar relaxation mechanism 
[22,63] for uniformly distributed donor (Nd) and 
acceptor (OH) centers one would expect the OH 
quenching rate to vary linearly with Nd concen- 
trations at low dopings and to pass through the 

p4d y x 1Cknlan' 

origin. The data in Fig. 9 are fit to an empirical 
expression QOH = a + b[Nd]3/2, where a is 62.8 Hz 
cm and b is 7.26 x Hz cm/(ionslcm3)'/'. This 
expression has no theoretical significance and 
simply represents a best-fit to the data over the 
range shown. 

To achieve optimum laser performance, the 
hydroxyl group absorption should be less than 
2.0 cm-' at 3000 cm-' [7,43]. An absorption of 
2 cm-' corresponds to about 200 ppmw of OH [7], 
however, absolute measurements of OH content in 
phosphate glasses are difficult, particularly at 
concentrations less than 1000 ppmw. Conversion 
factors for relating the absorption coefficient at 
-3000 m-' to absolute OH concentrations vary 
from about 30 to nearly 400 ppmwlcm-' with most 
factors between about 60 and 130 ppmwlcm-' 
[loo]. This range of data has prompted Ebendorff- 
Heidepreim and Ehrt [loll to suggest that only 
absorption measurements should be used as a 
measure of the relative -OH content in glasses. 

4.5. Fluorescence quenching by rare earth and 
transition metal ions 

The absorption bands of some rare earth 
(RE) and transition metal (TM) ions overlap the 
Nd3+ 1053 nm emission band. This spectral 
overlap leads to fluorescence quenching as de- 
scribed by the Forstermexter theory [76,77] for 
dipolar energy transfer. Some RE and TM ions 
absorb enough at 1053 nm that they affect the 
Nd fluorescence decay rate at concentrations less 
than 10 ppmw [20,89,90]. Stokowski and Kra- 
shkevich [89] examined the effects of transition 
metal ions (Cu, Fe, V, Cr, Co and Ni) doped at 
300 ppmw on Nd quenching in an ultraphos- 
phate glass at different Nddoping levels. Ehr- 
mann et al. [90] report quenching rates for Cu 
and Fe at one Nddoping concentration but for 
a range of impurity levels from about 30 to lo00 
ppmw. The Cu quenching rate (reported in Hzl 
ppm impurity) is constant at all impurity con- 
centrations. In contrast, the Fe quenching rate 
decreases at doping levels ~ 3 0 0  ppmw; Ehnnann 
et al. [go] attribute this decrease to a change in 
the FeZ+/Fe3+ ratio. 

Fig. 9. Nd fluorescence quenching rate (eoH) due to -OH 
contamination for phosphate glasses with various Nd conccn- 
trations. The dashed line is fit to the data using an 
expression discussed in the text. Sources: [20,32,47,94,%,9!3]. 
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5. Absorption and scattering losses 

The net gain of a glass laser amplifier is a 
function not only of the gain coefficient but also 
the combined passive transmission losses in the 
glass due to impurity absorption and scattering 
[66,90]. The total static absorption loss, c(,,,,~, in 
laser glass at 1053 nm is a sum of contributions 

where the four terms on the right side refer to 
absorption losses due to: (1) Nd3+ ions thermally 
populating the terminal laser level (4111/2), (2) 
transition metal ion impurities, (3) rare earth ion 
impurities and (4) residual hydroxyl groups, re- 
spectively. These impurities may originate from 
the glass raw materials, the melter refractory and/ 
or impurities from an outside contamination 
source. Commercially supplied laser glasses typi- 
cally have an un-pumped absorption loss of less 
than 0.0015 cm-' at 1053 nm [31]. For ICF laser 
systems, the typical gain coefficient through a 
flashlamp pumped laser slab doped with 2- 
4 x lozo Nd3+/cm3 is about 0.05 cm-' [88]. 
Therefore, the ratio of gain-to-loss coefficients is 
greater than about 30: 1. To achieve these gain-to- 
loss levels requires the use of raw materials as well 
as melter wall materials with the impurity con- 
centrations typically less than 10-100 ppmw, de- 
pending on the TM or RE ion [7,90,102]. 

The Nd3+ absorption cross-section for the 411 ,/z 
to 4F3/2 transition at room temperature in a meta- 
phosphate glass is reported as [94] 

C(Nd(T) = 1.03 X 10-meXp(-2576/T)~d3+], 

(19) 

where tlNd( 7) is the temperature-dependent ab- 
sorption coefficient (cm-') and md3+] is the Nd 
ion concentration (ions/cm3). @. (19) should 
provide reasonable estimates (k 15%) for static 
Nd3+ absorption losses in other meta-phosphate 
glasses in the absence of direct measurements. 

Ehrmann et al. [go] have compiled extinction 
coefficients at 1053 nrn reported for phosphate 
laser glasses doped with various transition metal 
and rare earth ion impurities [89,90,102-1041 and 

melted under oxidizing conditions (1 atm 02). 
Currently most phosphate laser glasses are 
processed under oxidizing conditions so iron con- 
tamination tends to occur mainly as Fe3+ in meta- 
phosphate laser glasses [90,104,105]. Fe'+ absorbs 
in the visible and UV [106-1091 and has insignifi- 
cant absorption near the 1053 nm laser transition. 
Nevertheless, some equilibrium amount of Fez+ is 
usually present which has an absorption band near 
1000 nm [105,110-1121. The Fe2+/Fe3+ distribution 
in LHG-8 and LG-770 melted under oxidizing 
conditions (1 atm 0 2 )  is reported to be concen- 
tration dependent at impurity concentrations 
<300 ppmw Fe [90]. 

Scatter losses are due to inhomogeneities within 
the glass plus residual surface roughness after 
polishing. Scatter loss measurements have been 
reported [113] on polished pieces of LHG-8 and 
LG-750 meta-phosphate laser glasses (typical of 
the polished surfaces of glasses installed in an 
amplifier) using an integrating sphere scatterome- 
ter. The scatterometer is capable of measuring 
fractional losses to lop5 of the incident intensity. 
Combined surface and interior scatter losses of less 
than are reported [113]. 

6. Optical properties 

6.1. Non-linear refractive index 

A propagating laser beam can develop phase 
aberrations induced by changes in the glass re- 
fractive index at operating intensities greater than 
about 1 GW/cm2. This effect degrades the beam 
focal spot, reduces the energy extraction efficiency 
of the laser and increases the risk of laser-induced 
damage [114-1161. 

The change in refractive index with laser in- 
tensity is given by [117,118] 

n = no + yZ, 
where y is the non-linear refractive index coeffi- 
cient (m2/W) and Z is the laser intensity (W/m2). 
Most commercial phosphate laser glasses have a 
non-linear index coefficient 5 3.5 x m2/W. 
The intensitydependent index causes ampli- 
tude ripples (noise), that occur at certain spatial 

(20) 
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frequencies, to grow as exp(f3) [116,119]. Here ‘B’ 
is the cumulative non-linear phase retardation in- 
tegrated over the optical path length (2) 

Past experience has shown that for B greater than 
about 2 radians, unacceptable noise ripple growth 
can cause optical damage and also degrade the 
beam focus on large aperture laser systems 
[114,115]. 

Direct measurement of y is difficult, so empirical 
correlations have been developed. The expression 
developed by Boling et al. [120] a number of years 
ago predicts y from the refractive index (nd) and 
the Abbe number (v) of the glass 

y = K ( n d  - l)(ni + 2)2/{ndv[1.52 + (n: + 2) 

x ( n d  + 1)~/6nd]’”}, (22) 

where K = 2.8 x m2/W is an empirically de- 
termined constant. The non-linear refractive index, 
n2 (in esu) is related to y by n2 = y(nc/40n), where 
c is light speed. 

Fig. 10 shows the effect of a systematic 
change in modifiers from Be to Ba on n2 for the 
meta-phosphate glass series 55Pz0540RO- 
4.7h203-0.3Nd203 as reported by Gan [28]. 
The data are correlated with the radius of the 
cation modifier. Also shown, for comparison, are 
the n2s reported by Hayden et al. [39]. The re- 
sults show the same trend as the work by Gan in 
that n2 decreases, going from Ba to Mg. Based 
on these results, phosphate laser glasses with the 
smallest n2 are those in which K and Mg are 
used as modifiers (assuming that the toxicity of 
Be makes it impractical). The laser glass, LG- 
770, has the smallest reported n2 (and nd) of any 
commercial phosphate laser glass; as discussed in 
Section 2, the modifiers used in LG-770 are Mg 
and K [7J 

6.2. Thermal-optical properties 

Laser glass must have optical homogeneity (An) 
of < f 2  x to achieve the beam quality nec- 
essary to propagate and focus the output laser 

I I 
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Fig. 10. Effect of systematic changes in combinations of group 
I and I1 modifiers on the non-linear index of phosphate laser 
glasses based on data from (a) Ref. [39] and (b) Ref. [28]. 

beam [7]. Thermal variations in the laser glass, 
caused by residual heat from the optical pumping 
process, can produce optical distortion by chang- 
ing the optical path length. Therefore it is desirable 
to have a glass for which the temperature coeffi- 
cient of the optical path length is zero (athermal 
glass). The change in the optical path length, AOL 
(m), resulting from a temperature variation, AT 
(K), is given by [121] 

AOL = GLAT. (23) 
where L is the total path length (m) and 6 is the 
temperature coefficient of the optical path length 

6 = dn/dT + (n - 1 ) ~ .  (24) 

The temperature change in refractive index (dnl 
dT) is defined by 

dn/dT = 
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dn/dT = [(n’ - l)(n* + 2)/6n](4 - j?), (25) 

where 4 is the temperature-dependent coefficient 
of electronic polarizability (K-I) and j? is the 
volumetric thermal expansion coefficient (K’). 
For an isotropic material, such as glass, /3 = 3 ~ ,  
where a, is the linear coefficient of thermal ex- 
pansion. An ideal athermal glass has 6 = 0 im- 
plying, from Eq. (24) that dn/dT = (n - l)ae, 
where n is usually -1.5. Therefore, as a rule-of- 
thumb, a good athermal laser glass must have a 
dnldT about half the coefficient of linear thermal 
expansion. 

Toratani [32] and Izumitani and Toratani [122] 
report a method for calculating M d T  for phos- 
phate and silicate laser glasses, respectively, based 
on an additivity relationship for estimating the 
temperature coefficient of the electronic polariz- 
ability, 6: 

where 6i is the additive contribution from glass 
component i and Xi is the component mole frac- 
tion. Table 2 lists 4 i s  for various common oxides 
in silicate [122] and phosphate [32] laser glasses. 
These data have been used to estimate dnldT for 
a number of laser glasses [94] and in general, are 
in good agreement with measured data (see 
Table 2). 

7. Thermal-mechanical properties 

The figure-of-merit parameter commonly used 
to characterize the thermal-mechanical perfor- 
mance of laser glass is the well-known thermal 
shock resistance, R, [93]: 

Rs = k(1 - P)Krc/(E4 (27) 

where E is Young’s modulus, k the thermal con- 
ductivity, Klc the fracture toughness, p Poisson’s 
ratio and ae is the coefficient of linear thermal 
expansion. Rs has units of WlmrI2 and the larger 
R, the greater the thermal loading without failure. 
Laser glasses can be subjected to - thermal loads 
during handling and processing [123] as well as 
during operation [7,124]. 

There have been relatively few reported sys- 
tematic studies of composition effects on thermal- 
mechanical properties of phosphate laser glasses. 
Hayden et al. [39] report the affects of varying al- 
kali and alkaline earth modifiers in a meta-phos- 
phate laser glass in which the A1203 and P205 
contents are held constant. In an extension of this 
work, Elder et al. [123] systematically varied the 
network former; particularly the A1203/P20s ratio 
and the OIP ratio and also examined the effects of 
replacing PZO5 and A1203 with either Si02 or 
B2O3. In a study of glasses for repetition-rate la- 
sers, Marion [124] analyzed data from Stokowski 
[20] in terms of a figure-of-merit similar to that 

Table 2 
Additivity factors, 4, (lo-%), for estimating the temperature coefficient of electronic polarizability from the glass composition 
[32,122] and comparison of predicted vs. measured M d T  reported for several phosphate laser glasses using these values [94] 

$1 (lOdlK) M d T  (lo-%) 
Component Silicates Phosphates Glass Predicted Measured 
Si02 17.4 20 (est.) LHG-8 -4.8 -5.3 
poo.5 - 20 LHG-80 -3.6 -3.8 
BOIS 13.8 16 LG-750 -6.0 -6.8 

I .5 22.2 26 LG-760 -4.9 -5.1 
LiOo.5 - 36 (est.) HAP3 1 .o 1.9 
NaOo.5 50.0 44 APG- 1 1.3 1.2 
K0o.s 43.9 45 
MgO - 45 (est.) 
G O  42.0 42 (est.) 
BaO 36.1 35 
Pbo 50.2 47 
Ti02 19.3 15 
ZnO 39.4 - 
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given in Eq. (27). Jiang et al. [96] investigated the 
effects of groups I and I1 modifiers (K, Na, Li, Ba, 
Sr and Ca) on the thermal expansion coefficients of 
different phosphate laser glasses and report a 
correlation with cation electric field strength. Their 
data also show that glasses containing larger field 
strength cations (e.g., Li) have smaller thermal 
expansion coefficients. The above studies 
[39,96,123] all show that using modifiers with 
greater field strengths (particularly Li) increases 
Young's modulus and thermal conductivity and 
decreases the thermal expansion (e.g., see Fig. 11). 

Improvements in thermal-mechanical proper- 
ties tend to follow composition trends opposite to 
that for improved laser properties (see Sections 3 
and 4). In general, optimizing the laser properties 

I I I 

i 

Fig. 11.  Variation of hea r  thermal expansion coefficient and 
Young's modulus with the compositionally averaged field 
strength for phosphate laser glasses containing combinations of 
groups I and 11 modifiers (Li, Na, K, Mg, Ca and Ba). Plot 
generated from data by Hayden et al. 1391; the h e s  connect the 
data points and are added to distinguished data sets. 

takes precedence over improving the mechanical 
properties so low field strength cations (e.g., K) are 
usually the dominant modifiers in a glass. The one 
exception is laser glass used in repetitively pulsed 
lasers (so-called HAP lasers). Here the need for 
good thermal shock resistance is critical therefore 
these glasses tend to contain larger field strength 
ions such as Li [32,33]. 

8. Fracture toughness and sub-critical crack growth 

The size of the laser glass plates used in multi- 
kilojoule energy applications increases the threat 
of fracture due to increased thermal or mechani- 
cal-induced stress during handling and processing 
[I. In addition, it is our experienceathat surface 
flaws ( < 1 mm) may develop during operation due 
to laser or flashlamp-induced damage. 

The fracture strength of phosphate laser glasses 
is less than that for silicate counterparts as indi- 
cated by fracture toughness measurements given in 
Table 3. In general, the fracture toughness for 
phosphate laser glasses is about one-half to two- 
thirds those for silicates. 

Table 3 
Fracture toughness values reported for common commercial 
phosphate and silicate laser glasses [94,125] 

Glass (by vendor Vendor Fracture tough- 
code name) nessb (MPa mi/') 

~~ 

Phosphates 
LHG-8 
LG-I70 
LG-750 
m- 1 
m - 2  
IOG- 1 
LHG-80 
LHG-5 

Hoya 
Schott 
Schott 
Schott 
Schott 
Schott 
Hoya 
Hoya 

0.51 f 0.02' 
0.43' 
0.45' 
0.61" 
0.64 f 0.03' 
0.541 
0.46' 
0.42' 

Silicates 
LG-680 Schott 0.86' 
IOG-IO Schott 0.71' 
LG-67od Schott 0.83' 
LSG91H Hoya 0.88' 

Error is & 0.01 unless otherwise noted. 

Formerly ED-2 by Owens-Illinois. 

.Measured by the authors using chevron notch method [12q. 

'Data from [1251; measured by indentation technique. 
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Elder et al. [47] reported that fracture toughness 
varies with OP ratio for a series of phosphate 
glasses containing Al, K and Ba. Their results 
show that the ultra-phosphates (Oh’ 3) have 
greater fracture toughness. 

Slow crack growth measurements have been 
reported recently by Crichton et al. f1271 and 
Suratwala et al. [128] on the commercial phos- 
phate glasses, LG-770 and LHG-8, respectively. 
Both studies have been carried out as a function 
of temperature (23-300°C) and water vapor 
pressure (0.3-355 mm Hg). In addition, Suratwala 
et al. [128] examined the effect of residual hy- 
droxyl content in the laser glass. The results are 
analyzed using Wiederhorn’s reaction rate model 
[129] for slow crack growth in region I (reaction 
kinetic limited region) and region I1 (mass trans- 
port limited region). Model parameters are re- 
ported for these two glasses that can be used to 
predict slow crack growth at different stress levels 
[127,128]. Both studies report regions of crack tip 
blunting where the crack growth rates depart 
from predictions made using the reaction rate 
model. 

9. Laser-induced damage 

The mega-joule lasers now under construction 
for inertial confinement fusion (ICF) research will 
produce peak fluences in the laser glass ap- 
proaching 18-20 J/cm2 with a peak irradiance of 
about 5.0 GW/cm2 [130,131]. To avoid laser-in- 
d u d  optical damage the laser glass must be free 
of defects, specifically microscopic inclusions (ei- 
ther metallic or ceramic) left from the melting 
process. The most common inclusion source is 
metallic Pt inclusions from the Pt liners used in the 
melting system [7,132]. Prior to about 1990, Pt 
inclusion damage represented the major source of 
damage in laser glass used for high-peak-power 
applications [ 132,1331. However new processing 
methods effectively reduce the pt inclusion con- 
centration in phosphate laser glasses by more 
that 1000-fold to less than 0.lktre (1341361. 
For example, 50% of the large laser slabs 
(79 x 45 x 4 an3; 14 litre of glass each) used on 
the Beamlet laser at LLNL [130] are reported to 

have had no inclusions at all and the average for 
all the slabs produced is C0.1llitre [31]. Similar 
results have been reported for the several hundred 
replacement glass disks manufactured for the 
Nova and Phebus lasers [132,137]; each of those 
disks contained 7 litre of glass. 

Inclusions in the laser glass damage at about 
between 2 and 5 J/cm2 at the 1-10 pulse lengths 
typical of most HPP applications [ 132,1381. Al- 
though very small to begin with, inclusion dam- 
age can grow with successive laser shots to several 
millimeters or even centimeters in size eventually 
making the laser glass unusable [138]. Also large 
damage spots (>300 pm) in the laser glass can 
seed damage in other optics in the laser chain 
[114]. 

The new processing techniques used for elimi- 
nating Pt inclusions in phosphate glasses 
[ 132,134,1351 rely on the intrinsic property of 
many phosphate glasses to dissolve Pt metal under 
oxidizing conditions. The effects of glass compo- 
sition on platinum solubility have been reported to 
follow the trend: phosphate > silim-phosphate >> 
fluorophosphate > silicate [139]. In a similar study 
Hayden et al. [140] have examined the effects of the 
A 1 2 0 3  concentration in phosphate glasses on Pt 
solubility. They chose three commercial phosphate 
laser glasses (LG-770, LG-760 and APG-1) each 
having different A 1 2 0 3  content. These researchers 
report that the larger the A1203 content the smaller 
the Pt solubility. The effects of A1203 content on Pt 
solubility tend to parallel those reported by Iz- 
umitani et al. for Si02 content in phosphate glasses 

If inclusions inside the glass are eliminated then 
the damage threshold is limited only by the surface 
finish. The pulse length dependence of the surface 
damage threshold for polished glass samples (Fig. 
12) can be represented by the empirical expression 

[139]. 

[1311 

Ds (J/m2) = 22t0,4, (28) 

where t p  is the laser pulse length (ns). The surface 
damage threshold approximately follows the t’I2 
relationship predicted by a thermal diffusion heat 
transport model [66,132]. For comparison, the 
damage threshold reported by Gonzales and 
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Fig. 12. Measured damage threshold at 1053 nm for Pt inclu- 
sions in laser glass as a function of laser pulse length; data are 
from [138]. Also shown, for comparison, are the measured 
damage thresholds at 1053 nm for highly polished laser glass 
and fused silica surfaces [131] and the design peak operating 
fluence of the NIF and LMJ mega-joule lasers currently under 
construction [ 1,1301. 

Milam [138] for Pt inclusions (Fig. 12) follows the 
approximate pulse length scaling relationship 

Thus the presence of Pt inclusions reduces the 
operating limit of a laser glass by about 10-fold. 

Jiang et al. [141] have investigated the redox 
equilibrium [Pt" * Pt2+ Pt'] in a R20-BaO- 
P2OS glass as a function of oxidizing environment 
and temperature. They assign absorption bands 
near 290, 360 nm and 320, 390 nm to Pt2+ and 
R4+, respectively. By monitoring the relative peak 
amplitudes for these bands they report the ratio of 
prc+rpt2+ as a function of increasing oxygen partial 
pressure; [pt'+/Pt2+]p = Ps where j3 is about 0.75. 
They relate this same ratio to the observed Pt- 
inclusion density. 

The tail of the ionic Pt absorption bands in the 
near W extends into the visible, giving detectable 
absorption up to about 400 nm. This absorption 
can affect the energy storage of the laser glass 
because the absorption blocks some of the flash- 
lamp radiation and reduces the pumping effi- 
ciency. The 400 nm absorption efficient due to 
ionic Pt is generally specified not to exceed 0.25 
cm-' [31]; th is  coefficient corresponds to a Pt ion 

concentration of less than about 150 ppm [132]. 
For rods or slabs doped with Nd3+ > 1 x lozo 

the effect of the ionic Pt absorption is neg- 
ligible as long as the absorption at 400 nm does 
not exceed about 0.25 cm-I. Kelly et al. [142], 
however, have analyzed the effect of ionic Pt ab- 
sorption on the flashlamp pumping of rods with 
smaller Nddopings. They estimate that an ionic 
Pt absorption at .or near 0.25 cm-' can reduce the 
pumping efficiency by up to 15% for 9.9 cm di- 
ameter laser glass rods doped with about 5 x lOI9 
Nd ions/cm3. 

10. Summary and directions for future work 

We conclude this review with a summary 
(Table 4) of the properties and compositions of the 
Nddoped phosphate laser glasses in use on major 
multi-kilojoule lasers in the US, Europe and Japan 
[8,94]. Glasses having optimal laser performance 
and acceptable thermal-physical properties are 
meta-phosphates having the approximate base 
composition: 60P~O5-1OAl203-30K~0/MO, where 
MO is either BaO or MgO. Nd203 is generally 
added at doping levels of <2 mol% &e., 
5 5 x lozo Nd3+/cm3). Small variations in com- 

position and modifiers about this base glass com- 
position have only minor effects (klO?/o) on most 
glass properties (see Table 4). 

Non-radiative energy losses from the 4F3,2 up- 
per laser level are reasonably well understood. The 
one exception is OH quenching. Although an 
empirical relationship can be used to accurately 
estimate (+10%) the quenching effect, a theoretical 
formulation describing the unusual OH quenching 
affects at smaller Nddoping is lacking and is 
worthy of further study. In addition, the mecha- 
nism and kinetics of dehydroxylation of phosphate 
glasses have received little attention despite the 
adverse effects of ppm levels of OH on many glass 
properties. 

The development of processing technology for 
making inclusion-free phosphate glass has enabled 
lasers to be built and operated at fluences 5-10 
times greater than was possible 10 years ago. 
However a detailed understanding of the mecha- 
nism of Pt dissolution in glasses bubbled with 0 2  
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Table 4 
Properties and compositions (when reported) of Nddoped phosphate laser glasses in common use on high-energyhigh-peak-power 
lasers [8] 

Sources Glass manufacturer 
Hoya Schott Kigre 

[23,143] [7,23,143] [7] [23,144] [23,145] 

Glass designationa Symbol LHG-80 LHG-8 LG-770 LG-750 Q88 

Optical 
Refractive index 

@ 587.3 nm (k 0.00002)b 
@ 1053 nm (f0.00015)b 

Non-linear refractive index 
(10-13 ~ S U )  

m2W) 
Abbe number (f0.05) 
Temp-coeff. refract. index (10"IK) (f0.5) 
Temp-coeff. optical path (lo-%) (f0.2) 

Laser 
Emission cross-section ( an2) (k0.2) 
Saturation fluence (J/cm2) (calc.) 
Radiative lifetime (zero-Nd) (p) (f3) 
Judd-Ofelt radiative lifetime (11s) (k10%) 
Judd-Ofelt parameters cm') 
(f5%) 

Emission band width (nm) (f0. 1) 
ant. quenching factof ( x W  cm3 
(f0.3) 
Fluorescence peak (nm) (f0.3) 

Thermal 
Thermal conduct. (W/m K) (f0.03) 
Thermal diffusivity m2/s) 
Specific heat (Jlg K) (20.02) 
Coeff. thermal expand (10-7/K) (f3) 
Glass transition temp (T) (f5) 

Mechanical 
Density (g/cm') (fo.01) 
Poisson's ratio (50.01) 
Fracture toughness (Mpa mO.-') (20.02) 
Hardness (GPa) (fO.lO) 

1.5429 
1.5329 

1.24 
3.36 
64.7 
-3.8 
1.8 

4.2 
4.5 
337 
327 
3.6 

5.0 
5.5 
23.9 
10.1 

1054 

0.59 
3.2 
0.63 
130 
402 

2.92 
0.27 
0.46 
3.35 
50 

1.5296 
1.5201 

1.12 
3.08 
66.5 
-5.3 
0.6 

3.6 
5.2 
365 
351 
4.4 

5.1 
5.6 
26.5 
8.4 

1053 

0.58 
2.7 
0.75 
127 
485 

2.83 
0.26 
0.51 
3.43 
50 

1.5067 
I .499 1 

1.01 
2.78 
68.4 
-4.7 
1.2 

3.9 
4.8 
372 
349 
4.3 

5.0 
5.6 
25.4 
8.8 

1053 

0.57 
2.9 
0.77 
134 
461 

2.59 
0.25 
0.43 
3.58 
47 

1.5257 
1.5160 

1 .os 
2.98 
68.2 

0.8 
-5.1 

3.7 
5.1 
383 
361 
4.6 

4.8 
5.6 
25.3 
7.4 

1053.5 

0.60 
2.9 
0.72 
132 
450 

2.83 
0.26 
0.45 
2.85 
50 

1.5449 
1.5363 

1.14 
3.11 
64.8 

2.7 
-0.5 

4.0 
4.7 
326 
326 
3.3 

5.1 
5.6 
21.9 
6.6 

1054 

0.84 

0.81 
104 
367 

- 

2.71 
0.24 
- 
- 
70 Young's modulus (GPa) (fl.O) E 

'LHG-8 (5a-60)P20~~8-12)A12O3~l~17)K20-(1O-15)Ba~0-2)Nd~O3; LG-770 (5&62)P205~610)A1203420-25)K~0-(~ 

bValues vary slightly with Nddoping levels. 
1 O)M@-(0-2)Nd203; LG-750 (55-60)P205--(8-1 2)A12034 1 3-1 7)K20-(10-1 5)JhO-(&2)Nd2O3. 

Q defined by Eq. (14). 
20-300°C. 

or C12 is lacking. In addition, the effects of glass reasons why SiOl and A1203 additions to meta- 
composition and structure on the dissolution phosphate glasses retard Pt inclusion dissolution is 
process are poorly understood. For example, the not well understood. 
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Finally, glass compositions have been devel- 
oped with good laser performance properties 
but a corresponding ' quantitative understanding 
@e., able to be reduced to calculation) of the re- 
lationship between glass structure and perfor- 
mance is lacking and remains a continuing 
challenge. 
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Dehydroxylation of Phosphate Laser Glass 

C. B. Thorsness, T. I. Suratwala*, R. A. Ste le ,  J. H. Campbell 
University of California, Lawrence Livennore National Laboratory, 7000 East Avenue, L-500, 

Livennore, California 94550 
J. S .  Hayden, S. A. Pucilowski 

Schott Glass Technologies Inc., 400 York Ave., Duryea, PA 18642 
K. Suzuki 

Hoya Corporation USA, 3400 Edison Way, Fremont, CA 94538 

Rates of dehydroxylation of two Nddoped metaphosphate laser glasses (LG-770 and LHG-8) are measured and 
modeled. Glass melts ranging in size from 100 g to 2.8 kg were bubbled with 4 containing various H2O partial pressures (P3.) 
and with w2 mixtures at temperatures ranging from 9251300°C. The OH content in the glass was measured by monitoring the 
OH absorption at 3.333 pn at various bubbling times. The OH removal by inert gas bubbling (e.g. O2 bubbling) is governed by 
the mmp0t-t (diffusion) of OH to the glass liquidvapor interface and by the chemical equilibrium between OH at the surface and 

Reactive gas dehydroxylation (using Cl2 bubbling) is enhanced by the reverse Deacon reaction where Cl2 gas reacts with H20 in 
the gas phase to form HCl. A timedependent, onedimensional bubblecolumn dehydroxylation model is developed and used to 
describe the rates of dehydroxylation for glasses. The model uses measured or literature values for the diffusion coefficient of OH 
in the melt ( D ~ H ) ,  the H2WOH equilibrium constant (K,,), and the equilibrium constant for the reverse Deacon reaction (&). The 
model does a good job simulatinglpredicting dehydroxylation rates of small-scale test melts and production-scale continuous 
melting operations. 

Hfl in the gas phase. The equilibrium OH content in glass melts bubbled with 4 containing different P.2. varies as P30 IR . 

Keywords: dehydroxylation, dehydration, phosphate laser glass, 0 2  / C12 bubbling, glass melting, reverse Deacon reaction, 
bubble column 

1. INTRODUCTION 

Rare earthdoped glasses, such as Nd9 and E? in silicate and phosphate glasses, are used in a wide variety of 
applications ranging from high power laser systems to fiber or planar waveguide amplifiers 1-7. The presence of hydroxyl 
(OH) groups quenches the fluorescence of the rare earth ion, which reduces laser gain and adversely affects laser 
performance 2. In the case of Nd”, this quenching transfers energy from the upper laser level (4Fa state of Nd? to the 
second vibrational overtone of OH *. For most laser applications, it is desirable to reduce the OH concentration to do0 ppm 
8 

The H20 and OH present in the raw materials and the HzO present in the environment are the source of OH in 
manufactured glass. A variety of techniques can be employed to reduce the amount of OH in the glass that include: 1) 
thermal drying of raw materials (Le. calcining); 2) addition of non-reactive dehydroxylation agents; and 3) addition of 
reactive dehydroxylation agents. 

The thermal drying of the raw materials is simply performed by calcining the powder before melting. However, it is 
still difficult to remove all hydroxyls from the powders, and the small residual amounts often lead to 100-1OOO ppm OH 
levels in the final glass. Non-reactive dehydroxylation is commonly performed by bubbling inert gases through a melt (e.g. 
02, Nd 9-15. Reactive dehydroxylation involves reaction between a halide (such as C1 and F) with OH or H20. Two 
common methods that have been utilized are exposing a porous glass preform to C12 gas or bubbling a glass melt with Cl2 
gas12-17. Other reactive agents (solids, liquid or gases) can also be used 18. 

Despite the great general interest in the dehydroxylation of glasses, surprisingly little is understood or published 
about details of the mechanism and kinetics. In the present paper, we explore the rate of dehydroxylation using 0 2  and Cl2 
bubbling in glass melts of two commercial Nddoped phosphate laser glasses (LG-770 from Schott Glass Technologies Inc. 
and LHG-8 from Hoya Corporation USA). First, the results for the OH content of glass melts bubbled with 0 2  containing 
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various H20 partial pressures ( P ~ o )  and with WC12 mixtures at various temperatures. melt sizes. bubbling flow rates, and 
cover gas flows are reported (Section 3). Next, we describe a proposed mechanism of dehydroxylation (Section 4.1) which 
involves three steps: (1) mass transport of OH to the meldvapor interface; (2) thermal dehydroxylation (governed by H20/0H 
equilibrium), and (3) reactive Cl2 dehydroxylation (governed by H2O/HCl equilibrium). Then, a description of the one- 
dimensional, timedependent, bubblecolumn dehydroxylation model is given (Section 4.2). Specifically, we discuss the 
governing balance equations for the model and the relationships describing mass transfer at the bubble and top surface 
interfaces. Also, the limiting cases of the model are described. Finally, in Section 5,  we apply the model to experimental 
melt data and discuss how the various experimental parameters affect the dehydroxylation kinetics, and how well the model 
describes the dehydroxylation kinetics for both small-scale test melts and production-scale continuous melting operations. 

2. EXPERIMENTAL 

Two commercial glasses, LG-770 (from Schott Glass Technologies, Inc.) and LHG-8 (from Hoya Corporation, 
USA) were used in the melting experiments. The base glasses are near meta-phosphate glasses, which have the molar 
compositions of (S8-62)P2O5-(6- lO)AIzO3-(20-25)K20-( 10- 15)Mg0-(0-2)Ndz@ for LG-770 and (55-60)P205-(8-1 2)A1203- 
(13-17)K20-(10-15)BaO-(0-2)Nd203 for LHG-8. The starting materials for each of the melts were either pre-made glass 
cullet or the raw materials which when melted have the compositions described above. 

Three series of glass melts were conducted. The first series of glass melts, called H20/0H equilibrium melts, were 
conducted to determine the equilibrium amount of OH in the glass with different amount of HzO in a bubbling gas stream. 
These melts were conducted by bubbling 0 2  containing varying PH20 into a glass melt until equilibrium was reached in the 
melt. The second series of glass melts were performed to examine the dehydroxylation rates of LHG-8 glass; this was 
performed by bubbling dry 02 gas into the glass melts and then measuring the OH content as a function of time. The third 
and final series of glass melts was performed to measure the dehydroxylation rates of LG-770 glass. These melts were 
bubbled with dry O2 or 0&12 gas mixtures and the OH content was measured as a function of time. 

2.1 H20/0H Equilibrium melts 

A schematic of the experimental setup used to perform the HzO/OH equilibrium melts is shown in Fig. 1. 
Approximately 100 g of crushed glass cullet (LG-770 or LHG-8) was melted in a Pt crucible (250-ml capacity, 3cm 
diameter) within a box furnace (Thermolyne 1400 or 47900) at temperatures ranging from 925OC to 1200OC; a round Pt sheet 
( 1 k m  diameter with a l . k m  hole) was used as a cover for the crucible. A quartz tube was dipped into the glass melt 
through a hole at the top of the furnace, and 02 gas enriched with various HzO partial pressures (P.2.) was bubbled into the 
melt. P.2. was established by bubbling dry 02 gas (-57°C dew point) through a fritted tube in a water bath set to temperatures 
ranging from 3SoC to 29.7"C. A portion of the gas was fed into an optical dew point sensor (General Eastern Model 
131 IDR) which measured the actual P.20 (see Fig. 1). The Cu lines were heated by heating tape to avoid water condensation 
in the lines. Bubbling in the glass melt was performed for 2-4 hours, typically at a flow rate of 5 standard ft3/h (scfh). After 
bubbling, the quartz tube was removed and the glass melt was poured into steel molds (4 x 4 x 1 cm3) coated with boron 
nitride (preheated to SSOOC). The mold was then placed into an annealing furnace ( T h e m l p e  1500) set at 550"C and cooled 
at a rate of 60"Uh. The OH content in the glass samples was measured by cutting the samples into 0.5-2.0-mm slices and 
measuring the 3000 cm-' (3.333 pn) transmission in a FTKR spectrometer (Perkin Elmer Spectrum 2000). The OH content is 
reported as OH absorptivity (a in cm-'). The OH content of the starting cullet was low (-2 cm-') for all melts. The samples 
from the melts are identified as L-1 to L 3  1. 

2.2 LHG-8 dehydroxylation melts 

LHG-8 raw materials (2.8 kg) was placed into a fused quartz crucible (1 1 cm diameter x 17.5 cm depth) preheated in a 
resistively-heated furnace at temperatures ranging from 1ooo"C to 1165°C. A fused quartz square plate (15 x 15 x 0.7 cm3) 
with a I . k m  hole in the center was used as a cover for the crucible. After heating for one hour, approximately 30 g of the 
melt was poured into a graphite mold (4 x 4 x 1 cm3) preheated to 490°C. The mold was then stored in an annealing furnace 
set at 490°C. This first scoop sample represents the zero bubbling time sample (t = 0 h). The crucible was then reinserted into 
the furnace, and a fused silica tube (8-mm OD, 4-mm n>) was inserted into the glass melt through the hole in the fused 
quartz cover. 0 2  was then bubbled at various flow rates ranging from 0.54 to 1.1 scfh. Note no cover gas was used. Scoop 
samples were taken at various bubbling times (0.5, 1. 1.5, 2, and 3 hours). All six scoop samples were placed within an 
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L- 1 LHG-8 1100 100 0.4 2 
L-2 LHG-8 1100 100 2 2 
L-3 LHG-8 1100 100 5 2 
L-4 LHG-8 1 100 100 8 2 

L-8 LHG-8 925 100 5 2 1 29.60 1756 I 
L 9  LHG-8 lo00 100 5 4 I 1.10 6 1  

4.6 6 na 
0.8 6 
0.4 6 
0.4 6 

L-5 LHG-8 925 100 5 2 
M LHG-8 925 100 5 2 
L-7 LHG-8 925 100 5 2 

L-15 LHG-8 lo00 100 5 4 I 27.80 2008 I 
L16 LHG-8 1100 100 5 . 2  I 1.00 6 1  

4.20 6 
17.20 638 
25.30 1184 1.40 

1 18.60 1330 
L-17 LHG-8 1100 100 5 2 
L18 LHG-8 1100 100 5 2 

L-10 LHE8 lo00 100 5 4 
L-11 LHG-8 lo00 100 5 2 
L-13 LHG-8 lo00 100 5 4 
L14 LHG-8 lo00 100 5 2 

L19 LHG-8 1100 100 5 2 I 25.00 2328 I 
L2O LG-770 1050 100 5 2 1 2.88 6 1  

16.00 625 
18.70 927 
23.20 1131 1.63 
26.50 1942 

L-21 LG-770 1050 100 5 2 I 29.50 1915 I 1.48 
L22 LG-770 1 100 100 5 2 I 0.90 6 1  
L23 LG-770 1100 100 5 2 
L24 LG-770 1100 100 5 2 
L-25 LG-770 1 200 100 5 2 
L-26 LG-770 1 200 100 5 2 
L-27 LG-770 1200 100 5 2 
L-28 LG-770 1300 lo00 0.5 2.5 
L29 LG-770 1300 lo00 0.5 2.5 
L-30 LG-770 1300 lo00 0.5 6 
L-31 LG-770 1300 lo00 0.5 6 

18.80 971 1.56 
29.10 1968 
2.20 6 
17.10 1250 2.01 
27.20 2939 
9.65 610 
23.13 2980 
29.89 3990 2.18 
30.38 4100 

5-  I I 

'[ 'I 0, bubbling (Dew Point = -57'Cj 

IT = 1lOdoC 
LHGB 

I '  

t = 2 h r  
I 

A 3- i, - 

\ - 

c 

'E . 
0 v 

8 2- 

O !  I I I I I I 
0 2 4 6 8 

0, bubbling rate (scfh) 

Fig. 2. OH content in LHG8 laser glass as function of 4 bubbling rate during melting. (100 g melts, T = 1 100°C. t = 2 h). The line 
repnsents a single exponential fit added as a guide to the eye. 
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Table 2: Summary of dehydration experiments by O2 or Oz/Clz bubbling. 

0 Melt Glass Melt Melt Cover Total Babble 
# Type Dimnand Temp Gas Bubble Flow 

height (T) Flow Flow (% 
(a) (a) a 3  

H-1 LHG-8 11 x 12.7 1100 0 0.54 0 

OS 1.0 1.S 2.0 2 3  3.0 4.0 6.0 
h h h h h h h h h  

H-2 
H-3 
H-4 
s-12 
S-13 
S-14 
S-3 1 
S-32 
s-33 
s-34 
s-35 
S-36 
s-37 
S-38 
s-39 
S-40 
s-41 

LHG-8 
LHG-8 
LHG-8 
ffi-770 
LG-770 
LG-770 
LG-770 
LG-770 
ffi-770 
LG-770 
ffi-770 
ffi-770 
f f i - n o  
ffi-770 
ffi-770 
LG-770 
ffi-770 

11 x 12.7 
11 x 12.7 
I1 x 12.7 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 
9.4 x 8.5 

9.4 x 17.0 
9.4 x 17.0 
9.4 x 17.0 
9.4 x 17.0 

1100 
lo00 
1165 
1300 
1300 
1300 
1300 
1250 
1200 
1300 
1300 
1300 
1300 
1300 
1300 
1200 
1 200 

0 1.1 0 
0 1.1 0 
0 1.1 0 
20 0 0 
20 0.5 0 
20 0.5 0 
20 0.54 21.2 
20 0.54 21.2 
20 0.54 21.2 
20 0.52 11.0 
20 0.57 33.7 
20 0.50 0.0 
20 1.08 21.2 
20 1.08 21.2 
20 0.54 21.2 
20 1.08 21.2 
20 0.27 21.2 

S-42 ffi-770 9 . 4 ~  17.0 1200 20 0.54 21.2 

~ ~~ ~~~~~ 

a (an.') 
141 115 99.9 87.2 76.1 59.2 
139 76.6 73.9 61.9 51.0 37.4 
154 126 99.6 85.8 73.8 47.6 
153 87.4 12.4 55.9 43.5 34.5 

34.7 22.6 8.48 6.34 
36.1 6.71 
34.8 4.57 
46.6 4.35 0.70 0.51 0.46 0.41 
48.9 5.47 0.85 0.44 0.39 0.32 
48.5 6.80 0.92 0.5 1 0.46 0.41 
44.2 10.7 2.60 0.73 0.68 0.39 
43.4 3.65 2.65 0.63 0.56 0.39 
46.4 8.43 2.82 1.53 0.90 0.73 
46.7 3.13 1.24 0.73 0.41 0.41 
42.1 2.45 1.19 0.41 
42.3 6.66 1.41 0.46 
47.8 6.22 1.31 0.46 
45.6 17.3 6.78 1.29 
46.9 11.5 3.52 0.70 

4. DEHYDROXYLATION MECHANISM AND MODEL 

4.1 Mechanism 

The glass compositions of the two phosphate glasses used in this study (listed in experimental section) both have 
near mcta-phosphate compositions (OR -3). The basic structure of phosphate glasses has been well studied, and near- 
metaphosphate glasses can be described structurally as linear phosphate chains 19. Molten phosphate glass readily reacts 
with HzO which is believed to hydrolyze a P 4 - P  bond creating two chain terminating P-OH bonds 15* 20. For 
dehydroxylation to occur, the reverse reaction takes place at a liquidgas interface (such as the bubble or top surface 
interface). 

The detailed mechanism describing dehydroxylation of phosphate laser glass is not well understood. However, we 
have had reasonable success in analyzing dehydroxylation data using a model that assumes the two most important aspects of 
the dehydroxylation process involve 1) a mass transport step and 2) two chemical equilibrium constraints. This is shown 
schematically in Fig. 3. 

The transport step (step 1 in Fig. 3) is the diffusion of the OH carrying component from the bulk glass melt to a 
melt/vapor interface. The migrating species is likely a proton 21; however for simplicity we treat the diffusion as an effective 
OH migration which is characterized by an effective OH diffusion coefficient (DCoH). We assume that the mass transport rate 
is proportional to the gradient in the OH concentration. DmH has been previously measured for LG-770 at temperatures 
ranging from 200-1000"~ 22; an empirical fit to the data gives 

DtoH =( z.wg)exp( - 3 . 4 5 ~  10' 8 . 0 ~  1 O6 

where T is the temperature in K. 
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@ Mass transport to liquid surface 

__+ 
t 

0 

JCf12Q 

yv= CmHs 

@ H20/HCl Equilibrium 
2 2H20 + 2C12 - 4HCI + 0, 

HCI 
+ 

0 2  

Fig. 3. Schematic of liquid melt / gas interface illustrating the proposed physical and chemical processes that govern thermal and chemical 
dehydroxylation. 

At the interface, which may be the exposed top surface of the melt or a bubble surface, it is assumed that the 
governing reaction is 2 

0 ? 
2 - c -OH t) H,O+-  7 - 0 -  C - , [ i 0- d- (3) 

where the OH concentration at the gadliquid interface (Ca, in m0Vm3) is in equilibrium with the water concentration in the 
gas phase (CNz0 in mourn3) according to the equilibrium relation: 

(4) 
K, = JG 

ca '  ' 
where IC,, is the equilibrium constant ( ( r n ~ Y m ' ~ ' ~ ) .  Because these reactions take place at high temperatures, kinetics for - 
reaction (3) are assumed to be so fast that the material concentrations can be described by chemical equilibrium. 
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If the bulk melt has obtained equilibrium with Cg~20r then the surface OH concentration (C,) is equal to the bulk 
OH concentration (Cad.  However, we can only measure the bulk OH content by optical absorption (u). Then by the same 
token, when the bulk equilibrium has been reached, then a = a, where a, is the absorption coefficient for OH at the surface. 
Therefore the surface equilibrium relation given by Eq. (4) is more conveniently given as 

and when bulk equilibrium is reached, it is given by - 

The values for Kv as a function of temperature can be determined from the HzO/OH equilibrium melts (see 
Table 1). When a is plotted versus PH~O". it yields a straight-line for both LG-770 and LHG-8 suggesting Eq. 6 is valid (see 
Figs. 4a and b). The reciprocals of the line slopes in Figs. 4a and b give values for Kv which are reported in the last column 
of Table 1. At higher temperatures, the slopes are lower which leads to higher Kup values. In other words, the equilibrium 
OH content of the glass is lower at higher temperatures. At an equivalent temperature, the equilibrium OH content of LHG-8 
is slightly lower than LG-770. This is shown in Fig. 4c where both glasses are compared at 1100°C (Kwp = 1.96 Pa'%rn-' for 
LHG-8 and Kwp = 1.56 Pa%m" for LG-770). 

gives the expression 
Figure 4d is an Arrhenius plot of the equilibrium constant (Kvp) determined for both glasses; a linear fit to the data 

K, =K,exp - (i?) (7) 

where AG is the free energy, K, is the preexponential constant, and R is the ideal gas constant. The two glasses are found to 
have similar free energies (28.9 kJ/mol (LG-770) and 26.0 kJ/mol (LHG-8)), and the values for & are 20.4 Pa'%m-' (LG- 
770) and 19.14 Pa'R/cm'' (LHG-8). 

In the presence of C12, a vapor phase reaction between Clz gas and H20 vapor occurs, 

2 H20 4- 2c1, 4 HC\+ 0 2  . (8) 

As written (left to right), Eq. (8) is known as the reverse Deacon reaction 23, with the Clz acting to dehydrate the vapor. The 
equilibrium constant for this reaction is given by 

where CS2, C,a , Ce are the 02, HCl, and C12 concentrations in the gas phase (mourn3), and I& is the equilibrium constant 

(mourn3). The equilibrium constant for Eq. (9) has been reported as 23: 
6104+7.099 

(IO )*am 

RT 
K, = 

& has a value of 3996 and 7463 rn01/m3 at 1100°C and 1200"C, respectively 23. These relatively large & values lead to low 
concentrations of water vapor in equilibrium mixtures. As a consequence, in systems containing chlorine in the bubbling gas, 
the driving force for mass transfer between the bulk glass and the glasdbubble interface remains high (i.e. C r n ~ j s  low). In 
contrast, in systems where only 4 is present, the bubbles tend to reach saturation because of the equilibrium imposed by Eq. 
(5). In this case, the driving force for transport of OH out of the melt becomes small (i.e. CaH,is high), and the dehydration 
rate is correspondingly slower. 

Although the details of the reaction mechanism between Clz and H20 are not well known, it is likely that Cl2 
dissociates to form Cl radicals at these high temperatures 16. Regardless of the mechanism, the overall reaction can still be 
described by Q. (8). Note also that the current model assumes that the potential reaction of OH at the glass interface with C1 
or C12 is negligible. 
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qgure 4. (a) OH content (a) as a function of the P,,+,ln for LHG-8 glass melts at various temperatures. The melting conditions and data 
points are reported in Table 1. The lines represent fits to the data where the inverse of the slope is K,. (b) Same as (a) for LG-770 glass 
melts. (c) OH content (a) as a function of the P5om at 1 100°C for both glasses. (d) Arrhenius plot of the determined & values (points) at 
various temperatures for LG-770 and LHG-8. The lines represent fits to the data points using Eq. (9). 

4.2 Model Description 

4.2.1 Balance Equations 
A computer model has been developed that describes the removal rate of OH groups from phosphate laser glass 

using either an inert (e.g. 09 or reactive (e.g. Cl2) gas employing mass transfer constraints and reaction equilibriums 
discussed in the previous section. The model assumes the system can be described by equations appropriate for a time- 
dependent, onedimensional bubble column (see Fig. 5). 

The concentration of species (e.g. H20, OH, Cl,, 02 etc) in this model can be described mathematically by a system 
of coupled partial differential equations where the concentration is both a function of time (t) and height (2) in the bubble 
column. The generic set of equations used to describe a timedependent, onedimensional bubble column are simply the 
balance equations of each of chemicals species of interest in the gas and liquid phase 24: 

The subscript represents parameters or species in the liquid phase and g represents parameters or species in the gas phase. 
C is the concentration of particular species at time (t) and height (z), C* is the gadliquid interface concentration, E is the 
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c 

dispersion coefficient (m2/sec), U is the average velocity ( d s e c ) .  kAb is the overall mass transport (sec-I). 4 is the melt 
porosity, and R is the source or sink term from bulk reaction (mourn3 sec). Equations (1 1) and (12) state that the net flux of a 
particular chemical species at a certain time and height in the bubble column is determined by transport of species in and out 
of plane Z by dispersion (or diffusion) (first term on right-hand side of Eqs. (1 1) and (12)). by transport of species in and out 
of plane Z by convection (second term), mass transport to another phase (from liquid to vapor or vapor to liquid) (third term), 
and by the change in concentration from reaction with other species (fourth term). Using several assumptions, the balance 
equations can be simplified for the case of glass dehydroxylation. First, we assume that the liquid phase (Le. the glass melt) 

uid does not change with 
for each of the chemical 

species go $0 zero. Secondly, the gas concentration as a function of position is dominated by convection (not diffusion), 

hence E,  +=o-  Finally, we assume there is no bulk reaction in the liquid phase, R, = 0. With the following constraints, 

the balance equations for OH in the liquid and H20 in the gas phase can be written as: 

is well mixed because gas bubbling is used in the melt. 
position, and therefore, all the liquid dispersion terms 

that the concentration 
and the convection terms 

a c  
az 

where R % . M ~  is the reaction rate of the reverse Deacon reaction (Es. 8) which is given by: 

R H 2 0 / H C I  = ‘d (‘zCl2 P (‘gH20 

where rd is the reaction rate constant for the reverse Deacon reaction. The balance equations can also be written for other 
chemical species (Clz, 0 2 .  and HCl) in a similar manner as was done for H20 and OH. 

The dehydroxylation model treats all the balance equations, and numerically solves the set of partial differential 
equations. The H20/0H equilibrium constraint is imposed by using Eq. (4) and the computed gas phase H20 concentration 
to set C ~ H ~ .  In the gas phase, the H20/HC1 equilibrium is imposed by defining a simple mass action rate for the reverse 
Deacon reaction (Eq. (15)) which is fast. A rate for the forward reaction iS defined using this rate and the equilibrium relation 
given by Eq. (9). In the model, competition between these rates enforces the H2O/HCl equilibrium. 

Rg. 5. Physical representation of the time-dependent, one-dimensional dehydroxylation model for OH removal using gas bubbling through 
a phosphate glass melt. The model treats both inert and reactive gases. 
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4.2.2 
Transport of OH can occur at two types of interfaces, the bubble and top surface of the melt. When bubbles are 

formed in a bubble column, a large distribution of bubble sizes is typically observed. Hence there is not a simple 
representation of the interfacial area. Transport at the bubble interface is characterized in the model by an effective transport 
parameter, &, which is the product of the mass transfer coefficient, k, and the interfacial area of the bubbles per unit 
volume, A,,. There are a large number of approaches and correlations used to estimate transport between the vapor phase 
inside a bubble and a surrounding liquid. The approach taken is dictated by the type of bubbling regime present. Bubbling 
regimes are often categorized by the nature of the bubble flow: 
1. 

2. 
3. 

large range of flow conditions. The effective bubble mass transfer is defined as 

Mass transport at the melt/vapor interface 

Homogeneous regime - Low bubble concentrations where the bubbles tend to move from the their origin to the surface 
with little interaction. 
Heterogeneous regime - Moderate bubble concentrations where considerable interaction between bubbles occur. 
Slug flow regime - Relatively high gas throughputs where large slugs of vapor and liquid are present. 

We have chosen to use a bubble mass transfer correlation proposed by Deckwer 25 which can be employed over a 

where d, is the diameter of the bubble column (m), and 

The four dimensionless numbers appearing in Eq. (17) are the Sherwood (Sh), Schmidt (Sc), Bond (Bo) and Galilei (Ga) 
numbers, where 

gd,3 P ;  , and Ga = - gd,2 Pc 
PCDtOH CT P ;  

, BO=- & sc = ( 18-20) 

Here pt is the liquid viscosity (Pa sec), pI is the liquid density (kg/m3), 0 is the surface tension (N/m) of the liquid melt, and 
g is the acceleration of gravity (m/sec2). 

The fourth term in Eq. (17) is the melt porosity, $, or void volume created by the bubbling. For viscous fluids 
Deckwer suggests using the following correlation to obtain the porosity, 

4 = 0.2 Bo-O~.'~ Gao." Fro-". (21) 

Here Fr is the Froude number and is given by 

(22) 
' 8  F r = -  m* 

where us is the superficial gas velocity (mls) which is given by 

- 4f RT 
U8 -- 

~t Pd,' 
where f is the gas flow in moYsec and P is the total gas pressure (Pa). Notice the correlation makes no explicit use of bubble 
diameter or rise velocity, nor does it compute these values. However, Eq. (16) does allow the necessary transport parameter 
IcA,,, for the bubble interfaces, to be computed. Also, note that the superficial gas velociry (u& is just the average velocity 
(Ud divided by the melt fraction (14). 

obtained 
By substituting Eqs. (17)-(23) into Eiq. (16) the following dependence of the transport factor on process variables is 
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Based on this correlation, one sees that the transport factor is a very weak function of vessel diameter, increases as superficial 
gas velocity or diffusivity increases and decreases as viscosity or surface tension increases. 

The transport tdfrom a liquid column to an overlying gas at the top of a bubble column has received little attention 
in the literature because for many systems it is not important. However, in small systems it can be as important as the bubble 
phase transport. Unfortunately, we do not know of any established correlations for estimating surface transport coefficients 
from system variables. Consequently, we have employed a simple correlation using surface renewal theory which introduces 
two parameters surface velocity, v,, and a characteristic length, I , .  Surface renewal theory can be used to relate these 
parameters and diffusivity to the transport coefficient at the surface is 

Parameterized in this fashion it is possible to make at least limiting estimates of the magnitude of the transport by choosing 
reasonable values of v, and Z,. Notice, however, that the transport coefficient actually depends only on the ratio of these two 
parameters. 

As mentioned above, the characterization of the surface! transport is the most difficult to deal with. In the following, 
we assume that I ,  is a measure of the activity of bubbles breaking at the surface and that this activity is proportional to the 
flux of gas in the bubbles, with higher flux leading to more violent action and thus a smaller effective length scale. We 
further assume that this behavior can be approximated using the simple relation 

L* I ,  =-) 
U b  

where L, is a constant. Since the surface transport actually depends on the ratio of v, and Is (Eq. (25)), we choose a 
reasonable but arbitrary value for V s  (0.3 m/sec), a value equal to the rise velocity of the larger bubbles in the system. We 
allow L, to be a parameter to be determined by fitting of model results to the experimental data. 

4.2.3 Limiting cases 
The partial differential equations described in Section 4.2.1 can only be solved numerically. However, it is 

instructive to explore limiting cases where the differential equations yield analytical solutions. For example, if the system is 
limited only by mass transfer of OH in the liquid to the liquidvapor interface, the following equation applies: 

Here it is assumed that the equilibrium constant K, is sufficiently large, or sufficient Ghlorine is present, such that the 
effective equilibrium concentration of OH'at the vaporfliquid interface (CaH) is zero. Equation (27) can be easily integrated 
giving: 

A simplified set of equations can also be developed for the case in which transport is fast and the system is 
controlled by the two previously defined equilibrium relations. This is done by writing the overall hydrogen balance for the 
system: 

where V is the melt volume. y 3 0  and y w  are gas mole fractions of H2O and HCl, respectively, exiting the system. For 
simplicity we assume that no H20 or HCl enter the system in the gas phase. Using the ideal gas law and Eq. (9) and (4). the 
gas mole fractions can then be described as: 
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where P is the total gas pressure (Pa). Note, because mass transfer is fast, C ~ H  = C ~ H , .  Combining the equilibrium relations 
with this hydrogen balance gives 

If no chlorine is present (Cf12 = 0) then Eq. (32) can be integrated to give the result 

In cases where significant amounts of Clz are present and the water vapor levels in the exiting gas are small 
compared to the HCI levels, the right hand side of Eq. (32) will be dominated by the second term in the bracket. In this case 
Eq. (32) can be integrated to give 

Notice that in the presence of Clz, the form of the equation describing the evolution of OH levels in the melt has the 
same exponential form for both the mass transfer controlled (Es. (28)) and the equilibrium controlled (Eq. (34)) cases. In 
either case, if data are plotted on a semi-log plot a straight line should result if the limiting case applies. In one case the slope 
of the line would be proportional to the overall transport coefficient, whereas in the other case it yields information on the 
magnitude of the equilibrium constants. 

On the other hand, in the absence of chlorine, a semi-log plot of the data would only be a straight line if the system 
were dominated by mass transport (Eq.  (28)). If equilibrium constraints dominate the system then a plot of the reciprocal of 
OH concentration versus time. would yield a straight line (Eq. (33)). Table 3 summarizes the limiting cases described in this 
section. 

Table 3: Limiting cases of dehydration model 

I I Limiting:casi- I -Differential F O G  Solution 
I 
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5. DISCUSSION 

5.1 Application of the dehydration model to small scale melts 

Using the determined or literature values for D ~ H .  Gpr and & as a function of temperature, the known melt 
properties, and the known experimental parameters (see Table 4). the full dehydration model (described in Section 4) was 
used to compute the OH removal rates from LG-770 melts. Two values that are not well known, the OH extinction 
coefficient (E) and L, were used as fitting parameters in the model. Limits on reasonable values were set for both of these 
parameters. The extinction coefficient relates the absorption coefficient of OH at 3.333 pn to the OH concentration in the 
glass in ppm by weight. Reported values for the OH extinction coefficient vary from about 30 to 400 ppm/cm-' with most 
factors rangin from 50 to 130 ppmw/cm-l 15. The H20/0H extinction coefficient that best fits the data was determined to be 
52 ppmwkm- (see Table 4). 

The value of the other fitting parameter, L, effects the relative amount of mass transfer at the bubble interface to 
that at the top surface. The ratio LJv, (=Is) gives the length scale over which a packet of fluid is assumed to remain on the 
surface. The value of L, found during the fitting procedure results in values of 1, on the order of 1 cm. One would expect the 
length scale to be bounded by the diameter of the vessel at the high end and the characteristic bubble size at the low end, and, 
indeed, the determined values of 1, fit within these bounds. 

A similar fitting procedure was performed for LHG-8, except that values for D ~ H  were not available. Assuming that 
the H20/OH extinction coefficient (E) is the same for both glasses, the data was fit using two fitting parameters (DaH and L). 
The DC~H values that best fit the data were D m  = 2.0 x l0-"m2/sec ( l W C ) ,  3.0 x 10'" m2/sec (1100°C). and 4.3 x lo-" 
m21sec (1165°C). Note that different combinations of DNH and L, can be used to fit the data; however the values we 
ultimately chose appear to reasonably fit both the small-scale test melts and large-scale continuous production melts the best 
(see section 5.5). 

B 

Table 4. Parameters used in dehydration model 

LE770 LHG8 
ExDenmental Parameters 

Column diam. (4) 9.4 cm 11.2 cm 
Column height 17 cm or 9.5 cm 12.7 cm 
Cover gas (f,) 20 scfh 0 

Temperature (T) 1200- 1 300°C 1OOO-1165°C 

Melt Parameters 
Flow rate ( f )  0- 1.08 scfi 0.54-1.1 scfh 

Viscosity (p,) 0.30 Pa sec 0.96 Pa sec 

Surface tension (0) 0.15 N/m 0.15 N/m 
Melt density (p,) 2.12 g/cm3 2.32 g/cm3 

Kd Eq. (10) Eq. (10) 
K W P  Es. (7) Eq. (7) 
D CoH Es (2) see Section 5.1* 

OH extinction coefficient (E) 52 ppdcm"* 52 ppndcm-' 
L 3 x IO" m2/s* 15 x IO-' m%* 

*Used as a fitting parameter in the model 

5.2 Effect of experimental parameters on dehydration kinetics 

To fairly compare the dehydration rates for different melts, the data in Figs. 6 and 7 are plotted in terms of the 
normalized OH content (Le. a at time t over a at time zero (ad). In addition, a log scale abscissa is used because it best 
illustrates small changes over an extended range of water content. However, care should be exercised when viewing the data 
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on such semi-log plots so that too much weight is not given to very low values of the ratio a/%. 
The solid lines in Figures 6a-6f represent the predictions of the full dehydration model to the data using the 

parameters summarized in Table 4. Considering all the plots, the fits to the data are reasonably good, remembering that all 
the data is shown on semi-log plots. Figure 6a illustrates the effect of temperature on the rate of dehydroxylation for LG-770 
glass during bubbling with 0 2  and Clz. The rate of dehydroxylation increases with an increase in temperature. This is not 
surprising since both the mass transport ( D ~ H ) ,  and the equilibrium constraints (&, Kw) are driven toward values that would 
increase the dehydroxylation rate. However, the temperature effect is relatively small over the temperature range explored in 
this study. As Seen in Fig. 6b, the effect of bubbling flow rate is much greater. After one hour of bubbling, a 4x increase in 
flow rate resulted in about a 5x improvement in the degree of dehydroxylation. Without any bubbling (i.e. where all 
dehydration takes place at the melt top surface), a noticeable amount of dehydration still takes place (see Fig. 6c). The 
addition of 0 2  bubbling at 0.54 scfh (shown on the same plot) increases the amount of dehydroxylation by 7x after one hour. 
The addition of Clz to the gas bubbling (also shown in the same plot) increases the amount of dehydroxylation by 29x after 
one hour (compared to no bubbling). Clearly, to achieve fast rates of dehydroxylation, the use of higher flow rates and the 
presence of Cl2 are preferred. 

While the OH concentration in the glass melt is still high, changing the amount of C12 in the bubbling gas 
compositions should also have a strong effect on the amount of dehydroxylation. Remember that C12 acts as a getter which 
chemically removes HzO from the gas phase and increases the driving force for more OH to come out of the liquid. At low 
OH concentrations in the liquid, the amount of C12 present does not play as strong of a role, because there is more C12 than 
HzO present in the gas phase. However, the presence of at least a small amount of Clz is needed to enhance the rate of 
dehydroxylation. This is because without Clz, even small amount of HzO in the vapor will saturate the gas (see Eq. (5));  
hence, the OH removal will be slow. 

The results of the glass melts performed by bubbling at various Cl2 concentrations are shown in Fig. 6d. The model 
predictions to the data are not as good for this set of experiments. The experimental data, specifically those taken with high 
CIz, show less dehydration than predicted by the model. There are two possible explanations for the data: 1) the mechanism 
for C12 reaction is not accurate, or 2) the experimental measurements may have had error in the amount of C12 that was added. 
Further study is required to determine the cause of this discrepancy. 

Figure 6e shows the results for the dehydroxylation of the LHG-8 glass melts. Similar trends to the LG-770 melts 
are observed; the dehydroxylation rate increase at higher temperatures and flow rates. The initial OH content in the LHG-8 
glass was about 3x higher than LG-770, and only 02 bubbling was performed in these melts. Hence the relative amount of 
dehydroxylation was less than that observed with LG-770 for the same amount of bubbling time. The mass transport of OH 
in the LHG-8 glass melts was significantly lower than in the LG-770 ( D ~ H  = 3 . 0 ~  IO-" mz/sec for LHG-8 and D ~ H  = 1.7 x 
lU9 mz/sec at 1looOC). The lower diffusivity may be related to the lower viscosity of LG-770 compared to LHG-8 at 
equivalent temperatures (see Table 4). However, a 3x change in viscosity can not account for such a large diffusivity change 
(-100~). This may mean that mass transport is not driven specifically by OH diffusion, but by some other mechanism. 
Despite the fact that the true mechanism for OH mass transport is not well understood, the determined values for DmH do a 
reasonable job at predicting OH removal rates in both small-scale melts as well as production size melts (see section 5.5). 

Figure 6f illustrates the effect of melt height on the rates of dehydration. As the melt height increases, so does the 
volume; therefore, the dehydroxylation should decrease. Our results match this observation. Another feature of using 
different melt heights is that it changes the ratio of the amount of mass transport that takes place at the top surface of the melt 
compared to that of the bubble surfaces. So the model fit to these experiments is a good test of whether these two mass 
transport terms are valid. The model prediction agrees fairly well with the data suggesting that our chosen value for L, is 
reasonable. 

5.3 Role of cover gas and cover gas humidity 

Two important considerations in the fitting the full dehydration model are the effect of using a cover gas (fJ and the 
partial pressure of H20 (PH~o) in the cover gas. Figure 7a illustrates the dehydroxylation kinetics with and without a cover 
gas; the difference is significant. The cover gas increases the mass transport at the top surface by decreasing CmHs. Also, 
this effect is large because the melt size is small; for larger size melts, the effect of cover gas would be much smaller because 
the surface area to volume ratio would be much smaller. 

The presence of a trace amounts of moisture in the gas supply will prevent the OH content in the glass melt from 
reaching zero. Without any humidity in the cover gas or bubbling gas, the model predicts the water content to drop to very 
low values ( &CY., (see Fig. 7b). However, the measured OH content does not drop to such levels. A probable 
explanation for this behavior is that some trace amounts of H20 are in the gas supply. The dew point of the 02 source is 
-62°C (0.025 mmHg). This level of humidity still results in a much lower OH content in the glass at long times than 
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measured. However, a possible source of additional moisture is from ambient air leaking into the melting system. This is 
very possible because no provisions were present to seal the cover of the melting crucible. Knowing the humidity and 
temperature of the outside mom air where the melts were conducted, all the data was fit to the full dehydration model by 
leaking a constant amount of ambient air into melting system (Le. into the cover gas). Using 0.3% leakage of ambient air 
provided the best fits to the dataat long times (see Fig. 7b). 

5.4 Mass transfer versus equilibrium 

In section 4.2.2 the analytical expressions for limiting cases in the dehydration model were derived. Figure 7c 
shows that the LG-770 melts were not governed by either limiting case (mass transport or equilibrium). Line 1 in Fig. 7c 
represents the mass transport limited case calculated using Fiq. (28). Remember that this represents the case where mass 
transport of OH is slow enough that equilibrium is not reached. Line 2 represents the equilibrium case (Eq. (34) when C12 is 
high and Cm2 >> C g ~ 2 ~ .  Line 3 represents the full dehydration model whose calculation is described in Section 4.2. In fact 
the full dehydration model lies about half-way between both limiting cases for the LG770 melt (T=1200"C, f=0.54 scfh, 
21.2%C12). Hence, the small-scale tests can not be described solely by the limiting cases. 

5.5 Simulation of large scale glass melts 

The full dehydration model does a reasonable job of calculating the rate of OH removal in small-scale test melts (< 1 
liter). The small-scale test melts are discontinuous or batch melts, while production scale melts are carried out by a 
continuous melting operation. The details of the continuous melting process are described elsewhere l. Continuous melting 
operations have the key features of using larger melt volumes and continuous melt flow through the bubble column. Both of 
these features increase the difficulty of removing OH from the melt. 

The dehydration model has been used to predict dehydration levels for both discontinuous and continuous melting 
processes; in Fig. 8 the computed relative OH levels are compared to measured levels in the product glass from both melting 
processes. The continuous melting data represent operating regimes for which the bubbling flow rate and C12 content differed 
by more than lox and thus is a good test of the model. The ability to predict the dehydration in both discontinuous and 
continuous melts suggests that the basic model assumptions capture the primary physics and chemistry involved in 
dehydration of phosphate glass by gas bubbling. 

6. CONCLUSIONS 

The rates of dehydroxylation resulting from bubbling O2 or C12 into glass melts have been measured for 
two commercial laser phosphate glasses (LG-770 and LHG-8). The effect of various gas compositions, temperatures, 
bubbling flow rates, melt geometries, cover gas flow rates have been evaluated. A timedependent, onedimensional bubble 
column model describing dehydroxylation rates of phosphate glass melts by bubbling O2 or Oz/Cl2 mixtures has been utilized 
to describe dehydroxylation of small-scale test melts and large-scale continuous melting processes. In the model. the 
dehydroxylation process is governed by (1) transport of OH to the liquidhapor interface (DmH), (2) the H20/0H equilibrium 
(b). and (3) the equilibrium for the reverse Deacon reaction (&). Using measured or literature values for D ~ H ,  & and 
&, the model is fit to the data using two parameters e (OH extinction coefficient (in ppdcm-')) and L, (parameter related to 
the mass transfer at the top surface). 
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Fig. 6. Comparison of full dehydration model with experimental data. (a) Normalized OH content as function of bubbling time in LG-770 
glass melts at various temperaaves (f = 0.54 scfh, 21.2% Cld. (b) Normalized OH content as function of bubbling time in E-770 glass 
melts at various bubbling flow rates fl= 1u)O"c. 21.2% Cld. (c) Nonnalized OH content as function of bubbling time in LG-770 glass 
melts at differcat bubbling conditions (no bubbling, 0.54 scfh (0, only), and 0.54 scfh (21% 0). (d) Normalized OH content as function 
of bubbling time in LG-770 glass melts at various Cl, concentrations (T=luxpC, f = 0.54 scfh, 21.2% Cld. (e) Normalized OH content as 
function of bubbling time in LHG-8 glass melts at various temperatures (lo00 to 1 l65"c) and flow rates (0.54 to 1.1 scfi). (f) Normalized 
OH content as function of bubbling time in Ui-770 glass melts with different melt heights (8.5 cm and 17 cm) (T =13oooC, f= 0.54 scfh, 
21.2% Clz). 
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Fig. 7. (a) Normalized OH content as function of time in LG-770 glass (T= 1300°C. f = 0.54 scfh, 21.2% Cld. 'Ihe lines represent the 
model fit to the data with and without cover gas. (b) Same as (a) except that the lines represent model fits to the data when no P.2. is 
pnsent in the cover gas. and when P ~ o  is 64 Pa (Le. 0.3% of outside air is leaking into melt system). (e) Normalized OH content as 
function of time in LG-770 glass V= lu)o"c, f = 0.54 scfh, 21.2 % Q). Line 1 represents the mass transport limited case ca~culated using 
Eq. (28); line 2 represents equilibrium case calculated using Eq. (34); and line 3 represent full dehydration model case as described in 
Section 4. 

Pm.  SPlE Vd. 4102 191 



(a) DbconHnuourmeiting 

- 

- 

0 0.2 OA 0.6 0.8 1 .o 
Relative OH e o n u m t r a i 0 ~  

(b) Continuous melting 

- 

- 

0.2 0.4 0.6 0.8 1.0 
Relative OH concentratiomeaswed 

Fig. 8. Comparison of measured versus predicted OH concentrations in glass produced by (a) small-scale test melts (<1 C) and (b) 
production-scale continuous melting operations. The solid circles are using O2 bubbling only, while open circles represent bubbling with 
0, and variable amounts of C12 (40%). 
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APPENDIX: VARIABLE LIST FOR DEHYDROXYLATION MODEL 

Absorption coefficient of bulk glass at 3.333 pm (cm-’) 
Absorption coefficient of bulk glass at 3.333 pm (cm“) at time zero 
Absorption coefficient of glass melt at 3.333 pm (cm-I) at liquidhapor interface 
free energy for Kvp (kJ/mol) 
Liquid surface tension (N/m) 
Melt porosity or void volume 
Viscosity of liquid (Pa sec) 
Density of liquid (kg/m3) 
Total bubble surface area per unit volume (m-’) 
Effective interface area per unit volume of melt, includes bubble and top surface (m-’) 
Bond number 
Concentration of a particular species in gas or liquid (m0Vm3) 
C12 concentration in gas phase (movm3) 
H20 concentration in gas phase (mourn3) 
HC1 concentration in gas phase (mourn3) 
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VS 

Y H a  
Y%O 

2 

02 concentration in gas phase (mourn3) 
Total gas concentration (mourn3) 
Concentration of a particular species at the gadliquid interface (m01/m3) 
OH concentration in liquid (mourn3) 
OH concentration at the liquid/gas bubble interface (m01/m3) 
OH concentration in liquid at time zero (moVm') 
Diffusivity of a generic species (m2/sec) 
Diameter of bubble column (m) 
Effective diffusion coefficient for OH in liquid (m2/sec) 
Dispersion coefficient in the gas phase and liquid phase (m2/sec) 
Bubbling gas flow rate in equilibrium with melt (moVsec) 
Cover gas flow rate (mol/sec) 
Froude number 
Acceleration due to gravity (m/sec2) 
Galilei number 
mass transfer coefficient ( d s e c )  
Reverse Deacon reaction equilibrium constant (mol/ m3) 
Pre-exponential constant for ~ v p  (Pa"?cm-' ) 
H20/0H equilibrium constant for phosphate glass ( ( m ~ l / m ~ ) ' ~ )  
H20/0H equilibrium constant for phosphate glass (Pa''/cm-') 
Parameter related to the characteristic length 03 <m2/sec) 
Characteristic length that relates to mass transport at surface (m) 
Total gas pressure (Pa) 
H20 partial pressure in the gas phase (Pa) 

Reaction rate constant for the reverse Deacon reaction 

Ideal gas constant (8.314 J/mol K) 
Input or removal rate of species in gas phase and liquid phase due to bulk reaction (m01/m3 sec) 
Reaction rate of HzO in gas phase with Cl2 to form HCl in gas phase (mourn3 sec) 

Schmidt number 
Sherwood number 
Temperature (K) 
Time (sec) 
Average gas phase and liquid phase velocities (m/sec) 
Superficial velocity (m/sec) 
Melt volume (m3) 
Characteristic velocity that relate to mass transport at surface (dsec)  
Gas mole fraction of H20 
Gas mole fraction of HCl 
Height in bubble column (m) 

(SL] 
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ABSTRACT 

The NIF and LMJ laser systems require about 3380 and 4752 Nddoped laser glass slabs, respectively. Continuous laser glass 
melting and forming will be used for the first time to manufacture these slabs. Two vendors have been chosen to produce the 
glass: Hoya Corporation and Schott Glass Technologies. The laser glass melting systems that each of these two vendors have 
designed, built and tested are arguably the most advanced in the world. Production of the laser glass will begin on a pilot scale 
in the fall of 1998. 

1. INTRODUCTION 

The laser systems that comprise the US Department of Energy (DOE) National Ignition Facility and the French 
Commissariat h 1’Energie Atomique (CEA) Laser Megajoule (LMJ), each consist of 192 and 240 laser beamlines, 

Each beamline contains either 16 (NIF) or 18 0 large, Nddoped laser glass slabs and each finished laser 
glass slab is about 81 x 46 x 4.1 cm3. A total of 3072 and 4380 slabs will be installed on the NIF and W, respectively 
(Table 1). In addition, each facility plans to purchase approximately 1096 mort slabs as construction and operation spares. 
Thus, nearly 8150 laser glass slabs will be needed for the two laser systems: this represents a volume of about 125 m3 (330 
metric tons) offinished high optical quality glass. Note that the quantity of raw glass that must be melted is significantly 
larger than 330 metric tons to account for various processing losses. 

Both the NIF and LUI use a compact laser amplifier design d e d  the “multi-segment ampMier” (MSA)?”*’ These 
amplifiers consist of stacked 4 x 1 amys of laser glass slabs inside a flashlamp pumped cavity (Fig 1). By using square 
aptms (i.e. square beams) it is possible to tightly pack the individual laser glass amplifiers into a compact matrix and 
greatly reduce the size and cost of the system. This design requires that the lasg glass be manufactud in rectangular slabs. 
Note that although the laser apatute is square, the laser slabs are rectangular because they a mounted at Brewster’s angle to 
the propagation direction of the beam. Mounting the glass at Brewster’s angle minimizes the Fresnel reflection losses at the 
surfaces of the slabs. In addition, mounting at an angle increases’the coupling efficiency of the flashlamp light with the slabs. 
Erlandson et dSA7 have recently desaibed in detail the design and operating cbmtema  * ‘cs of flashlamp pumped multi- 
segment amplifiers. The measured small signal gain coefficient is typically about O.O5/cm and the stored energy density about 
0.25 J/cm3 for phosphate laser glass doped at about 4 x lO%m’ and pumped at a lamp explosion fraction of 0.20. 

A prototype laser closely nxembling one of the NIP beamlines has recently been built and tested.’ This laser, called 
“Beamlet”, uses 11 amplifiers in the main cavity and 5 in the booster section, the same configuration as the NIF. A series of 
large phosphate glass slabs (767 x 428 x 44 mm’) having a doping of 3.5 x lO%m’ w ~ t  produced for this laser? Although 
slightly smaller than RQllind for W and NIP, these prototype glass slabs wcn mabe to nearly identical specifications as 
requiredfortheNIFand LUJ. Ihaefore, to a gnat extent, the quality and size of Klaseiglass pieces needed for NIF and 
LUJ have been demonstrated. What remains is to develop the mandadwing for producing alarge number of these 
high quality glass slabs at a high rate and at a significantly lower cost. In this’p$k we briefly desuibc the advaacad melting 
methodsthatarebeingdevelopadtoproducetheglassfortheNIFandLUJ. Although&tailsofthepmductionprocessesare 
pmpriem, we will highlight the changes involved in changing from the oncat-a-time discontinuous production process usad 
in the past to the continuous melting process of the hturc. Our cost goal is to manufktm the laser glass for about 
$looofliter ($3501kg); this is roughly a factor of three lower than the cost with the current o~~~at-st ime production methods. 
Given the size of the lasa glass orda, this level of cost reduction repnsents a total cost savings of about $200 to $300 
million over the price that could be achieved with current manufacturing methods. 
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Figure 1. Assembly drawing of two 4 x 2 amplifier units to be used on NIF. 
amplifiers in a frame that contains four (4) vertically stacked laser slabs. 

The laser slabs are mounted in the 

- - refine (remove bubbles) - melt raw materlals, 
dehydrate, set redox and homogenize 

Raw- 
materlalr 

Refractor&cl ble 

I Step 2: Re-Melt i 

Platinum lining 

To complete one full melt cycle 
requlres about 1 to 2 days 1 /Mold 

Figure 2. Schematic representation of the ament discontinuous, 2-step process used to melt and fom laser glass castings. 
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Table 1: Quantity of laser glass required for the LUJ and NIF projects. 

variable 
Number of beamlines 
Number of slabs / beamline 

Total number of slabs (including spares) 
Finished slab dimensions (cm') 
Volume per slab (liter) 
Total volume (m') 
Mass (metric tons) 

spares 

rn 
192 
16 

1wo 
3380 

8 1 ~ 4 6 ~ 4 . 1  
15.3 
52 
136 

LElL 
240 
18 

1wo 
4752 

81 x46x4.1 
15.3 
73 
190 

2. LASER GLASS SPECIFICATIONS AND PROPERTIES 

2.1 Optical quality 

processing conditions. In particular, there are three main characteristics of the glass that impact optical quality: 
Some of the most critical specifications of the laser glass relate to its optical quality and are strongly dependent on the 

optical homogeneity 
inclusions 
bubbles 

Optical homogeneity refers to the rehctive index variation in the optical material and for laser glass this is typically 
less than 2 ppm (i.e. An < f 2 x 103. The homogeneity is generally specified in terms of a maximum amount of allowed 
aberration due to sphere, coma, astigmatism and a d e r  amount of higher-order terms (see Table 2). For NIF and LMJ we 
intend to keep this same specification. However the final, finished (that is, polished) laser glass will be specified using a more 
sophisticated procedure designed to monitor aberrations at specific spatial fresuencies that are known to seed non-linm-growth 
of intensity noise in the laser beam. 

The homogeneity of the laser glass is critical in order to maintain wavefront uniformity of the laser beam. Recall that 
there are a total of 16 laser slabs in the laser beamline and during the four passes through the amplifier chain the beam passes 
through the equivalent of 64 laser slabs. Ihenfore, even small optical inhomogeneities can lead to significant wavehnt 
aberration in the output of the beam, potentially causing significant degradation in both frequency conversion and focusability 
of the beam. 

Inclusions from d c  refractory materials, unmeltcd raw materials, Pt metal, crystallites or impurities can cause 
optical damage in the glass when exposed to high laser fluences. The most common inclusion source is metallic Pt 
inclusions from the Pt liners used in the melting system. Improved processing conditions have lead to a dramatic reduction in 
Pt iuclusions in recent years such that the average inclusion density is less than 0.1 pa liter of glass or less than an average 
of 1 to 2 pa glass slab.'o*'' Inclusions in the laser glass typically damage at about 2-5 J/cm2 at the NIF and LMJ pulse 
lengthsn Although very small to begin with, inclusion damage can grow with successive laser shots to several mirlimctcrs 
orevencentimetersinsize making the laser glass unusable. Also large damage spots in the laser glass can secddamagein 
other optics in the laser chain. In general, if the inclusions am small they can be tolerated as long as the optical damage they 
produce does not exceed absut 250 pn in size. This is the basis for the specification given in Table 2. Currently we scan each 
piece of laser glass with a high fluence laser beam and measure the size of any damage site afta aspecified number of shots at 
fluences between 7 to 14 J/m2 (8 ns).13 If the Pt-damage size remains below the specified size limit given in Table 2. then it 
is acceptable. 

The laser glass bubble specification is based on two requirements: first. the need to minimize the amount of light loss 
due to the obscurations caused by the bubbles and second, the need to keep the size below a certain value that may induce 
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non-linear growth of intensity noise. The obscuration loss is not to exceed 0.01% of the beam area per slab and therefore 
sets the total number of bubbles of a given size allowed in any given slab. The maximum size bubble allowed is currently 
100 pm. The diffracted light from bubbles that exceed 100 pm can, at high intensities, imprint a holographic a t i o n  
pattern in the next optic that, in turn, can bring that portion of the beam to focus at another downstream optic and potentidly 
damage it. Because of the regular spacing of many of the optics in the laser chain this non-linear imaging effect could lead to 
propagation of laser damage throughout the beamline. In general, bubbles have not been a significant problem for laser 
glass. For example, only one of the Beamlet slabs had bubbles and these were so few in number and so small as to be 
insignificant? Similar results were observed for the Nova and Phebus laser glass disks. 

Table 2: Several key technical specifications for the NF pre-finished laser glass slabs. These pre-finished slabs will be clad, 
ground and polished into the finished slabs by the finishing vendor. 

Parameter 
1. Nd doping 
2. Homogeneity (expressed as wavefront 
error at 0 632 nm, n o d  incidence) 

Sphere 
Astigmatism 

Higherorder aberrations 
3. Fluorescence Lifetime 
(measured on 5 x 5 x 0.5 cm' sample) 
4. Absorption coefficients: 

at 1053 nm 
at 400 nm (due to Rn+) 
at 3333 nm (due to -OH) 

m a .  number (per 100 cm2 area) 
maximum diameter 

5. Bubbles: 

6. Birefringence 
7. Pt inclusions: 

max. number for any one slab 
average for all slabs 
max. size after laser irradiation 

NIF ~Decifications 
4.2 x l@ f 0.1 Ndk /cm3 

< 0.425 h. 
< 0.220 x 
< 0.142 h 
>320 p e c  

I 0.0019 cm-' 
I 0.25 cm" 
I 2 cm-' 

total cross section < 0.15 mm2 

I 5  d c m  
5 l o o p  

I 5 in Clear Aperture 
S2perslab 
I 100 pm. 

2.1 Properties of the NIF and LMJ laser glasses 
Laser glasses are specially formulated to give the desired laser, optical, thennal-mechanical ad physical-chemical 

pmpfxties needed for a specifk lasa appwon. Some of these properties are strongly &&Xed by the processing conditions 
(as discussed in the preceding sections), however, most are controlled by the base glass composition. 

We have chosen two glasses for use on the N E  and LMJ that meet the ghn. energy storage, extraction efficiency, rad 
damage resistance requirements: LHG-8 (Hoya corporation) d LG-770 (Schott Glass Techwlogies Inc.). LHG-8 is the 
same glass used on the Nova and phcbus lasers, however, LG-770 is a new formulation developed to replace LG-750 that was 
used on Nova, Phebus and Beamlet. 

The key properties of these laser glasses are summanzed * in Table 3. The importance of these properties for ICF high- 
peak-power applications has been recently reviewed." Consequently, we will not discuss laser glass properties further here. 
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Table 3 : Properties of LHG-8 (Hoya) and LG-770 (Schott), the two laser glasses selected for use on L M J  and Nn;. 

PrQper t i e  
Optical 
Refractive index 

n d  (589.3 IUII) 
n, (1053 nm) 

Non-linear refractive index 
n, (ioi3 esu) 
y (lom m2/W) 

Abbe number 

Laser 
Emission cross-section (10" cm') 
Radiative lifetime at zero-Nd concentration e) 
Judd-Ofelt radiative lifetime e) 
Emission band width (nm) 

Thermal 
Thermal conductivity, 90°C (W/mK) 
'Ibermal diffusivity (I@' m2/s) 
Specific heat, Cp (J/gK) 
Coefficient of thermal expansion, 20-300°C (IO-'&) 
Glass transition temperature, Tg ("C) 

Mechanical 
Density (g/cm3) 
Poisson's ratio 
Fracture toughness (Mpa mm) 
Hardness (GPa) 
Young's modulus (GPa) 

LHG-8 

1.52962 
1.52005 

1.12 
3.08 
66.5 

3.6 
365 
35 1 
26.5 

0.58 
2.7 
0.75 
127 
485 

2.83 
0.26 
0.5 1 
3.43 
50.1 

LG-770 

1 so674 
1.49908 

1.01 
2.78 
68.4 

3.9 
372 
349 
25.4 

0.57 
2.9 
0.77 
134 
460 

2.59 
0.25 
0.48 
3.58 
47.3 

3. GLASS MELTING DEVELOPMENT 

The glasses made for the present large ICF laser systems (e.g. Nova &LNL], webus [CEAI, Beamlet W I  Gekko 
[Osaka] and Omega [univ. of Rochester]) wen matltlfactlpcd using a one-at-a-time, discontinuous melting process. In this 
section we briefly describe this older manufacturing method and the new advanced processes that have been developed for NIF 
a n d w .  

3.1 The "old" technology: one-at-a-time, discontinuous laser glass melting and forming 
Ibe first step ofthe discontinuous process is a p m l t i n g  step designed melt and mix (on a large scale length) the raw 

starting mateiials (Fig. 2). A bubbling gas is often addad to remove unwanted volatile products, particurary wata and, if 
ncccsay adjust the melt redox state. 'Ihe pre-reelt is carried out in a relstively inert refirrctory mcible. The walls of the 
refractory vessel C(xr0dt o v a  rime eventually rsquiring the vessel to be nplaced. The glass from the pre-melter generally 
contains bubbles, striae, and possibly some small particles of unmelttd Starting material. 

The produd glass from the prc-melt stage is next p.ocessed in a physically separate unit called the "re-meltef'. The rn 
melter consists of a platinum lined vessel that also has provisions for stirring and gas bubbling. The main purpose of the m 
meltcr is to dissolve any platinum inclusions, remove any bubbles and finally, homogenize the glass to provide the Striae- 
b, high-opticalquality glass necessary for laser applications. This process involves several  stage^.'^ During the first stage 
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of the remelt cycle the redox state of the glass is adjusted to enhance platinum particle dissolution. This followed by a 
refining or “fining” process conducted at high temperatunx where the viscosity of the glass is low, allowing bubbles to rise 
to the surface. The third stage is a stirring process which is generally conducted at temperatures lower than either the melting 
or the refining stages. The continuous stirring thoroughly distributes all components within the glass melt, eliminating striae 
and thus ensuring uniformity of the refractive index over the entire casting. Finally, the melt is cooled to a temperature such 
that the viscosity of the glass is proper for casting into a mold of the appropriate size and shape. After casting, the glass 
undergoes a come annealing step, is inspected for inclusions and striae, and then is fine annealed to remove residual thermal 
stresses due to the forming process. 

3.2 Advanced technology: continuous laser glass melting and forming 
Advanced laser glass melting processes have been developed separately by Schott Glass Technologies (Duryea, PA) and 

Hoya Corporation (Fremont, CA) under work funded jointly by the Lawrence Livermore National Laboratory and the a n &  
d’ Etudes de Limeil-Valenton. The two glass companies have chosen different development approaches. Schott has chosen to 
design and develop a full-scale melting system that will then become the production melter. ?his approach allowed for one 
development run to veri@ the equipment design and the melting and forming process; this was completed in November apyi 
December 1997. In contrast Hoya chose to carry out development using a sub-scale continuous melter. Because of the smaller 
size and lower operating costs of this quipment Hoya was able to carry out several melting and forming campaigns which 
were completed in March 1998. We are pleased to state that both vendors have successfully completed their development 
efforts and are preparing for a first production run that we term the “pilot”. This will be followed by several years of 
production, approximately 2-3 years for the NIF and about 3-4 years for LMJ. 

Many of the details of the manufacturing p r o k s  are highly proprietary to each company. lbxefore, we give only a 
generic description of the melting, forming and coarse annealing process. Nevertheless, this description should give an idea of 
the progress in laser glass manufacturing technology that has occurred as a result of the NIF and LMJ projects. The laser glass 
melting systems developed by Schott and Hoya arc arguably the most advanced optical glass melting systems in the world. 

A continuous optical glass melting system is generally divided into several interconnected zones (Fig. 3). Each zone 
consists of one or more vessels designed to carry out a specific aspect of the process. In the case of the laser glass continuous 
melters there are six main processing zones16 (Fig 3): (1) raw material batching, (2) melting, (3) conditioning, (4) refining, 
(5) homogenization and, (6) continuous strip forming. ’Ibese regions are inte~~onnected allowing for the continuous flow of 
glass from one zone to the next. 

It is desirable that the raw materials be batched together and then thoroughly mixed in a dry atmosphere. The batch is 
tbendelivaed continuously to the melter with precautions to avoid water uptake by hydroscopic raw materials. The batch 
powdet that enters the melter dissolves in the molten glass and undergoes largescale mixing. Off-gas handling equipment 
collects any gas emissions fnnn the melter (or other vessels) and treats the effluent to meet environmental regulations. 

”be glass continuously flows from the melter into the conditioning unit where the redox state of the melt is adjusted to 
enhance Pt-inclusion dissolution. If required, steps may also be taken to remove any excess ‘tvater” (i.e. -OH) in the glass. 
’Ibe glass from the conditioning unit then flows to the refiner section where the temperatwe is generally elevated to reduce the 
glass viscosity and thereby increase the bubble rise velocity to promote bubble removal. 

Finally, the glass from the refj.net en- the homogenization section where Pt stirrers thoroughly mix the glass to 
achieve the part-per-million index homogeneity required for ICF laser applications. Just as in the discontinuous process, the 
temperature of the homogenizing section is reduced to adjust the glass viscoSity to give the desired flow charactexistics needed 
to farm a wide, thick, homogeneous strip of glass. The width and thickness of the glass strip POQcad during the forming 
opaation is greater than any optical glass ever produced prior to NIF/LMJdriven glass development. 
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1. raw mat'l: 
blend 
and feed oxidizing gas 

process unit: 

purpose: 

2. melter 3. conditioner 4. refiner 5. homogenizer 
thoroughly mix 

me# raw matl, dehydrate , remove bubbles 
large-scale set redox 
mixing state 

control flow to fo 
striae free glass 

Figure 3. Schematic representation of the continuous laser glass melting systems to be used for manufacture of NIF and 
LMJ laser glass. Shown are the various process zones that are discussed further in the text. 

Annealing oven 
Figure 4.Schematic representation of the system used to coarse anneal the as-cast, continuous laser glass strip. 
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The glass manufacturers have highly proprietary technology that they employ to “form” (i.e. cast) the’glass into a 
homogeneous co~itinuous strip free of sharp index variations (striae). Once successfully formed, the cast strip moves by 
conveyer belt through a long (25-35 m) coarse annealing oven (Fig. 4) where the tempera- is camped down at a rate to 
avoid generating unacceptable thermal stresses in the glass. Finally, at the end of athe lehr, the cast strip is cut into pieces 
that are then individually post-processed to give the desired laser slab blank. 

Both manufacturers will use advanced processing conditions designed to minimize the formation of Pt inclusions in the 
laser glass. Prior to 1986, Pt inclusion damage represented the major source of damage in laser glass used for high peak power 
applications. However new processing methods effectively reduce the Pt inclusion concentration by more that 1Wfold to 
fewer than an average of 1 to 2 per laser glass slab (i.e. less than 0.1 per 

3.3 Post-processing 

Once the laser glass has been melted and formed into plates, there remains a number of other process steps before the 
glass can be shipped to the fmal finishing vendor. Specifically the laser glass needs to undergo prefabrication to a size 
suitable for inspection for striae and Pt inclusions. Following this the glass is slowly annealed to remove any residual strain; 
this process alone can take many days. Finally the glass is fabricated to the final dimensions required by the glass finishing, 
inspected for homogeneity and prepared for shipping. 

4. MANUFACTURING SCHEDULE 

The NIF and LMJ laser glass manufacturing is divided into two main phases: pilot and production. Pilot refers to the 
first production run; the results from the pilot run will be used to establish yield and costs. In addition, the glass from the 
pilot run will be used by the finishing vendors to demonstrate the advanced laser glass finishing and polishing methods to be 
used in final production. 

“he production phase immediately follows pilot. The first stage of laser glass production will be primarily for the NIF 
facility because NIF construction will occur earlier than the LMJ. The NIF production will take place over approximately 
three years at a rate of about 1200 slabs per year. This production will be followed by the LMJ production that will last 3 to 
4 years. On the third year of production the NIF and LMJ may overlap somewhat causing a short term increase in the annual 
production rate. 

CEA is building an intermediate facility called the “Integrated Laser Line” (LIL). The LIL will consist of 8 beams 
identical to those on the LMJ (which contains 240). The first goal of this laser is to validate the design of the LMJ including 
the performance of the various laser components and optics. Some of the laser slabs proauced during pilot operations will be 
used on the LIL. 
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ABSTRACT 

Confinement Fusion research because they have excellent energy storage and extraction characteristics. In 
addition, these glasses can be manufactured defm-fke in large sizes and at relatively low cost. 'Ihe c w n t  laser 
glasses for ICF are the result of more than 20 years technological development. The key scientific and technical 
advances in ICF laser glasses during this period am reviewed. Roperties of the glasses to be used in the 1.8 MJ, 
500 TW ICF laser systems currently under construction are discussed. The laser glasses for these new lasers will be 
produced in sizes 30 times larger, quantities 3000 times greater and at rates more than 1000 times faster than laser 
glasses for the ICF lasers built in the mid to late 1970's. 

Nddopcd phosphate glasses are the pmferred gain medium for high-peak-power (HPP) lasers used for Inertial 

INTRODUCI'ION 
The US Department of Energy is currently constructing a 1.8 UI, 500 TW, frequency-tripled, Nd-glass laser 

designed to drive a rougbly 1 mm3 capsule containing liquid DT to nuclear fusion ignition.' The 192-beamline laser, 
Plus - - target facility is called the National Ignition Facility 0 Figure 1). NIF will be housed in a 
building approximately the size of a small municipal sports stadium and, at an estimated cost of $1.2 billion, will 
require about 8 years to design, build and activate. Construction of a prototype of one of the 192-laser beamlines 
(caned "Beamlef') was completed in 1994 and demomtratcd the required laser output energy, fluence and beam quality 
needed forthem? 

"be NIF design and laser component development began in 1995 and will be completed by October 1998. 
Construction of the building to house the lasa and the target facility was started in the spring of 1997 and will be 
completed in stages, with stage 1 being done by October 1999 and the final stage by October 2001. The laser will 
become fully operational by 2003, following a three year schedule of laser activation and early target shots. 

Tbe heart of the NIF laset is a series of nearly 3100 flashlamppMlptd amplifier segments, arranged in 2 x 4  
arrays Figm 2) that rely on plates of high optical quality Nddoped phosphate laser glass as the energy storage and 
laser gain media. Each glass plate is about 81 x46 x4.1 cm3 in size with an Nd doping density of 4.2 x 
1020 ions/cm3. 

A fusion ignition facility similar to the NIF is also being designed by the French Commissariat it 1'Energie 
AtOmique(CEA).'Ihissystan,calledthe"LasaMegajouk"O,iSplannedtobeconstructedandactivatedin 
stages beginning in 2005 aad b e i  m y  opaatioaal by about20IO. Ihe LMJ will rsquiteabout4o0O laser slabs 
for the 240 beamline system. The CEA and LLNL are presently sharing the cost fur development and facilitipltion 
needed to pmduccthe laser glass fortbe twosystem. In addition botblaser dcsigns use glass slabs of the same 
size, Nd-doping and material specifications. 

This brief mview covefs major advances in laser glassts ova approximately,the last 25 years that have occllrzed 
in pamllel with the design and CO~~SQUC~~O * aoflargerandmm systems. Perhaps 
marettum any other optical matuia~ it& b ~ e n  thi'advmxi- velaserglassesthat 

Confinement W o n  (Io resca~% Twaty-five years was chosen as astarting point because it coincides mughly 
with the 1974 publication of Krupkc's classic work3 on the use of the Jdd-Ofele theory for the determhtion of 
key laser praperties by analysis of lasa glass specbosoopic data. 

, 'Ibe manuscript is divided into fburInainp8Lts: 
1. a summary of lasa glass pmpcrtics important for high-pmk-power IicF research applications, 
2. major advances in laser glass chemistry and physics that have lead to the development of the c m n t  

3. a COmpilatioIL of the properties of ament laser glasses used in fusion systems 
4. a sumuuuy of major improvements in the manufactwing technology that have lead to better performaace and 

> c m m ~ l a s e r ~  

lower cost HPP laser glasses. 
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Figure 1. Artist's drawing of the 192-beamline National Ignition Facility (NIF). 
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Figure 2. Section through a NIF 2 x 4 amplifier array containing 8 laser glass plates 81 x 46 x 4.1 an3 
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Tbe article deals only with the neodymiumdoped laser glasses used in fusion reseatch laser systems since they 
represent the most common and largest volume of laser glass produced today. Note however that there have been a 
number of exciting developments in the m a  of active glasses used for high-averagepower applications and also for 
fiber optics and waveguided st~~ctures; the d e r  is r e f d  to reviews by others in this 
there have been many excellent periodic reviews on the chemistry and physics of all classes of laser glasses 
(phosphates, silicates, borates, fluorides, aluainatcs, germanates, chalcogenides, and ~ulfates)~-I~ and thus the d e r  
is r e f d  to these sources for mote detailed information. 

Similarly, in the past 

GLASS PROPERTIES IMPORTANT FOR LASER FUSION APPLICATIONS 

several important characteristics the laser glass must have: 
To meet the performance requirements for Inertial Confinement Fusion (ICF) research applications, there are 

high net gain. 
efficient energy storage at a high energy density, 
efficient extraction of the stod energy, 
mistance to laser induced damage and 
high optical quality to allow the light to propagate with little or no wavefront aberration. 

It can be argued that the most important spectroscopic and optical properties for ICF applications are the 
emission cross-section, fluorescence lifetime, and non-linear index of rehction. The emission cross-section and the 
fluorescence lifetime largely control the gain, energy storage and exbaction efficiency of the laser glass. 'Ihe non- 
linear index strongly impacts beam qwlity, particularly noise growth at the high operating intensities required for 
ICF. 

ICF laser systems tend to be essentially "single shot', devices with several minutes or even hours between shots, 
therefare the glass physical Properties tend to be of less importance for the end use application. However the glass 
physical properties can be very important to the successful manufacture and handling of ICF laser glasses. 

Gain, Stored Energy and Extraction Efficiency. 
'Ihe amplification of a laser pulse passing through a laser gain medium (e.g. laser glass) of length, z, can be 

modeled using the well-known Frank-Nodvik quation." This equation relates the output fluence (FA to the input 
fluence (Fd given the small signal gain (Go) and saturation fluence (FA of the laser medium: 

The small-signal gain of the laser glass is described by: 

where Q is the emission cross section (a2), N* the Nd-ion invasion density ( Urn3) and a is the transmission loss 
coefficient (cm-I). To achieve a high net gain requires a high emission cross section coupled with a large ppu ldon  
invasion density. In addition, tmmusa * 'on losses due to absorption by impurities or scaaenn * gfromdefectsinthe 
glass (or on the polished surfaces) must be kept low relative to the gain. 

. I  

e .  1 -  

Tbe term ON* is the gain coefficient, g,,, and is related to the stored energy wty (li=hvW) and the . ,,,,, , 
saturation fluence hvl/a) of the mataial: 

where h is Planck's coa?st(ult (Js), and vI the laser fbquency (Hz). EXpaimentaIly the gain coefficient (&) is 
mc8sufcd dircctly by monitoring the signal gain of aprobe beam passing through the glass as it is being pumped in 
a lass RX example, the large fhsh-hnp pumped, glass h e x  amplifiers used in fusion energy 
applications typidly operate with a gain coefficient of about 0.05 cm-I.  The emission cross-section is determined 
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independently from spectroscopic measurements. The phosphate glasses used in fusion applications nominally have 
an emission cross-section of about 3.5 to 4.0 x loa0 cm2 comsponding to a saturation fluence of about 5 J/cm2. The 
stored energy in the laser glass is computed from equation (3) to be about 0.25 J/cm3. 

twice the saturation fluence. Having a glass with a high emission cross-section is desirable because efficient 
extraction can be achieved at lower fluence, thereby reducing the chance of laser-induced damage to the optics. 
Unfortunately, not all of the stored energy in the glass can be extracted even at very high fluences?' This is due to 
the inhomogeneous broadening of the Nd emission. The cross-section calculated from measurements of gain 
saturation using the Frantz-Nodvik equation give higher emission cross-sections (ap ) than those determined 
spectroscopically (ad. This is because the Nd-site inhomogeneities in the glass lead to hole-burning, causing the 
glass to saturate at a lower fluence corresponding to a higher effective cross-section. ' h e  extraction efficiency then 
can be defined by the ratio of the two cross-sections: 

Energy extraction from the glass is most efficient at high laser fluences, particularly fluences in excess of 

Phosphate laser glasses tend to saturate much more homogeneously than do silicates and therefore the 
efficiency with which the energy is extracted is much higher?'" This is one of the reasons for the wide use of 
phosphate glasses in ICF applications. To be more specific, a large k t i o n  of the cost of the large fusion research 
lasers is in the cost of the amplifiers. Therefore simultaneously achieving a high stored energy and efficient 
extraction is essential to keep the number (and cost) of the ampwiers at a minimum. 

A high Ndk gain cross-section is often desirable for ICF laser applications however it can also lead to some 
undesirabe effects. For example, for large apature laser systems, a high gain coefficient can lead to low energy 
storage efficiency and large spatial variations in the gain distribution  cross the apertum due to amplified spontaneous 
emission. ?he general ruleof-thumb is that the product of the gain coefficient and longest dimension of the laser 
glass piece should not exceed a value of about 4.2. In addition, the Nd doping and fluorescence lifetime must be 
optimized to achieve maximum energy storage efficiency. This trade-off between high gain, good spatial gain 
uniformity and efficient energy storage is quite complex and is usually optimized with the use of sophisticated laser 
design computed codes. 

In most practical applications the quantum yield is never 100% due to non-radiative relaxation mechanisms 
that significantly shorten the lifetime. These non-dhtive losses are affected by the intrinsic properties of the laser 
glass as well as the care with which the glass is manufacturedPf4 Figure 3 presents a schematic view of the most 
important non-radiative mechanisms. 

'Ihe two most important intrinsic processes am multi-phonon relaxation and concentration quenching. 
Concentration quenching refers to the radiation exchange between a pair of Nd ions. Nd concentration quenching 
results fnom the contributions of two relaxation mechanisms. One is ctoss relaxation in which the two ions share the 
energy and the second is migration of the excitation energy from one ion to the next (the so-called "hopping" 
mcdmism). In theory the rate of relaxation due to concentration quenching varies as l/r6 where r is the inter-ion 
distance; note that this is equivalent to the square of the Ndk umcentration. In reality the effect of the Nd 
concentdon on relaxation rate is highly glass dependent and varies from nearly linear to quadratic in p h m p k  and 
from quadratic to cubic in s i l i C a t e s ~ ~ ~ S t o k o d  and more recently Payne et. al." have proposed an empirical 
relationship to~eharactmize concenbation quenching in HPP metaphosphate glasses: 

w h  'to is the zcro concentration lifetime (p), N is the Ndk ion concentration (an-') and Q (mi3) is an empirically 
determid quantity for a given glass; Q is physically equivalent to the Nd concentration needed to reduce the lifetime 
to one-half its zero concentration limit. 

Tbe rate of multi-phown depends on how closely the 4FyL to fun energy transition (5500 cm-') 
matches the maximum vibration energy of the glass matrix.9un For phosphate glasses the maximum vibration 
energy is about 117O-12OO an-',- thus suggesting the absence of any significant multi-phonon effects. Careful 
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measumments by Caird et. al. 
observation; the measured multi-phonon relaxation rate is about 200 s-'. 

on two commercial phosphate glasses ( LG-750 and Lo-760) support this 

t m  - 
w- 
to - 
n- n- - V I 0  
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Figure 3. Non-radiative Ndk relaxation processes in laser glasses can be divided 
into (a) intrinsic pnxcscs that depend on the glass structure during 
manufactmhg and (b) extrinsic processes that depend on impurities in 
the laser glass (e.g. -OH and transition metal ions). 

It is well known that impurities that enter the glass during manufacturing (particularly -OH and transition 
metal ions) can cause significant non-radiative relaxation. Some useful cornlatiom have recently reported for 
estimating the impact of various impurities on the non-radiative relaxation rate in phosphate glasses.'' We hasten to 
add however that the problems amciatd with impurities have been largely eliminated in modem laser glass 
manufacturing by the proper chose of raw mataial and melting equipment. 

The energy extraction efficiency for ICF laser systems is also limited by non-linear propagation effects, 
particularly at very short pulse lengths. The r e M v e  index iacreases with the laser intensity: 

n = 4 + 7 1  (6) 

w h m  y is the wa-lirmr refiactive index coefficient (m'/W> and I is the laser intensity (Wh?. The intensity 
dependent index can cause amplitude ripples (noise), that occur at certain spatial frequencies, to grow exponentially: 

I=I,exp(B) 0 

where the "B" factor (or "break-up integral") is the cumulative non-linear phase retadation over the optical path 
length: 
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Past experience has shown that B needs to be less than about 2 radians to avoid unacceptable noise ripple 
growth.m' Such growth can cause optical damage and/or degrade the beam focus. Therefom laser glasses with low 
non-linear indices are requited for ICF applications. 

Direct measurement of y is difficult, so empirical correlations have been developed. The expression developed 
by Boling et. al. 32 a number of years ago accurately predicts y from the refractive index (h) and the Abbe number (v) 
of the glass: 

where K = 2.8 x 10'' m2/W is an empirically determined constant. The non-linear refractive index, n2 (in esu) is 
related to 7 by n2 = 7 (nd4Chc) where c is light speed. 

BRIEF OVERVIEW OF THE EVOLUTION OF LASER GLASS TECHNOLOGY 

the work by Krupke' in 1974 who applied the Judd-Ofelt'-$ approach to understanding the spectra of rare carths to 
Ndk in a glass matrix. Krupke's approach allowed rtsearchcrs to use small laboratory samples of Nddoped glasses to 
detcnninc key laser properties. Laser performance could then be predicted from these properties. Systematic studies of 
the effects of glass composition on emission cross-section, radiative lifetime, emission peak wavelength and 
bandwidth, and radiative branching ratios wen begun at universities, national laborataries and glass manufactums 
(see for example References 7-17) and continue even to this day. 'Ihese efforts led to compilations of data on a large 
number of laser glasses. 

'Ihe glass of choice in the mid-seventies was a silicate glass code named ED-2 and developed by Owens- 
Illinois.'6 It soon became clear that silicates, although manufactured with relative case, had several problems: a low 
to moderate gain cross-section, poor extraction efficiency, high nonlinear index and a high level of platinum 
inclusion contamination. (The inclusion problem is discussed later.) 

Glass composition studies have spanned nearly the entire range of glass forming systems (silicates, 
phosphates, fluorophosphates, fluorides, borates, aluminates, chalcogenides, tellurites, and titanates) and, in many 
cases, within each system the effects of the variations in the network modifiers have also been studied (for example 
see References 9,12,16,17,28,29). Many of the glasses were simply scientific curiosities but nevertheless 
providedabasictdmbdmg from which mom practical glass forming systems evolved. For example, Weber and 
co-workcrs showed that pahaps the best glass composition for use in ICF laser systems is Nd>doped BeFil because 
of its good laser properties and perhaps most impOaant, low nonlinear refractive inden However the rcauivity and 
toxicity of the mataial presently makc it prohibitive to manufacture. Nevertheless, from this evolved 

the better melting chamcmm -cs of phosphates. Unfartmatcly, the problem of very high levels of platinum 
inclusions in fluomphqhatcs soon precluded their use in high fluence laser systems. 

continue to be the COmpOSitions in use in all major fusion laser systems around the w~rld.'~'' 'Ihe cum nt 
c o m m d  phosphate glasses have high gain cross-section, modest f l u o ~ ~ ~ ~ ~ n c e  liktim. good extraction efficiency 
and relatively low nonlinear index. In addition, as will bediscussed in the next section, they can be manufactured in 
large sizes, h e  of platinum inclusions and at a modest cost. 

efforttosimultaneousyoprimizethelasapropeatiesandalsatbtthamal-mechanicalaadphysical-chanical 
properties. In addition, much of this work has.focused on improved and lowGost manufacturing. As a result of these 
past efforts, the level of scientific undastaading of laser glasses has become quite sophisticated and the 
manufacturing technology has evolved to a mature state. 

Arguably, one of the most important contributions to the development of laser glasses for fusion lasers was 

f lu~ lascrg l s s seswhichcombinadsameof  the key laserpropgty admtagesof the fluoride system with 

The compo&ion work in the 1970's and 80's soon lead to phosphates as the glass of choice and today they 

In the last ten ytarsanenonwus numbaofditraent phosphateglasscampogitionshavebeenmeltcdin an 
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PROPERTIES OF LASER GLASSES USED IN CURRENT FUSION LASER SYSTEMS 
The key properties of commercid laser glasses used in cumnt ICF laser arc summanzal * in Table I. Although 

there are other HPP glasses that are being manufactured, the ones listed in Table I are the most widely used glasses 
in the US, Japan and Europe. Table 11 lists the major large Nd-glass ICF laser systems in the western world and the 
type and maximum size of laser glass installed. 

The largest pieces of laser glass in use today are the approximately 79 x 45 x 4 cm3 slabs installed on the 
LLNL Beamlet laser (Fig 5);, recall that Beamlet is a prototype of the design of one NIF laser beamline. 

LG-770 has a lower non-linear index, improved laser and thennal-mechanical properties and also some improved 
characteristics important for high volume manufacturing. LG-770 and LHG-8 are the glasses chosen for use on the 
LMJ and NIF laser systems and also the prototype LMJ laser that is presently under construction (LIL) (see 
Table II). 

The newest glass to join the list for use on ICF lasers is LG-770. Compared to its predecessor, LG-750, 

MANUFACl'URINGDEVELOPMENT 
7 

Ibe operating fluence and irradiance of the future ICF mega-joule scale lasers will be higher than any current 
laser system. Peak fluen- in the laser glass will approach 18 to 20J/cm2 with a peak irradiance of about 
5.0 GW/cm2. To avoid any optical damage the laser glass must be free of defects, specifically any microscopic 
inclusions (either metallic or ceramic) left from the melting process. The most common inclusion source is metallic 
Pt inclusions from the Pt liners used in the melting system." Prior to 1986, Pt inclusion damage represented the 
major sowe of damage in laser glass used for high-@-power applications. However new processing methods 
effectively reduce the Pt inclusion COMxlltfation by more that 1OOO-fold to less than 0.1 per liter.%= For example, 
50% of the large laser slabs (79 x 45 x 4 cm3; 14 liters of glass each) used on the new Beamlet laser at LLNL had no 
inclusions at all and the average for all the slabs produced was about 1 per slab. Similar results have been achieved 
for the several hundred replacement glass disks manufactud for the Nova and Phebus k, each of those disks 
contained 7 liters of glas~.w 

Inclusions in the laser glass damage at about 2-5 J/cmz at the 1-10 pulse lengths typical of most HPP 
applications." Although very small to begin with, inclusion damage can gmw with successive laser shots to several 
millimeters or even centimeters in size eventually making the laser glass unusable. Also large damage spots 
(> 300 m) in the laser glass can seed damage in other optics in the laser chain." IO general, if the inclusions are 
small they can be tolerated as long as the optical damage they produce does not exceed 300 pm in size. Inspection 
methods have been developed and put into production to scan each piece of laser glass with a high flu- laser beam 
and measure the size of any damage site after 100 shots at fluences between 7 to 14 J/cm2 (8 n ~ ) . ~  

'Ibe new pn>cessing techniques for eliminating Pt inclusions rely on the intrinsic property of many phosphate 
glasses to dissolve Pt metal under oxidizing conditions. Izumitani et. d.)9 have reported the use of gaseous W3 as 
an oxidizing additive and Campbell and co-workas at Hoya and Sc- have repotted the effects of 02, Cl,, CQ 
and NJO, mixtures. Model predictions of Pt inclusion dissolution rates agree well with results h m  glass melting 
tests." 

The effects of glass composition on platinum solubility have been reparted to follow the trend phosphate > 
silica-phosphate >> fluorophosphate > ~i l ica te .~  These results are based on solubility measurtments using LHG-5 

If inclusions are eliminatad fran the bulk laser glass, the damage thresholdis limited only by the quality of 
the surf.. finish." This is shown in Fig. 4 whae the surface damage threshold is plotted versus pulse length far 
varioup laser glasses as well as fused silica 'Lhe pulse lengrhdependencc of the surface damage threshold for finely 
polished samples can be accumtely rqmsented by the empmd expression: 

and LHG-8 @hosphates), HAP-3 (silica-phosphate), LHGlO f flu^@@^&) d LSG-91H (silicate). 

where tp is the pulse length (ns). ' he  surface damage threshold approximately follows the tVZ relationship predicted 
by a thamal diffusion beat transport model. For comparison the damage threshold reported by Gonzales and Milams 
for Pt inclusions is also shown in Fig. 4; it follows the approximate pulse length scaling relationships: 

(11) DR (J/cm2) = 2 tf"" . 
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Fable I Properties of commercially availab 
Glass Manufactum 

Glass Promt~ 'es 
Dptical 
e M v e  index 
Q 587.3 nm 
0 1M3nm 

ion-linear refrcactive index 
(10-13 esu) 
(lorn m2/W) 

Ibbe number 
rempaeff. refract. index (10%) 

Laser' 
:mission cross-section( l0-%m2) 
;ahnation fluence (J/cm2) 
diative lifetime ( m N d )  (p) 
ludd-ofelt radiative lifetime (p) 

rempcoeff. op t id  path (io-%) 

ludd-ofelt parameters (10-2Ocm2) 

:mission band width (nm) 
m c .  q u e d g  factor 
I U ~ c e p e a k (  nm) 
rhermal 
thermal condua, (WhnK) 
thermal diffusivity( io-' m2/s) 
specific heat, (J/gK) 
coeff. thermal expan.*(i0-7/~) 
Glass transition temp e) 
Mechanical 
density ( g / c m 3 )  

Poisson's ratio 
Fracture toughness (MPa mu) - @pa) 
Young's modulus (GPa) 
Stress optic coeff .(Pa) 
* 20-3ooOc. 

measlrnabyLLNL 
bedmated 

HPP glasses in c( 
B 

LHG-80 
- 

I S429 1 
I S3289 

1.24 
3.36 
64.7 
-3.8 
1.8 

4.2 
4.5 
337 
327 

- 
- 

23.9 
10.1 
1054 

0.59 
3.2 
0.63 
130 
402 

2.92 
0.27 
0.46 
3.35 
50.0 
1.77 

- 

- 

- 

L 
LHG-8 

I S2962 
I .52005 

1.12 
3.08 
66.5 
-5.3 
0.6 

3.6 
5.3 
365 
35 1 
4.4 
5.1 
5.6 
26.5 
8.4 
1054 

0.58 
2.7 
0.75 
127 
485 

2.83 
0.26 
0.5 1 
3.43 
50.1 
1.93 

- 

- 

- 

- 

unon u 
SC - 

G-no 

I so674 
1.49901 

1.02 
2.78 
68.5 
-4.7 
1.2 

3.9 
4.8 
372 
350 
4.3 
5.0 
5.6 

25.4 
8.8 

1053 

0.57 
2.9 

0.77 
135 
460 

2.59 
0.25 
0.48 
3.58 
47.3 
2.2 

- 

- 

- 

- 

on IC 
,tt 
xi-73 

- 

1 S26 
1.516 

1.08 
2.98 
68.2 
-5.1 
0.8 

3.7 
5.1 
383 
367 
4.6 
4.8 
5.6 

25.3 
7.4 

1053.5 

0.60 
2.9 

0.72 
132 
450 

2.83 
0.26 
0.48 
2.85 
50.1 
1.80 

- 

- 

- 

- 

IaSerS. 

Kign oss 
1 .5449 
1.5363 

1.14 
3.11 
64.8 
-0.5 
2.7 

4.0 
4.7 
326 
326 
3.3 
5.1 
5.6 
21.9 
6.6 
1054 

0.84 

0.8 1 
104 
367 

2.7 1 
0.24 

- 

- 

- 

- 
- 

69.8 
2.07 - 

Q dehed by relationship (Eqn. 8) 
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Thus, the presence of Pt inclusions reduces the operating limit of the laser glass by about 10-fold. 

I 

I I I 1 1  1 1 1 1  I I I I I I I I  I 1 1 1  1 1 1 1  

100 

Figure 4. Measured surface damage threshold for various polished laser glasses and 
fused silica vs. pulse length. Also shown are bulk laser glass damage 
thresholds due to Pt inclusions as reported by Gonzales and Milam. 

deve- 
Edge claddings are used to suppress parasitic oscillations of amplified spontaneous emission (ME) during 

flashlamp pumping of large pieces of laser glass." Edge cladding consists of a rehtive-indexmatched glass that is 
doptd (usually with CII+') to absoxb at the laser wavelength. 'Ihe cladding is bonded to the edges of the laser glass 
disks OT slabs and absorbs the ASE thenby preventing parasitics from developing. Adhesively-bonded edge ciaddings 
have been developed and arc now widely in the US and Europe. 'Ibis new edge cladding process replaces the difficult 
and costly high temperature molten glass and sintered fiit-glass processes used in the late 70's and early 80's. In 
addition the adhesively bonded clddhg, because it is applied at room te-, is fne of residual strain and 
optical distortion COII1II1OI1lIy produced near the edges of the glass fabricated using high tempature cladding 
pnn;esses. 'Ihe adhesive that is used is a two part optical epoxy that, after curing, has a Tg slightly above room 
temperatme. The refhidive index match to the laser glass is about f 0.003 and can be tuned somewhat by changing 
the ratio of two epoxide resins; one of the resins is a high index mmatic based material while the other is a lower 
index epoxide largely comprised of straight chain hydrocarbons." 

Most recent laser glass process developments have been driven by the needs of the planned ICF National 
Ignition Facility 0 and Laser Mega-joule 0 projects. As discussed earlier, these advaMxd lasers use a 
compact amplifier design called the "multi-segment amplifier" (MSA) that coLLsists of a stacked-my of rectangular 
lasaglass plates inside afhhlamppumpadcavity (Fig. 2). By using square apatures (i.e. 
pogsibleto tightly packtfieindividuallasaglass amplifiers into acornpadmatrix @thenby greatly reduce the size 
and cost of the system. Each of the laser glass slabs is about 81 x 46 x 4.1 an3. Ibe approximate 30004000 slabs 
nquired for each megajoule-scale laser, repnsents a total volume of 60-70 m3 (150 to 200 ton) of high optical 
quality glass. 

To mdet the raquirements of the mega-joule size lasers, advanced laser glass manufacturing methods arc being 
developed that would enable laser glass to be continuously produced at the rate of about one thousand glass slabs per 
year. This represents mort than a 10 to 1pO-fold improvement in the scale of the pnsent manufachning technology 
while meeting the same high optical quality nquirements. To illustrate the magnitude of growth in the scale of 
melting activities, Table Ill summarizes the incmsc in size and volume of laser glass produced for the LLNL ICF 
laser systems starting in 1975. 

beains) it is - 
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Table II: Summary of laser glass type and maximum sizes installed on operating and planned ICF laser systems 

Max.frnisbaddisk 
OrSlabSiZe 

(a)** 
1 w t  

18.5 10.0 2.2 
39.8 21.0 2.6 
41.8 22.3 3.2 
62.9 34.2 4.3 
78.8 44.8 4.0 
80.0 45.7 4.1 

Dimensions Volume Nddoping 
S (cm3) (liter) (X 1020/cm31 

Max.disk Totalglass 
volume volume Mass 

(L) Q (tons) 
0.33 12.6 0.04 
1.7 55.2 0.17 
2.3 400 1.26 
7 .O 2,130 6.7 

14.1 226.0 0.7 
15.0 46,000 145 

I. Operational 
Novaa LG-750 

LHG-8 
4-88 

B d e P  LG-750 

omega LHG-8 
Upgradeb LHG-8 

Phebusc LG-750 
LHG-8 
4-88 

G e k k o d  LHG-80&-8 
LHG-8W-8 

11. Planned 
Osaka "Petawatt" LHG-80 
L E  (2002)' LG-77QtLHG-8 
NIF (2003)' LG-77QtLHG-8 
LMJ (2008)' LG-77QtNG-8 

62.9 x 34.2 x 4.3 
48 x 45.4 x 4.3 
30.9 x 16.4 x 3' 
78.8 x 44.8 x 4 

7 
7 
1.2 

14 

44.8 x 27.6 x 3 2.0 
9 . w x  37.v 2.3 

63 x 34 x 4.3 
48 x 45.4 x 4.3 
30.9 x 16.4 x 3 ' 

7 
7 
1.2 

40.0 x 21.4 x 3.2' 
5o.w x 3T 0.7 

69.4 x 38 x 4.5' 
80.2 x 45.7 x 4.1 15.0 

80.2 x 45.7 x 4.1 15.0 
80.2 x 45.7 x 4.1 15.0 

2.0 
3 .O 
2.0 
3.4 

3.0 
2.0 

2.0 
3.0 
2.0 

2.0 
0.6 

3.0 
3.6-4.0 
3.6-4.0 
3.6-4.0 

LLNL, USA; w, USA; 'CEA, France; "Osaka Univ., Japan; 

= molten glass cladding; all others are epoxy bonded 

Table III. Corn 

Lasa/year 

JaaUs/1975 
Augus11978 
Shivdl980 
Novd1985 
Bde t l1994  
m m 3  

irison of las 
Total no. 
*or 
Slabs 

(an sizes)* 
48 
60 
500 
5 10 
16 
3072 

* glass I 

No. 
of 

sizes 
2 
2 
3 
5 
1 
1 

- 

- 
* 
** Instailed on lasa (not including spares). 

1, w. t = length, width, thickness 
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The glasses made for the existing large ICF laser systems (e.g. Nova LLNL], Phebus [CEA], Beamlet 
[LLNL] and Omega [vniv. of Rochester] see Table n) were all manufactured using a one-at-a-time, discontinuous 
melting process. In the final two sections of this review, the current manufacturing method is compared and 
contrasted with the advanced melting processes now under development. 

In the first step of the discontinuous process (Fig. S), a cullet glass is made by melting the raw starting 
materials. The cullet glass is usually melted in a relatively inert ceramic refractory crucible, and a bubbling gas is 
often added to remove unwanted volatile products, particularly water. The cullet melt is cast and then broken into 
smaller pieces. The cullet is generally full of bubbles, striae, and possibly some small particles of undissolved 
starting material. 

Discontinuous laser glass 
melting process 

Cast for 
f h l  laser disk@) 

Figure 5. Schematic drawing of the oneat-a-time laser glass melting process currently 
used to manufacture large slabs of lasa glass. 

'Lhe glass produced from the cullet melt is used in the final melting step which is conducted in large platinum 
crucibles. During this second melt step, the glass is homogenized to provide the striae-free, high optical quality glass 
~eccss8fy for laser applications. "lis hamogeniziag process involves two stages.4 The first is a refining or "fining** 
process conducted at high temperatures whue the viscosity of the glass is low, allowing bubbles to rise to the 
surface. 'Lbe sccond stage is a stirring process which is g c n d l y  conducted at temperatures lower than either the 
melting or the refining stages. Tbe continuow mixing thoroughly.distribut~~ all components within the glass melt, 
eliminating striae and thus ensuring uniformity of the rehctive~iadex over the entite casting. F d y ,  the melt is 
cooled to atemperahme such that the viscosity of the glass is proper for Casting into amold of the appropriate size 
and shape. After Casting, the glass undergoes amam annealing step, is inspected for inclusions and striae* and then 
isfiaeannealedtoremovetesidualthamat~duetothefarmingprocess. 

In colltrast to the discontinuous pnnxss, the advanced glass melting method will continuously produce large 
rectangular plates of laser glass at a rate that could exceed 10 per day. A continuous melting system for optical glass 
is nominally divided into several processing zones-, for example (pig. 6 ): (1) melting, (2) conditioning, (3) 
refining, (4) homogenization, and (5) farming. These regions arc interconnected allowing for the continuous flow of 
glass from one zone to the next Tbe glass is cast as one continuous "strip" during the forming process; this strip is 
coarse annealed and then cut to the desired length. Unlike the discontinuous process, the raw material will feed 
directly to the melter* eliminating the need to make a cullet melt. 

-1 1- 



Figure 6. Highly schematic drawing of a continuous glass melting system typical of 
those being developed to produce the nearly 8OOO slabs needed for the US 
NIP and the French LMJ laser systems. 'Ihe various process zones shown in 
the drawing include: melting 0, conditioning (CZ), refining 0, 
homogenization 0, forming 0, and annealing (AZ). 

, I  
, ' 7  .e, 

. .  , e .  , . , 

Figure 7. Photograph of a full-size lasa glass slab blank cut from an approximately 
30-meter-long continuous glass strip produced during a test NU of the 
Schotc Glass Technologies' continuous laser glass melting system. 

-12- 



Once the laser glass has been melted and formed into plates, there remains a number of other process steps 
before the glass can be shipped to the final finishing vendor. Specifically the laser glass needs to undergo pre- 
fabrication into a size suitable for inspection for striae and Pt inclusions. Following this the glass in slowly 
annealed to remove any residual strain, this process alone can take several weeks. Finally the glass is fabricated to 
the final dimensions required by the polishing vendors, inspected for homogeneity and pnpared for shipping. 
Research is under way to develop advanced inspection techniques and/or reliable statistical inspection metho& that 
will reduce the time and cost for inspection. 

Significant progress has been made in developing the continuous processing method for production of laser 
glass. Hoya corporation (Fremont, Ca.) has designed, built and tested a sub-scale melter that has melted and formed 
laser glass into a contiouous strip with a cross-section of 28 x 240 mm'. This strip is roughly half the size of that 
required for the NIF and LMJ. During initial test runs several tons of laser glass have been produced from each run. 
Scaleup to full size will occur in 1998. 

Schott Technologies Incorporated (Duryea, PA) has designed a continuous laser glass melting system and 
has just completed a demoostration IUO that produced full-sized Nddoped test slabs of Lo-770. Figure 7 shows a pre- 
finished, full-sized slab cut from a contiouous strip of laser glass produced by Schott's melter system. Evaluation 
and testing of these laser glass slabs are presently underway. 
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CONTINUOUS MELTING OF PHOSPHATE LASER GLASS BY HOYA 
CORPORATION 

MARK SMOLLEY and KUNIO TAKEUCHI - Hoya Corporation USA 

Abstract Continuous melting is being used to produce phosphate laser glass for 
the first time. The continuous melting has increased the production rate of laser glass and 
offers more steady-state operating conditions when compared to previous methods. 

1.0 Introduction 

HOYA CORPORATION USA began producing phosphate laser glass using a new 

continuous melting system in January 1999. Hoya and one other US glass manufacturer (Schott 

Glass Technologies) are the first companies to produced large-size laser glass slabs using 

continuous melting systems. The glass is being produced for two large laser systems that are 

designed for fusion energy research. The laser systems are the National Ignition Facility, under 

construction at Lawrence Livermore National Laboratory (LLNL) in the United States, and the 

Laser Megajoule Facility 0, planned for construction in Bordeaux, France. 
The I W  and LUI laser projects require Hoya to deliver rectangular glass slabs that are 

790 millimeters (mm) x 440 mm x 45 mm thick. The production rate of laser glass needed for 

these systems is approximately 50 to 100 times the production capacity of glass previously 

produced for the Nova laser (Lawrence Livermore National Laboratory) and Omega laser 

(University of Rochester). 

Hoya has previously produced LHG-8 laser glass for the Nova, Omega, and Phebus laser 

systems. This glass was produced using discontinuous or batch-type methods. Hoya's 

discontinuous melting system is limited in the quantity of glass that can be produced. The high 

volume of glass needed by the NF and LMJ systems presented Hoya with the challenge to 

develop methods for continuous melting which would substantially increase the production 

capacity of laser glass. Hoya rmccessfidly met this challenge and has constructed a continuous 

melting system, which has produced laser glass at higher production rates. In addition, the 

continuous melting technology offers the benefits of more consistent slab-to-slab composition, 

higher production yields, and significantly lower costs than discontinuous methods. 

This paper provides a historical perspective on laser glass production within Hoya, 

briefly describes the discontinuous melting process, and then presents a discussion of the new 

continuous melting system. 



2.0 History of Laser Glass Production at Hoya Corporation 

Hoya has been involved with laser glass since the early 1960’s and has commercially 

produced laser glass since 1970. Hoya’s first type of laser glass was LSG-glH, a silicate glass, 

which was used by LLNL in the SHIVA laser in 1978. As a result of studies conducted on 

fluorescent intensity and fluorescence lifetime, it was discovered that phosphate glass had a much 

higher efficiency for these properties than silicate glass. Studies in the late 1980’s led to the 

development of the current composition of laser glass (LHG-8), being produced for the NIF and 

LMJ projects. The composition of LHG-8 glass is shown on Table 1. 

In addition to producing LHG-8 laser glass by the continuous melting process, Hoya will 

also produce CG-8 cladding glass utilizing this same process. The cladding glass will be used by 

the NIF and LMJ projects, to band the outer edge of the LHG-8 glass slabs. The CG-8 glass will 

absorb emission from the spontaneous fluorescent decay of neodymium in the excited state. The 

basic composition of CG-8 glass is essentially the same as LHG-8 glass as shown on Table 1. 

The differences are that CG-8 glass does not contain neodymium oxide, but does contain a small 

amount of copper oxide (CuO). 
Hoya has continued to expand our laser glass production capabilities to meet increasingly 

stringent customer requirements for laser glass. The following shows the laser systems that 

utilize Hoya glass and the various sizes produced over the years by Hoya. 

Year/Laser System Glass Size Produced Glass Volume 

1982-83/Gekko, Osaka Univ. 3.5 Liters 

1982-88/Nova, LLNL 493 x 468 x 48.4 mm 9.7 Liters 

1982-88/Phebus, France 634 x 343 x 48.4 mm 8.9 Liters 

1992-93/0mega, Univ. of Rochester 3.2 Liters 

1997MIF & LIL Prototypes 790X440X45mm 15.3 Liters 

1 9 9 9 m  & LMJ 15.3 Liters 

450 x 250 x 34 mm 

438 x 266 x 34 mm 

790 x 440 x 45 mm 

In May 1997, Hoya began the construction of the Laser Glass Produdon Facility in 
Fremont, California Construction of the 32,000 squamfmt facility was completed at the end of 

1997. The equipmnt used for melting and processing laser glass was installed in 1998 and 

production operations began in January 1999. 



3.0 Discontinuous Melting Process 
To understand the advantages of the continuous melting process, it is necessary to fmt 

understand the older, discontinuous melting process. From 1981, Hoya used the discontinuous 

melting process to produce laser glass for the Nova, Phebus, and Omega lasers. Figure 1 shows 

the various steps that are necessary in the discontinuous process. Step 1 is the Pre-Melt phase of 

the process, where large-scale mixing of the raw batch material occurs. At this step, oxygen is 

bubbled into the melt to promote dehydration and large-scale mixing. After the glass is melted, it 

is removed from the oven, cast into a mold, and quickcooled (Step 2). 

In Step 3, the glass is manually crushed into IO-mm size fragments. As the glass is being 

crushed, it is visually inspected to remove any fragments that contain visible particles of platinum 

or other inclusions. In Step 4, the glass is remelted. The re-melt process is shown in more detail 

in Figure 2. The initial step is to feed crushed glass into the furnace. Gas is bubbled into the 

melted glass to promote dehydration and ionization of platinum inclusions. The glass is then 

refined to remove the bubbles, mixed to homogenize the batch, and cast into a mold. 

After the glass is cast, it is coarse annealed and then visually inspected for bubbles and 

large inclusions. The various steps that are required for the final processing of the slabs are shown 

on Table 2. After passing the visual inspection step, the glass is then sawed, milled, and polished 

for inspection. The polished surface is necessary to inspect the slab for platinum and striae. 

After passing the platinum and striae inspection steps, the glass is fine annealed for 35 days. The 

fine annealed slab is then sawed to the final shape, milled and hand-ground before completing the 

final inspection. The final step involves inspecting the slab for stress birefringence and 

homogeneity. 

Hoya has successfully used the discontinuous melting process since 1981 to produce 

limited quantities of iaser glass, including prototype slabs for the NIF and LMJ projects. 

However, the number of blank slabs that can be melted and cast from Hoya’s batch-type furnace 
is g e n d y  less than 5 per week. Platinum inclusions, various inspection steps, and material 

losses further reduce the number of slabs that an available for shipment. In addition, the 

consistency of the melted glass can vary sisnificantly with each successive melt due to daily 

variations in process conditions. The primary advantages offered by the continuous melting 

process m significantly higher production rates and less variability in glass composition. 

4.0 Continuous Melting Process 
The continuous melting process can produce glass slabs at a rate approximately 10 times 

greater than the discontinuous method described above. The continuous melting system consists 



of several interconnected functional zones, with each zone performing a different purpose in the 

glass melting process. Figure 3 shows the various zones that form the continuous melting system. 

The zones are (1) dry material mixing unit, (2) automatic feed hopper, (3) melting zone, (4) 

conditioning zone, (5 )  refining zone, (6) working zone, (7) feeding zone, (8) forming zone, and 

(9) the lehr oven. Each of these is described below. 

4.1 Dry Material Mixing Unit 

Hoya utilizes a computercontrolled mixing unit that prepares dry batch material. The 
unit can be programmed to prepare various batch mixtures, while controlling the weight of each 

100-kilogram batch to A 10.0 grams. The chemicals are placed in individual feed-hoppers, 

which then dispense predetermined weights of chemicals based on programs stored in the 

computer of the mixing unit. The chemicals are dispensed to a single collecting-hopper, which 

then delivers the entire batch of chemicals to a V-Blender. The V-Blender then homogenizes the 

dry batch material. After the batch is blended, it is placed in a small mobile hopper, which is then 

sealed to reduce any potential uptake of water from the atmosphere. The mobile hopper is then 

stored to await transfer into the automatic feed hopper at the melting furnace. 

The purity specifications for the dry material are very stringent, with metals beiig a 

particular concern as a contaminant. In particular, only a trace amount of iron is permitted in the 

f i a l  product. This concern was factored into the design of all components that come in contact 

with the batch material. Feed screws and mixing stirrers are generally constructed from ceramic 

material. Metal components are lined with rubber or Teflon. The water content of the batch 

material is also a concern. Chemicals are delivered from the manufacturer in moisture-resistant 

packages. These packages are opened and placed in the individual feed hoppers on a Just-In- 

Time basis, before beiig mixed and then added to the melting furnace. 

4.2 Automatic Feed Hopper 

Mixed chemical batches are placed into the automatic feed hopper. This feed hopper 

dispenses chemical batch material into the melting zone of the furnace at rates that are controlled 

by a programmable computer. The flow rate can be varied depending on the required output at 

the forming zone. The feed hopper contains a unique internal stirring mechanism that prevents 

bridging of the chemicals while they are in the hopper. To avoid any contamination of the batch 

material, the interior of the feed hopper is rubber-lined and any internal work parts are made of 

ceramic material. 



4.3 Melting Zone 

The batch material enters the melting zone and is transformed into molten glass. The 

interior of the melting zone is a silica-lined “bath-tub” where large-scale mixing by convection 

current circulation occurs. The melting zone is heated to temperatures in excess of 1,OOO degrees 

centigrade by electrical heating elements. 

Chemically absorbed water is present in the melted glass in the form of -OH ions. The - 
OH ions adversely affect the performance of the laser system. Therefore, Hoya employs 

measures to remove -OH ions that may be present in the melt. Oxygen is bubbled into the melted 

glass to aid in the removal of the -OH ions and begin the dehydration process. All vapors that 

off-gas from the melting zone and other parts of the furnace are captured by a central exhaust 

system. These vapors are then treated to comply with environmental regulations. 

4.4 Conditioning Zone 

Melted glass flows from the melting zone to the conditioning zone through 

interconnecting piping, constructed from platinum From this point forward in the furnace, all 

crucibles, interconnecting piping, and stirrers are constructed of platinum. 

In the conditioning zone, oxygen and chlorine gases are bubbled into the melted glass. 

The oxygen causes platinum inclusions that may be present to dissolve into the melt. The 

chlorine gas aids in the removal of -OH ions, thereby dehydrating the melt. 

4.5 Refining Zone 

Glass flows from the conditioning zone into the refining zone, where the temperatures are 
i n d .  The i n c r d  temperature reduces the viscosity of the glass. The reduced viscosity 

allows any entrained gases that were introduced in the conditioning zone to rise and off-gas. This 

results in the formation of bubblefree glass. 

4.6 Working Zone 

In the working zone, the glass is stirred to homogenize the melt The size of the crucible, 

and the shape and size of the stirrers control the degree of mixing that occurs within this zone. 

4.7 Feeding Zone 
The feeding zone controls the rate of glass flow from the furnace. The feediig zone 

consists of a narrow diameter feed pipe, which is sumunded by heating elements and insulation. 



Varying the temperature of the heating elements controls the rate of glass flow from the feed 

Pipe. 

4.8 Forming Zone 

Molten glass is cast into a forming mold that is set to the desired width for the ascast 

strip of glass. Glass is fed from the mold onto the conveyor belt at the beginning of the lehr oven. 

4.9 Lehr Oven 

Glass enters the lehr oven and begins the rough annealing process. The lehr oven 

consists of several electrically heated chambers where the temperature is closely controlled. 

Within the lehr oven, the glass is a single, continuous strip, which varies in length from 10 to 35 
meters, depending on the oven in which the glass is being formed. The rough annealing process 
requires between one and several days, depending on the glass type and thickness. When the 

glass exits the lehr oven, it is cut into the desired lengths and transported for final processing. 

5.0 Final Processing 
Hoya utilized our extensive experience developed during the discontinuous melting 

process to design the methods currently used to process laser glass derived from continuous 

melting. The increased production volume generated by continuous melting required new and 

innovative methods for handling and processing. Table 2 presents a detailed list of the various 

steps that are necessary for the final processing of the slabs. This section describes these various 

post-melting processes. 

5.1 Visual InspectiodPlatinumTesting 
Slabs from the lehr oven are immediately inspected for bubbles, large inclusions, and 

cracks. After visual inspection, the slabs are then tested for platinum inclusions. This routing is a 

significant improvement when compared to the routing utilized in the discontinuous melting. 

previously, the glass required significant fabrication (milling and polishing) before the platinum 

testing could be conducted. Peaforming this inspection step earlier in the process cycle allows 

Hoya to more efficiently reject slabs that do not meet platinum specifications, thereby making 

more effective use of limited processing resources. 

The teaSon for this change in routing is the improved surface quality of the glass as it 
exits the lehr oven. The discontinuous melting process yielded a glass slab with a surface finish 



that did not readily transmit the laser light needed for platinum testing. Therefore, the slab 

required milling and polishing before platinum testing could be performed. Conversely, the glass 

slab from the lehr oven is essentially transparent, eliminating the need for these fabrication steps 

before qualifying the slab at the platinum inspection step. 

5.2 Fabrication 

Glass blanks are sawn to the size required for fine annealing. The sawing is conducted 

on a computercontrolled diamond saw that is equipped with a cutting surface that can rotate 90 

degrees. This rotating surface allows the operator to position the slab, make an initial cut, rotate 

the slab, and make a second cut without lifting the slab. This reduces the amount of handling, 

thereby reducing the potential for breaking the slab. 

5.3 Fine Annealing 

Slabs are fine annealed in ovens that were specifically constructed for the continuous 

melting process. The ovens have the capacity to hold up to 10 NFLMJ sized slabs. Previously, 

Hoya utilized ovens that had the capacity for 4 slabs of this type. Oven temperatures are closely 

monitored with internal thermocouples, allowing Hoya to control the temperature to within 1.0 

degree centigrade of the desired level. 

The current annealing cycle is 25 days, which is 10 days less than the annealing cycle 

used during discontinuous melting. This reduction is a result of newly designed ovens which 

have improved temperature controls and heating elements, thereby providing a more consistent 

annealing temperature profile. 

Another improvement in the fine annealing cycle is the elimination of the initial milling 

step, which was required in the discontinuous melting process. To achieve proper stress 

redudion in the slab during fine annealing, the slabs need to be flat. As described in Section 3.0, 

the discontinuous melting process involved casting the slab in a mold. This casting generally 

produced a slab with an irregular top surface. However, when the slabs are formed in the lek 

oven, they are virtually flat. The flat shape of the continuously formed slab has allowed Hoya to 

eliminate the initial milling step. 

5.4 Final Sawing & Milling 

When the slabs are removed from the fine annealing oven, they are sawn to the final 

shape and then milled flat on top and bottom. Sawing is done using the equipment described in 



Section 5.2. Milling is conducted on a 42-inchdiameter blanchard milling machine using 

standard glass milling procedures. 

5.5 Grinding and Polishing 

The final fabrication step is performed on 120-inchdiameter (305 cm) continuous 

grinding and polishing machines developed specifically for the NIFLM slabs by Lapmaster 

International. Slabs are placed flat on the working surfaces of these machines, and liquid slurries 

are added. These machines then grind and polish the glass to the desired flatness and surface 

condition. Hoya can process up to 3 slabs at one time on these machines, which is a significant 

improvement over the single slab processing equipment previously used by Hoya. 

5.6 Final Inspection 

After slabs are polished to the desired flatness and surface condition, they are inspected 

for stress birefringence, striae, and homogeneity. The stress birefringence and striae equipment 

are similar to equipment previously used for these inspections by Hoya. The homogeneity testing 

is done on a Winchdiameter (61cm) phase interferometer developed by Vecco Metrology, Inc. 

The interferometer measures the spatial variation in the phase of the transmitted wavefront of the 

slab. Because of the size of the slab, measurements are collected separately on the right and left 

sides. 

5.7 Handliig Eiquipment 

The need to move and handle laser glass slabs throughout the production process 

presented new challenges to Hoya as the Laser Glass Facility was being constructed. The laser 

glass slabs weigh between 120 and 150 pounds (55 to 70 kilograms), are extremely fragile, and 

are somewhat awkward because of the length and width. It was Hoya's goal to u t i l i  methods 
that did not require significant physical strength and would allow an individual operator to safely 

move slabs. In addition, these methods also needed to be able to repeatedly move and handle 

slabs without damaging them. Hoya successfully met these challenges with the installation of 

vacuum-assisted lifting equipment and roller-topped carts for transporting the slabs. 
The vacuumassisted lifting equipment allows a single operator to lift a slab and place it 

on any of the various fabrication or inspection equipment described in this section. Slabs can be 

vacuum-lifted from the top surf= or the side edge. In addition, slabs can be rotated from 
horizontal to vertical with a vacuum lifter. 



Slabs are moved throughout the facility on roller-topped carts. These carts were 

specifically developed to handle laser glass slabs, based on conceptual designs from Hoya. The 

top of the cart consists of five rubbercoated rollers that each span the full width (550-mm) of the 

cart. These rollers allow slabs to be easily pushed on or off the cart. The height of the top of the 

cart is adjustable with a hand crank, allowing the cart to access processing equipment at varying 

heights. These carts allow individual operators to safely and consistently move slabs between the 

various pieces of equipment. 

6.0 Inspection Results 

Hoya tested laser glass slabs produced during the recent continuous melting campaign for 

a range of optical and laser performance criteria. The four most significant criteria are; residual - 
OH content, platinum, stress birefringence, and homogeneity. Results of the tests for these four 

parameters are discussed briefly. 

6.1 Residual -OH Content 

The residual 4 H  content (hereafter referred to as water content) was determined by 

measwring the absorption coefficient at 3,333 nanometers (nm). The following are the water 

contents obtained for selected dates during the continuous melting campaign. 

- Date Absomtion Naludcm) 

2/5/99 17.5 or 525 ppm 

2/25/99 9.8 or 294 ppm 

3/10/99 6.3 or 190 ppm 

- Date Absomtion (Valudcm) 

5/20/99 4.8 or 144 ppm 

6/5/99 4.6 or 138 ppm 

6120199 4.6 or 138 ppm 

The data show a downward trend for glass produced duxing the recent campaign. The 

high result in early February was at the very beginnimg of the campaign, when dehydration agents 

were not being fully utilized. The most notable change in the data can be seen in the results from 

May-June. The decrease in water contents, as compared to the data from February-March, is a 

result of obtaining dryer batch material from the raw material suppliers. 

Although the results presented above do not meet the requirements of the NIF/LMJ 

projects (d.olcm), laser glass slabs have been conditionally accepted by both projects. Hoya is 

presently working on improvements that will allow dryer glass to be produced. 



6.2 Platinum 

Laser glass is tested for platinum with an inspection system provided by Lawrence 

Livermore National Laboratory. Each individual laser glass slab is scanned with a high fluence 

laser beam. This system can measure the size of platinum sites at fluences between 6 to 14 

Joules/cm*, with a pulse length of 5 8 nanoseconds. This is similar to actual operating conditions 

that will be used in the NIF/LuT lasers. 

The following summarizes the information on platinum testing conducted on slabs from 

the continuous melting campaign at Hoya. The first category includes slabs that did not contain 

any inclusions and slabs that contained inclusions that are less than 100 microns. The second 

category includes slabs that had from 1 to 5 inclusions; with sizes generally ranging from 200 to 

600 microns. Because yields are proprietary information, Hoya has not presented the actual 

numbers of slabs that are within each of these categories. 

Time Period 

Feb-March, 1999 27 % 36 % 

May-June, 1999 54 Q 46 % 

Slabs - No Pt or c 100 um. Slabs with 1 to 5 Inclusions 

The data are presented for two time periods of the campaign, Feb-March and May-June. 

These time periods were selected to compare data when different flow rates of chlorine gas were 

being used. As described in Section 4.4, chlorine gas is used as a dehydrating agent. Hoya was 

able to reduce the flow rate of chlorine gas in the May-June time period, because of the dryer 

batch material that was obtained from the supplier as described in Section 6.1. The reduction in 

chlorine flow rates resulted in lower platinum contents for the May-June time period. 

6.3 Stress Birefringence 

Stress birefringence was measured at 9 locations on each slab. The measurements for all 

slabs 3.8 d c m ,  which meet the specification of 5.0 ndcm. These measurements 

indicate that the current annealing cycle of 25 days reduces residual stress in the glass to 

acceptable levels. 

6.4 Homogeneity 

Hoya tested slabs produced during the continuous melting campaign for index 

homogeneity. The slabs were testing for inferred full power, astigmatism, residual phase, slope 

error, and surface flatness. Figure 4 presents one of the homogeneity test results. Because yields 



are proprietary information, Hoya has not presented the actual numbers or the percentages of 

slabs that pass each of the test parameters listed here. 

7.0 Conclusion 

Hoya has successfully manufactured large-size laser glass slabs using the continuous 

melting process. The process has significant advantages over the older, discontinuous melting 

process. The advantages are (1) significantly increased production rates and capacity, (2) more 

consistent slab-to-slab compositions, and (3) lower production costs. In 1999, Hoya gained 

significant information on the necessary melting and forming conditions required for producing 

laser glass using the continuous melting process. Based on the information gained, Hoya will 

now make modifications to selected equipment to optimize production yields and improve the 

overall quality of the glass. 
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TABLE I .  Composition & Properties of LHG-6 Nd-Doped phosphate 
laser dass, Produced by HOYA Corporation, USA 

Composition' or Property 
p 2 0 5  

A1203 

K20 
BaO 

Nd203 
Other 
O/P 

LHG-8 
55-60 
8-1 2 
13-17 
10-15 
0-2 
<2 
-3 

Optical 
Refractive Index 
nd (589.3 nm) 1.52962 
nl(lO53 nm) 1.52005 
Non-linear refractive index 

y (1 o - ~  m2m> 3.08 
Abbe number 66.5 

n2 (1 0-13 esu) 1.12 

Laser 
Emission cross-section (1 o - ~  an2) 3.6 
Radiative lifetime (zero-Nd) (p) 365 
JuddOfelt radiative lifetime (ps) 351 
Emission band width (nm) 26.5 

Thermal 

Thermal diiusivii (1 0" m2/s) 2.7 
Specific heat, Cp (J/gK) 0.75 
Coeff. Thermal expansion 20-300"C (10'7/K) 127 

485 

Thermal conductivity, 90°C (W/mK) 0.58 

Glass transition temperature, Tg ("C) 

Mechanical 

Poisson's ratio 
Fracture toughness (MPa 0 ,In) 

Hardness (GPa) 
Young's modulus (GPa) 

Density (s/Cm3) 2.83 
0.26 
0.51 
3.43 
50.1 

Composition & ppatics.ppt 
8/30/99 
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Composition' or property 
P205 
&o:, 
KZO 
BaO 

No:, 
other 
OIP 

OPttd 
Refractive Index 
nd (589.3 M) 
nl(lO53 nm) 
Non-lhear refractive index 

7 ( 1 0 ' ~  m Z W  
Abbe number 

Laser 

Radiitive lifetime.(zero-Nd) (ps) 
Judd-Ofel radiative lifewe (ps) 
Emission band width (nm) 

Thermal 
Thermal conductivity, q O o F  (WlrnK) 
Thermal diffusivity (lo' m Is) 
Spedfic heat Cp (JlgK) 

Glass transitbn temperature, Tg ("c) 

MOCtlanlCal 

Poisson's ratio 
Fracture toughness (MPa 0 m") 
Hardness (GPa) 
Young's modulus (Oh)  

n2 (lo-'3 esu) 

Emission cross-section (1 o-20 an2) 

coeff. Thermal expansion 20-300"c (lO'/K) 

M W  (slm3) 

LHO-8 
5580 
8-1 2 
13-17 
10-15 
0-2 
<2 
-3 

1.52982 
1.52005 

1.12 
3.08 
66.5 

3.6 
365 
351 
26.5 

O S 8  
2.7 
0.75 
127 
485 

2.83 
0.26 
0.51 
3.43 
50.1 

Compositioa & proputia.ppt 
w3w99 



Discontinuous Meltina Process 
1. Coarse Annealing up to 7 days 
2. Visual Inspection 
3. Initial Sawing & Milling 
4. Inspection Polishing 
5, Striae Testing 
6. Damage Testing for Platinum 
7. Fine Annealing up to 35 days 
8. Final Sawing, Milling & Grinding 
9. Inspection for Stress Birefringence & 

Homogeniety 

Continuous Meltinq 
1. 
2, 
3, 
4. 
5. 
6. 

Visual Inspection/ Testing for Platinum 
Initial Sawing 
Fine Annealing up to 25 days 
Final Sawing & Milling 
Po I ish ing 
Inspection for Stress Birefringence, Striae, & 

Homogeniety 
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FIGURE -3. Continuous Meltha Process 
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Original Paper 
Effects of melting conditions on platinum-inclusion content in 
phosphate laser glasses 
John H. Campbell and Edward P. Wallerstein 
Lawrence Livermore National Laboratory, Livermore, CA (USA) 

Joseph S. Hayden, David L. Sapak, David E. Warrington and Alex J. Marker 111 
Schott Glass Technologies, Inc., Duryea, PA (USA) 

Results from small-scale glass melting experiments aimed at reducing the density of platinum particles in phosphate laser glasses 
are discussed. The platinum particles originate from the crucibles used to melt the laser glass and can cause optical damage in 
glasm used in high-@-power lasers The melting experiments examine the effects of a) temperature and temperature gradients; 
b) processing time; and c) O2 atmosphere on the formation and dissolution of platinum inclusions in LG-750 phosphate laser glass. 
Results show that most platinum inclusions originate early in the melt cycle, with thermal gradients within the melter being one of 
the major c a w  By using oxidizing conditions (03, the platinum inclusions can be dissolved into the glass during the course of 
the melt cycle!. Results from the laboratory-scale melting experiments have been incorporated into a proprietary laser-glass melting 
process The laser glass prepared under these conditions has an average of less than 0.1 platinum inclusiod. which represents a 
lO0O-fold reduction over the previously available phosphate laser glasses 

Einflu6 der Schmekbedingungen auf den Gehalt an Platineinschlassen in Phosphatlaserglkem 
Es werden die Ergebnisse von Glasschmelzversuchen im Labormal3stab diskutiert, deren Ziel es war, den Anteil von Platineinschliis- 
sen in PhosphatlaserglWrn zu reduzieren. Die Platinteilchen stammen von den zur Laserglasschmelze verwendeten Tiegeln und 
kiinnen in optischen G h r n ,  wie sie in Hochleistungslasern eingesetzt werden, zu Fehlern f h n .  Durch die Schmelzversuche 
wurde der EinfluS von a) Temperatu und Temperaturgradienten, b) Behandlungsdauer und c) Sauerstoffatmosphire auf die Entste- 
hung und Aufliisung von Platineinschliissen in LG-750-Phosphatlaserglas untersucht. Die Ergebnisse zeigen, da13 sich die meisten 
Platineinschliisse recht friih wihnmd des Schmelzvorganges bilden, wobei Temperaturunterschiede im Schmelzaggregat eine der 
Hauptursachen sind. Unter oxidiemden Bedingungen (03 kiinnen die Platineinschliisse wiihrend des Schmelzablaufs im Glas gelBst 
werden. Die aus den Schmelmrsuchen gewonnenen Erkenntnisse wurden in einem patentrechtlich geschiitzten Laserglasschmelzver- 
fahren angewendet. Em unter diesen Bedingungen hergestelltes Laserglas weist im Durchschnitt weniger als 0,l PlatineinschlW 
auf, w8s eine lO0Ofache Reduzierung gegentiber herkiimmlichen Phosphatlase-rn bedeutet. 

1. Introduction 
Platinum and platinum alloys have been successfully 
used as container materials in the glass melting industry 
since the 1940s In contrast to most ceramic refractories, 
platinum is largely chemically inert to a wide range of 
glass compositions; consequently, very highquality, 
homogeneous optical glasses can be produced in plati- 
num melters [l]. 

Although relatively inert, platinum still produces 
some level of contamination in the glasses This con- 
tamination is in the form of either microscopic platinum 
particles (inclusions) and/or low levels (ppb to ppm) of 
dissolved platinum. In most applications, the level of 
contamination is sufkiently small not to affect the o p  
tical performance of the glass However, with the advent 
of high-peak-power lasers in the 19% it was discovered 
that platinum inclusions produced fracture sites when ir- 
radiated above a Certain fluence threshold [2 to 41. Since 

that time, considerable effort has gone into trying to re- 
duce or eliminate platinum inclusions in both laser 
glasses and other laser optical components (eg., lenses). 

In 1985, when the LLNL (Lawrence Livermore 
National Laboratory) 120 kJ Nova laser (used for Iner- 
tial Fusion Research) was first operated, the large 
(71) phosphate glass laser disks experienced isolated, 
bulk damage due to platinum inclusions [5 to 4. Most 
of the damage sites am distinguished by a series of radial 
fractures that form a k u l a r  pattern perpendicular to 
the beam direction. This damage morphology is shown 
in the schematic drawing and photographs given in 
figures la, b and 2a, b, respectively. The damage 00 

curred at fluences above about 2.5 J/cm2 (at normal inci- 
dence) at a pulse length of I n s  Further details of the 
mechanism of laser damage due to platinum inclusions 
are discussed elsewhere [4, 5, and 8 to 181. 

To verify that the damaging inclusions were indeed 
platinum, glass samples were coredrilled from several 
damage sites in the laser disks The cores were then 
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Direction of 
illumination 

Polar 
fracture lobe 

1 cm 
b) zone 

Figures la and b. Schematic representation of the typical morphology of laser-indud damage in laser glasses caused by a platinum 
inclusion. Generally, there is a major radial fracture normal to the direction of beam propagation, with two minor lobes extending 
above and below the radial fracture plane; a) photograph of damage sites in laser glass, b) typical geometry of many fracture sites 

cleaved at the plane of the damage fracture and submit- 
ted for Scanning Electron Microscopy (SEM) analysis. 
Figures 3a and b show a typical Back-Scattered Electron 
(BSE) image of one such sample at two different levels 
of magnification, with the typical conchoidal fracture 
pattern of the laser damage site. At the center of the 
photograph is a high-atomionumber particle that can be 
clearly seen by the white image it produces in the high- 
magnification BSE photograph. Energy dispersive x-ray 
analysis of several such particles verified that they were 

It was anticipated that use of a phosphate laser glass 
in the design of high-peak-power lasers would reduce the 
risk of platinum-inclusion damage because of the greater 
solubility of platinum in phosphate than in silicate or 
fluomphosphate laser glasses Platinum present in the 
dissolved (ionic) state represents no damage threat. Un- 
fortunately, even though the phosphate glass was far su- 
perior to both silicate and fluorophosphate alternatives, 
it still contained platinum inclusions in concentrations 
of about 10 to 1OOO/1 and in size from less than about 5 
(visual detection limit) to approximately 100 pm [6 and 71. 

The occurrence of platinum in glass has been the 
subject of study for many years and has recently been 
reviewed [q. In prior work related specifically to laser 
glasses, two general approaches were used to try to re- 
duce or eliminate the source of platinum inclusions The 
first was to develop glasses and melting conditions that 
minimize platinum levels, and the second was to melt in 

platinum. 

a plaiinum-free environment. Following the first ap- 
proach, Ginther [19] attempted to develop a silicate glass 
of a composition that would be resistant to platinum 
contamination. His approach was to eliminate volatile 
alkali and alkaline earth oxides from the glass formu- 
lation. Experiments by Ginther showed that oxygen, 
produced by the dissociation of these components under 
reducing conditions, contributed to vapor-phase trans- 
port of platinum to the glass melt. Thus, he reasoned 
that by eliminating these components the platinum con- 
tent in the glass could be significantly reduced. His 
experiments indeed showed reduction in platinum al- 
though no large-scale melting experiments were conduc- 
ted nor was the glass ever laser damage tested. Ginther 
prepared his samples by induction heating and noted 
that induction heating will produce greater levels of 
platinum contamination than does resistance heating, 
simply because induction heating heats the platinum sur- 
face to a higher temperature than the rest of the melt. 
Ginther suggests that the lower thermal gradients pro- 
duced by resistance heating should lead to lower plati- 
num contamination. 

One of the most significant studies of platinum in- 
clusions in silicate glasses was reported by Hornyak and 
Abendroth [20] who worked primarily with the ED-2 
silicate laser glass formulation. ED-2 is a proprietary sili- 
cate glass composition that is essentially a lithium di- 
silicate also containing CaO, Al209, and Ceo,. In their 
study, Hornyak and Abendroth investigated the effects 
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Effects of melting conditions on platinum-inclusion content in phosphate laser glasses 

Pt inclusion t--i 4 0 ~  

Figures 2a and b. Optid photographs of damage sites (fig- 
ure a taken at low magnitication, figure b taken at higher mag- 
nificaton) showing the charactens * tic radial fracture and lobes 
as discussed in figures la  and b. The bighly fractured spherical 
region surrounds the location of the original inclusion. 

of 0, partial pressure on platinum solubility in ED-2. 
They reported that platinum particles were not observed 
in ED-2 glass melted in air or O2 but that use of a neu- 
tral atmosphere produced massive numbers of metallic 
inclusions Hence, their work indicated that the melt re- 
dox conditions control the solubility of platinum in the 
silicate glass melts 

Figures 3a and b. SEM back-scattered electron itnags of a 
cleaved damage site (figure a taken at low magnitication, figure 
b taken at higher magnification). The remaining kernel from 
the original platinum inclusion is the small white particle that 
can be seen near the center of figure b. 

Homyak and Abendroth proposed the following re- 
action mechanism to account for the effects of 0 2  partial 
pressure on the incorporation of platinum in the glass: 

R(S) + 0, f) PtO&(g), (1) 4 

w+ + !! 02- t) Pt(s) + !! Oz(g) . (3) 2 4 

They measured the solubility of platinum in ED-2 glass 
at 145OOC as a function of oxygen partial pressure and 
correlated the solubility with the oxidation state in the 
melt by simultaneously measuring the Ce3+/Ce4+ ratio 
in the glass Assuming a constant 0,- activity in the 
melt, the equilibrium constant for equation (3) is simply: 
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(4) 

Thus, the slope of the platinum solubility data can be 
related to the valence state of platinum by 

where n = valence state of the dissolved platinum, 
Po, = oxygen partial pressure (in bar), k' = a constant. 

From their data, Hornyak and Abendroth [20] deter- 
mined a value of n of approximately 1.6 to 1.9 which, 
they suggest, indicates an oxidation state of 2. Hornyak 
and Abendroth then applied their observations to ED-2 
glass production. By using the Ce3'/Ce4' couple as an 
indicator of platinum solubility, they measured the rate 
of platinum incorporation in the glass during the melt- 
ing, refining, and homogenization cycles Their results 
showed that most (70%) of the platinum entered the 
glass during the charging cycle, and only a small increase 
in platinum was observed during refining and homogeni- 
zation. However, they also found that, if the cycle time 
of the process was i n c d ,  the platinum might exceed 
the solubility limit and be precipitated. 

As mentioned, the second approach to eliminate 
platinum inclusions from laser glass was to perform the 
melt in non-platinum systems For example, workers at 
Sovirel in France [3], used ceramic melters to prepare 
platinum inclusion-free glass Dielectric inclusions from 
the ceramic still produced laser damage although at a 
somewhat higher threshold (about 22 J/cmz at 30 ns); the 
damage density was greater than 300/l. 

Perhaps the most recent report of a platinum-free 
glass is that by Wilson [21] of BK-7 silicate glass beiig 
melted in ceramic melters The authors procured a large 
blank of this glass and subjected it to laser damage test- 
ing at approximately 8 J/cm2 at 8 11s (1.05 p). The den- 
sity of damage sites was greater than l00/l and, in one 
instant, resulted in a massive 3-cmdiameter fracture re- 
gion that propagated through the entire glass thickness 
The source of the damage is apparently dielectric in- 
clusions originating from the ceramic melter. 

Although ceramic pot melters in principle eliminate 
the problem of platinum inclusions, ceramic melters 
commonly adversely afFect several other factors such as 
ceramic inclusions, optical homogeneity, absorption loss, 
and cost. 

2. Preparation of phosphate laser glass and 
sources of platinum inclusions 
The original phosphate laser glass used in the Nova laser 
was prepared in a two-step batch melting process Al- 
though the details of the process are proprietary, the fol- 
lowing description highlights the key steps of the pro- 
cess In the fmt step, a cullet glass is made by melting 
the raw startiag materials The cullet glass is usually 

melted in a relatively inert ceramic refractory crucible, 
and a bubbling gas is often added to remove unwanted 
volatile products, particularly water. The product of this 
melt step is poured onto a cold surface, where it frac- 
tures into smaller pieces as a result of thermal stresses. 
The cullet is generally full of bubbles, striae, and possibly 
some small particles of undissolved starting material. 

The glass produced from the cullet melt is used in 
the final melting step which (for the original Nova glass) 
was conducted in a nominal 40-1 platinum crucible. Dur- 
ing this second melt step, the glass is homogenized to 
provide the striae-free, high optical quality glass neces- 
sary for laser applications. This homogenizing process 
involves two stages [22]. The fmt is a refining process 
conducted at high temperatures where the viscosity of 
the glass is low, allowing bubbles to rise to the surface. 
The second stage is a homogenization process which is 
generally conducted at temperatures lower than either 
the melting or refining stages During homogenization 
the melt is continuously stirred. The continuous mixing 
provides a thorough distribution of all components 
within the glass melt, which is necessary for the elimina- 
tion of striae and assurance of uniformity of the refrac- 
tive index over the entire casting. Finally, the melt is 
cooled to a temperature such that the viscosity of the 
glass is proper for casting into a mold of the appropriate 
size and shape. After casting, the glass undergoes a 
coarse annealing step, is inspected for inclusions and 
striae, and then is fine-annealed to remove residual 
thermal stresses due to the forming process. 

The source of platinum inclusions in laser glasses has 
been the subject of many studies and is generally agreed to 
be from one or more of the following: a) abrasion and 
wear; b) attack on the platinum crucible by reduced spe- 
cies in the glass (e.g., silicon); c) direct dissolution of the 
crucible in the melt, with subsequent precipitation of the 
dissolved platinum; d) selective dissolution of platinum 
grain boundaries, with the subsequent release of platinum 
grains into the melt; and/or e) vapor-phase transport as 
@'tom) and a redeposition as metallic platinum either 
on the surface of the glass or at a location within the 
melter where it may drop back into the glass 

In principle, abrasion and wear can be eliminated as 
a source by care in processing. Also, in the case of phos- 
phate glasses, the oxygen fugacity in the melt is sufFi- 
ciently high that reduced species are not formed that can 
attack the crucible. Therefore, precipitation, selective dis- 
solution of grain boundaries, and vapor-phase transport 
are the three most likely sources of platinum inclusions 
in phosphate laser g l m  Consequently, the primary fo- 
cus of this study is to differentiate between these three 
mechanisms and to understand the procesSing con- 
ditions that afFect either inclusion formation or solu- 
bility in the melt. 

Plahum inclusions formed by vapor-phase transport 
stem from the peculiar properties of platinum metal. 
Platinum is an unusual metal in that it forms a volatile 
oxide WOW) when heated above approximately 700 "C 
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in an oxygencontaining atmosphere [23 and 241. Above 
this temperature, platinum oxide exists only as a gas; 
upon contact with a solid or liquid surface, it deposits 
platinum metal. The vapor pressure of platinum oxide in 
equilibrium with platinum (at 1 bar 02) is much greater 
than that of the pure platinum metal at typical glass 
melting temperatures. 

A l m k  and Hooper [24] and Schafer and Tebben [25] 
have studied the thermodynamics of Pt02 formation 
over a temperature range from lo00 to 1600°C and from 
lo00 to 1200"C, respectively. Alcock and Hooper 
showed that, for O2 pressures at or below atmospheric, 
the oxide formed is Pt02 (versus e.g., PtO or Pt304); 
thus, at equilibrium the amount formed is directly pro- 
portional to the oxygen partial pressure: 

1 
I 

The equilibrium constant for this reaction is simply 

(7) 

where PPta = PtO, partial pressure, Po, = oxygen par- 
tial pressure, and apt = platinum activity (which for the 
pure metal is unity). 

The equilibrium constant is related to the Gibbs free 
energy (AGO) of the reaction via the classic thermo- 
dynamic expression: 

AGO= -RTln& (8) 

which, upon substitution of equation (7) for &, gives 

PRO2 
(PO3 

AGO= -RTln- (9) 

where R = the molar Boltzmann constant 
(= 8.315 Jl(mo1- K)) and T = temperature in K. 

A l m k  and Hooper [24] measured the Pt02 vapor 
pressure in 1-bar 0, between 1100 and 1500°C and 
found the data could be accurately represented by 

giving a Gibbs free energy (in J/mol) of 

AGO = 164400 - 3.91 T .  (1 1) 

Thus, from equation (9), the equilibrium Pt02 pressure 
at other oxygen partial pressures and temperatures can 
be easily calculated: 

For comparison, the corresponding vapor pressure (in 
bar) of the pure platinum metal can be calculated using 
the following expression from Hampson and Walker 
[26]: 

[ -63 494 22.20 T 
Pp, = 1.333 . . exp 

Note that over the temperature range of interest (1000 
to 1200°C) and at 1 bar 02, the vapor pressure of Pt02 
is more than about lo6 greater than that of platinum. 
Therefore, in the presence of an oxygencontaining at- 
mosphere, the rate of platinum transport (as Pt02) is 
greatly accelerated. Since the oxide vapor pressure de- 
pends linearly on the O2 pressure (equation (13)) then 
Pa would have to be bar to have the Pt02 vapor 
pressure equivalent to that of the metal. Thus, in oxidiz- 
ing systems, platinum can be transported to the molten 
glass as PtO, and then redeposited on the glass as pure 
platinum metal. 

The notion that Pt02 transport can lead to Pto in- 
clusion formation in optical glasses was clearly illus- 
trated by Ginther [19]. He conducted a series of experi- 
ments in which a silicate glass was melted in a ceramic 
crucible that was in close proximity but physically sepa- 
rated from platinum metal. When the melt was camed 
out in 02, platinum inclusions were found in the glass; 
when an inert gas (N2) was used, no platinum particles 
were observed. 

Based on these experiments, it would appear that 
preparing glass in an inert gas environment would elim- 
inate platinum-inclusion formation. Unfortunately, this 
is not the case. The oxygen partial pressure produced by 
decomposition of oxide-glass components is often suf- 
ficient to produce platinum transport and inclusion for- 
mation. This, of course, was the basis for the work by 
Ginther [19] on low oxygen pressure glasses that was dis- 
cussed in section 1. 

3. Experimental procedures 
All experiments were conducted using small-scale melts 
of LG-750 laser glass in either 0.5 or 2 1 platinum pots 
LG-750 is a commercial metaphosphate laser glass 
manufactured by Schott Glass Technologies, Inc., 
Duryea, PA (USA). Although the composition of LG- 
750 is proprietary to Schott, the essential ingredients are 
phosphorous, aluminum, barium, potassium and neo- 
dymium with some additional minor additives The 
starting material (i.a, cullet glass) for most of these 
experiments was prepared in one large melt to ensure 
uniformity among the experiments For convenience, 
most of the melts were heated inductively. However, to 
test the suggestion by Ginther [19], that induction heat- 
ing leads to greater temperature gradients and hence 
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higher platinum-inclusion density, several melts were 
also prepared by resistance heating. 

The increase in platinum transport caused by tem- 
perature gradients also implies that the method of cullet 
addition to the platinum pot would af€ect the melt 
experiments Consequently, in nearly all experiments a 
standard technique was used to add cullet to the melt. 
Fitst, the cullet was placed in the platinum melting cru- 
cible at mom temperature. Second, the crucible was then 
heated to the desired experimental temperature, and 
fmally additional room-temperature cullet was added 
until the proper glass level was reached. 
In later experiments, the method of cullet addition (for 
a given melting condition) was varied to determine 
whether the method of addition had an effect on the 
platinum-inclusion density. 

Each melt was cast into a steel mold and annealed 
to produce a glass slab for analysis of platinum content. 
From this casting, two transmission samples were pre- 
p a d  for monitoring the ionic pla&um content. The 
concentration of ionic platinum was related to absorp- 
tion in the 4oo-nm region, using the correlation devel- 
oped by Campbell et al. [SI. 

The bulk of the casting was used to produce an 
inspection block through which a 3.5-mm diameter, 

Figures 4a and b. Platinum-inclusion den- 
sity (figure a) and metallic (0) and ionic 
(0) platinum concentration (figure b) ver- 
sus refining temperature for a series of 
0.5-1 melts of LG-750 phosphate laser 
glass The metallic platinum concentration 
was calculated from the inclusion density 
shown in figure a and assuming an inclu- 
sion radius of 10 pm. 

50-mW HeNe laser beam was systematically scanned. 
Every inclusion observed was marked and then in- 
spected under suitable illumination and magnification to 
independently verify the identity of the site. Inspection 
blocks that contained large numbers of particles were 
analyzed by counting the total number of sites found in 
a specific volume element. The concentration of metallic 
platinum resulting from each melt was then estimated by 
assuming a uniform size distribution for 10-jm-radius 
spherical particles This estimate probably represents an 
upper bound for the actual metallic content. Most in- 
clusions were in the 5 to 10 pm size range, although the 
observed size distribution was quite large. 

4. Results and discussion from phosphate 
laser glass melting experiments 
4.1. Influence of refining temperature on 
platinum-inclusion density 
The melts used to investigate the impact of refining tem- 
perature on platinum content of phosphate glass all em- 
ployed an identical refining procedure, which consisted 
of a 2 h treatment under a nitrogen cover gas followed 
by 2 h  under oxygen. The refining temperature was 
varied from 1100 to 1450OC. 
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Figure 5. Ionic platinum concentration versus 1IT for LG-750 
phosphate laser glass; data from figures 4a and b. The activa- 
tion energy. E, can be determined from the slope of the curve, 
EIR, where R is the gas constant. 

Figures 4a and b display the metallic and ionic plati- 
num contents resulting from these melts. Immediately 
obvious from these data is the large disparity between 
the ionic and metallic platinum concentrations except 
with the melt at 1100°C. Three conclusions can be 
drawn from these experiments: 
a) The metallic platinum concentration decreases dra- 
matically with increases in refining temperature. 
b) The ionic platinum concentration increases with tem- 
perature 
c) In general, if ionic platinum producing even a modest 
W n m  absorption were converted into metallic plati- 
num, a typical melt refined at 1300°C would have more 
than lo6 inclusiond. 

The observed increase in ionic platinum has been 
shown to come mainly from direct dissolution of the 
crucible walls [q.' Consequently, the increased disso- 
lution of platinum inclusions with higher refining tem- 
peratures is expected to have only a minor effect on the 
ionic platinum content of the melt. 

Figure 5 is an Arrhenius-type plot of the logarithm 
of ionic (dissolved) platinum content versus T-'. The 
data at higher temperatures show a linear relationship 
characterized by an activation energy, E, of about 
126 kJ/mol. 

4.2. Influence of oxygen content in the melt 
atmosphere 
A series of 0.5-1 pot melts were prepared in which the 
oxygen content of the gas flowing over the melt was var- 
ied from approximately to 1.0 bar. The inclusion 
densities were determined by the microscopic exami- 
nation techniques mentioned in section 3. Figures 6a 

lo-* 10" l o o  
Oxygen pressure (bar) 

I I I 

Ionic Pt / 

I I I 

l o 4  lo4 lo-' loo 
b) Oxygen pressure (bar) 

Figures 6a and b. Platinum-inclusion density (figure a) and me- 
tallic (0) and ionic (0) platinum concentrations in LG-750 
phosphate laser glass (figure b) as a function of oxygen partial 
pressure used during the melt refining step. The metallic plati- 
num concentration was calculated from the inclusion density 
given in figwe a and assuming an inclusion radius of 10 pm. 

and b summarize the data graphically and clearly show 
the dramatic improvement that strongly oxidizing con- 
ditions have on ducing  the number of platinum in- 
clusions The disadvantage in using highly oxidizing con- 
ditions is the increase in absorption, particularly below 
400 nm, due to optical absorption by ionic platinum. For 
high platinum-ion concentrations, the corresponding 
400-nm absorption could affect the efficiency of neo- 
dymium pumping by xenon flashlamps The effect of 
ionic platinum on the transmission is clearly shown in 
the spectra in figure 7 of a sample of LG-750 glass 
melted under oxidizing conditions The transmission w a s  
measured for three sample thicknesses Note the main 
Pt"' absorption is in the 400 to 450 run region, in agree- 
ment with that reported by earlier researchers [27 to 321. 
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1 0 0 . , , , , , " " , " "  conditions for this series of melts used two sequential 
refining periods. The first period was conducted under 
100%N2 (Pol = bar) for about 2 h. This was fol- 
lowed by a second period under 100% O2 and of vari- 
able duration. The exceptions to this pattern are melt 
40.2, which had only one 2-h refining period under 
100 YO 02, and melt 83.2, which had a single 2-h refining 
time under 100% N2. All melts were refined at 1300°C. 

For these melts, the platinum crucible had a total 

- - 

1 5.4 cm - 
- 
- 

- surface area of approximately 1145cm2, of which 
920 cm2 was submerged below the melt and 225 cm2 was 
exposed to the atmosphere above the melt. The ionic 

using a correlation developed previously [5 ] :  

- 
- 
- platinum was calculated from the 400-nm absorption, - 
- 
- 

(14) [Pt"'] = 637 . wnm 

where p'] is the ionic platinum content in ppm and 
% nm is the absorption coefficient at 400 nm in cm-'. 

Figure 7. Effect of ionic platinum on the transmission spectra Note the ionic concentration increases 
for three different thicknesses of LG-750 phosphate laser glass 
melted under oxidizing conditions (0, gas environment). nearly linearly with time at a rate of approximately 

2.8 * mole platinum per liter per hour or, when 
expressed in terms of the platinum area exposed to the 

200 300 400 500 600 
Wavelength (nm) 

The relatively large background concentration of in- 
clusions observed even under the most highly oxidizing 
conditions is probably an artifact of the procedure used 
to charge the crucible at the beginning of the experi- 
ment. In these small-scale experiments, it is difficult to 
control all the melt variables during the melt cycle, which 
can lead to higher than normal background levels of in- 
clusions. 

melt, 6.1 * lo-' mole W(cm2 * h) (figure 8). 
The metallic (platinum inclusion) concentration 

showed considerable variability in this series of melts. As 
mentioned before, this is believed to be a consequence 
of the procedure used to charge the crucible. Neverthe- 
less, the highest inclusion density was observed for the 
melt prepared under 100 Yo Nz (no O2 r e f h g ) ;  this melt 
also had the lowest dissolved (ionic) platinum content. 
Thus, refining under N2 favors platinum-inclusion for- 
mation. 

These results also suggest that a substantial number 
of platinum inclusions enter the melt during the fill pro- 
cedure (approximately 5OOO/l for these particular melts). 
Exposure to oxygen appears to result in the dissolution 

4.3. Effect of refining time under oxygen 
A series of 2-1 melts was completed to investigate the 
affect of r e f h g  time under 100 % oxygen on the result- 
ant platinum-inclusion density (table 1). The standard 

Table 1. Effect of variable refmhg time at 1300 O C  and an oxygen pressure of 1 bar on platinum content in 2-1 melts of LG-750 
phosphate glass 

metallic platinum ionic platinum 
melt timeinh particles concentration') absorption coefficient concentration 
number at 1 bar0, h1-I in moyl (in an-') at Wnm in in PPm in PPb 

83.2 
39.2 
65.2 
3722 
37.U3 
37.2f4 
37.2/5 
37.U6 
40.2 
66.U1 
66.U3 
38.211 
38.U2 

0 
1 
1.5 
2 
2 
2 
2 
2 
2 
3 
3 
4 
4 

4900 
725 
I8 

950 
410 
56 
12 
38 
96 

185 
205 
810 
37 

157 
23 
2.5 

30 
13 
1.7 
0.4 
1.2 
3.0 
5.8 
6.5 

1.2 
25 

2.3 - 0.016 
3.3 10-7 0.055 
3.6 - 0.061 
4.4 . 10-7 0.071 
1.9. 10-7 0.093 
2.6 . IO-' 0.078 
5.5 . 10-9 0.086 
1.8 . 10-8 0.093 
4.4 * 10-8 0.08 1 
8.5 - 10-8 0.128 
9.5 . 10-8 0.119 
3.7 . 10-7 0.108 
1.7 . lo-' 0.140 

1.5.10-4 io 
5.1.10-4 35 
5.7.10-4 39 

7.3.10-4 50 
8.0.10-4 55 

7.5.10-4 52 
12 10-4 82 
11 .10-4 76 
io .10-4 69 

6.6 * 45 
8.6- 59 

8.6. 59 

13 . 89 

I) Calculated from the platinum-inclusion density assuming a particle radius of 10 p. 
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Figure 8. Ionic platinum concentration versus refining time at 
1300°C and 1-bar O2 pressure for E-750 phosphate laser 
glass 

of platinum inclusions as well as continued introduction 
of ionic platinum into the melt due to dissolution of the 
crucible walls The increased ionic platinum is primarily 
from dissolution of the crucible walls, with only a very 
small contribution from the dissolution of inclusions [5]. 

4.4. Effect of temperature gradients on platinum- 
inclusion formation 
Temperature gradients can lead to transport of platinum 
(as Rod, with the subsequent formation of inclusions 
In typical melting experiments, thermal gradients often 
exist, first, during the start of melting when Cold cullet 
is being added to the melt and, second, between different 
hot and cold regions of the melter. As a consequence, 
platinum inclusions can form directly on the glass, when 
cold cullet is added to a melter, or indirectly, when plati- 
num condenses in some cooler region and then falls or 
refluxes back into the crucible. 

In these particular experiments, there are two main 
sources of thermal gradients that could lead to plati- 
num-inclusion formation: 
a) induction heating, 
b) addition of cold cullet to a hot platinum crucible. 

As pointed out by Ginther [19], induction heating 
can lead to sizable temperature gradients between the 
heated (receptor) platinum crucible and the glass melt. 
Resistance heating, on the other hand, produces smaller 

hence fewer inclusions. 
Similarly, addition of cold d e t  to a hot platinum 

crucible can, in principle, cause solid platinum to con- 
dense on the relatively cool surface of the cullet. This is 
Uustrated schematically in figure 9. Here, a cold piece 
of cullet added to a hot platinum crucible “sweeps” 
through a volume (V,) of gas within the crucible. As- 
suming all the R02 witbin that volume precipitates as 

gradients and should produce les~ R02 transport and 

/ “Swept“ 
volume 

Glass melt r 
Figure 9. Schematic diagram of a cold cullet particle dropping 
into a heated platinum crucible (temperature -1100 to 1200°C) 
containing an equilibrium PtO, pressure of = bar. 
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Figure 10. Calculated density of inclusions, 1Opm in radius, 
resulting from metallic platinum accumulation on a cold cullet 
particle of radius r, 0.625, 1.25, and 2.50 cm as the particle falls 
a given distance through a heated platinum crucible 

R0 on the cullet, then it is possible to calculate an in- 
clusion density in the glass The volume of gas “swept” 
v, (in cm3) is simply 

where r, = radius of the cullet (in cm), h = height (in 
cm) of the free fall. 

Assuming the platinum oxide behaves as an ideal gas, 
then the number of moles (Np3 of platinum in the swept 
volume is 
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Table 2. Effect of thermal gradients on platinum-inclusion density in small-scale experimental melts of LG-750 phosphate glass 

melt heating cullet relative platinum inclusionsll 
number method temperature thermal gradient 
~ 

34.5 
35.5 
81.5 

induction 
resistive 
resistive 

cold greatest 
cold 
hot (1050°C) smallest 

- 
1700 

38 
6 

where Ppto2 = equilibrium partial pressure (in bar) of 
PtO, at temperature TH (in K), and R = gas constant 
(83 cm3 - bar/(K * mol)). 

Assuming an average inclusion radius of Q (in cm), 
then the inclusion density (ei, (in 1-I)) in the cullet 
glass is 

where Mw = molecular weight (in glmol) of platinum, 
ept = density (in g/cm3) of platinum, V, = volume (in 
cm3) of the glass cullet particle, and V, = volume (in 
cm3) of the platinum inclusion. 

Combining equations (16 and 17) gives the desired 
result: 

This function (equation (18)) is plotted in figure 10 ver- 
sus free-fall distance for three different cullet sizes An 
inclusion radius of 10 pn and a crucible temperature of 
1100°C containing 1 bar O2 was assumed. This model, 
of course, is greatly simplified. Nevertheless, it illustrates 
the potential impact of cold cullet additions on the in- 
itial platinum-inclusion concentration in the melt. Thus, 
the thermal gradients due to cullet addition and induc- 
tion heating used in these experiments can lead to a siz- 
able background of platinum inclusions 
To quantify the impact of thermal gradients on plati- 

num-inclusion density, several 0.5-1 melts were prepared 
with the aim of reducing the thermal gradients to a mini- 
mum. This was done by using resistance heating, by pre- 
heating the cullet, or both. The results (table 2) show 
that minimi$ng the thermal gradients reduces the plati- 
num-inclusion density. 

4.5 Results from production melts of platinum- 
free laser glass 
Results of the research reported here and a companion 
article [33] have been incorporated into large-scale melt- 
ing pmcesses that have lead to essentially platinum in- 
clusion-free phosphate laser glass Although the specific 

processing details and melter designs are proprietary, the 
underlying basis for platinum removal is largely: elimi- 
nate the source of platinum inclusions as best as possible 
(i.e., erosion, wear, temperature gradients, etc.); and use 
oxidizing conditions to dissolve any remaining in- 
clusions in the glass. 

Production-scale melting of replacement glass for the 
Nova laser took place over approximately 18 months 
The total production run involved about 350 large laser 
disks, each having a finished volume of about 7 1. 

During production, each laser glass casting was sub- 
jected to 100% quality assurance (QA) testing for the 
presence of platinum inclusions This was accomplished 
by scanning the entire glass casting with a smalldiam- 
eter laser beam whose output fluence (in J/cmZ) exceeded 
that of the Nova laser. The QA system used a commer- 
cial, Q-switched, YAG laser and movable x-y stage to 
automatically Scan the entire glass volume. The system 
is fully automated and operates unattended; further de- 
tails of the system design and operation are given by 
Weinzapfel et al. [MI. Each glass vendor was supplied 
with a complete damage-test system that was fully inte- 
grated into the production schedule. 

The manufacturing goal was to have no more than 
an average of two inclusions per disk; each disk contains 
about 7 1 of glass, so this translates to an inclusion den- 
sity of less than 0.34. In actual operation, a density of 
approximately 0.1 inclusiod (ix., less than 1 platinum 
inclusion per disk) was achieved. For comparison, the 
original Nova laser glass contained, on the average, 
about 100 inclusiondl. Thus, the replacement glass rep- 
resents almost a 1OOO-fold reduction in platinum-particle 
density. More specifically, 62% of all the 7-1 laser glass 
disks had zero platinum inclusions and no disks had 
more than 8. 

5. Summary and conclusions 
There are two important conclusions from melting 
experiments designed to examine the affect of various 
process parameters on the formation and dissolution of 
platinum inclusions in phosphate laser glasses. First, 
most platinum inclusions originate early in the melt cy- 
cle. This suggests that the major source of platinum in- 
clusions is not the erosion or wear of the platinum cru- 
cible but the condensation of PtOz vapor as Pto particles 
due to thermal gradients or other non-equilibrium con- 
ditions Second, platinum inclusions can be dissolved 
into the phosphate glass during the dourse of the melt 
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cycle by using oxidizing conditions (e.g., 100% 02). 
These results have been incorporated into production 
melting processes to produce laser glass containing ap- 
proximately 0.1 platinum inclusionfl. 

* 
Work performed under the auspices of the U. S. Department 
of Energy by Lawrence Livermore National Laboratory under 
Contract No. W-7405-ENG-48. 
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Effects of process gas environment on platinum-inclusion density 
and dissolution rate in phosphate laser glasses 
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The effects of process gas environment on reducing the density of platinum inclusions in phosphate laser glasses are examined. The 
platinum inclusions originate from the crucibles used to melt the laser glass and can lead to optical damage in glasses used in high- 
peak-power lasers The melting experiments examine the effects of Nz, 0 2  and Clz gases on inclusion density and platinum disso- 
lution rates The more oxidizing the process gas conditiong the greater the dissolution rate ( 0 2  + Cl2 > 0 2  * N2). A thin-fh mass 
transport model is used to analyze dissolution rate data for small plates of platinum over a range of temperatures from IO00 to 
1200°C and oxygen fugacity of lo-) to 1 bar. At 1200°C the platinum dissolution rate is approximately 3.0 (PQ)0.7 (in 
g/(cmz s)) where Pe is the oxygen fugacity of the process gas in bar. Using Clz  rather than 0 2  causes a measurable increase in the 
optical absorption of the glass that may be due to either a red-shift andlor a greater absorption coefficient for the platinum- 
chlorine complex. 

EinfIuS der Proze6gasatmosphW ad die Dichte und Aufl6sungsgeschwindiikdt von Platineinschltissen in Phosphat- 
laserglHsem 
Der E d u B  der ProzeDgasatmoSphiire auf die Verringerung des Gehaltes an Platineinschliissen in Phosphatlaserglisem wird unter- 
sucht. Die Platinehchlhe stammen von den zur Iaergkcbmelze verwendeten Tiegeln und kiinnen in Gliisern, wie SK in Hoch- 
leistungsfasern eingesetzt werden, zu optischen Fehlern fGUhren. Durch die Schmelzversuche wurde der EMUS von sasformisem 
Nz, O2 und Clz  auf den Gehalt an Einschlhen und die Aufliisungsgeschwindigkeit von Platin untersucht. Je s%kr die oxidierende 
W-g der ProzeBgase ist, um so hiihcr ist die Aufliisungsgeschwindigkcit ( 0 2  + Clz  > Oz * Nz). Um die Werte der Au!liisungs- 
geschwindigkeit wn kleinen PlatinpEttchen iiber einen Temperaturbereich von IO00 bis l20O0C und bei Sauerstoffugazitiiten von 
lo-’ bis lbar zu analysieren, wird ein LXnnschicht-Massentransportmodell angewendet. Bei 1200OC be- die Aufiiisungs- 
geschwindigkeit von Platin ungefahr 3,O (Pg)Ov7 (in g/(cmz s)), wobei Po, die Sauerstoffugazitiit des ProzeDgases in bar 
bedeutet. Der Einsatz von Clz meht noch als der von Oz ruft einen meBbarcn Anstieg der optischen Absorption des Glases hervor, 
was entwcder auf eine Rotverschiebung undloder ciaen griikren Absorptionskceffienten des Platin-Chlorkomplexes zuriickzufiih- 
rt~l ist. 

1. Introduction 
In a companion paper [l], results were presented show- 
ing the impact of melting conditions on the density of 
platinum inclusions in Schott’s LG-750 phosphate laser 
glass In this paw the authors examine the effects of 
Merent oxidizing gas environments on platinum-in- 
clusion formation and dissolution rate in Hoya’s LHG-8 
phosphate glass LHG-8 is a metaphosphate glass De- 
tails of the composition are proprietary, however, the 
basic components of the glass are P2OS, BaO, 
K20 and Nd2O3 plus other miscelhneous components 

Platinum and platinum alloys that are often used as 
container materials in optical glass melting produce 
small levels of contamination in the form of either 
microscopic inclusions or low levels of dissolved (ionic) 
platinum. Glasses used in high-@-power laser appli- 
cations, such as the large lasers used for fusion research, 
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require platinum inclusion-free glass This is because the 
high laser fluences cause the platinum inclusions to heat 
to the point they volatilize and fracture the laser glass, 
thereby rending it useless Further details of the mecha- 
nisms of laser-induced damage due to platinum in- 
clusions are discussed elsewhere [2 and 31. 

The occurnmce of platinum in glass has been the 
subject of study for many years and is briefly reviewed 
in the companion study [l]. It has been shown that most 
platinum inclusions in laser glasses form by vapor-phase 
transport as PtO2(g) with subsequent deposition of 
metallic particles on a free surf- The metallic particles 
may form either on the surface of the glass melt or on 
surfaces within the melter where they may then trans- 
port back into the glass melt. 

The results from this study show that by using vari- 
ous oxidizing gas conditions ( 0 2 ,  C12 or 0 2  + Clz) the 
platinum inclusions can be dissolved in the glass melt. 
The dissolution rate of platinum under oxidizing con- 
ditions is measured in a series of small-scale melts and 

~~~ ~ ~~ 
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Figure 1. Glass procesSing schedule used to prepare 0.5-1 melts 
of LHG-8 glass 
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Figure 2. Schematic drawing of melting set-up used to measure 
the platinum solubility rate in LHG-8 phosphate glass 

a model is used to quantify the description of the disso- 
lution process The effect of ionic platinum on the trans- 
mission spectra of the LHG-8 phosphate laser glass pro- 
d u d  under various oxidizing conditions has also been 
measured. The small-de melt expeximents on LHG-8 
glass are broken into two main areas: a) understanding 
the effects of an oxidizing gas used at various tempera- 
tures and over Werent lengths of time on platinum-in- 
clusion formation and platinum metal dissolution rate, 
and b) investigation of chlorine additives on platinum 
solubility. 

The experiments on the use of chlorine were in part 
motivated by the earlier work by Rindone and Rhoads 
[4] and Ryder and Rindone [5]; the purpose is to under- 
stand the effects of chlorine on platinum solubility and 
the formation of chloroplatinum complexes in phosphate 
glass systems 

It should be added that the study of the effects of 
oxidizing conditions on platinum solubility in silicate 
melts has been a subject of recent interest to the earth 
sciences [6 and 71. 

2. Experimental procedures 
2.1. Preparation of 0.5-1 test meks 
Nominal half-liter-scale melts of LHG-8 glass were pre- 
pared to study the effects of oxidizing process gas on the 
ionic platinum and metallic platinum inclusion content 
in the glass All melts were prepared in a resistance- 
heated furnace designed to allow for introduction of a 
flowing cover gas over the melt as well as an option for 
gas bubbling through the melt. 

The platinum crucible had a volume of 550 cm3 and 
a total exposed surface area of about 350cm2, of which 
290 anz was submerged below the melt and 60 cm2 was 
exposed to the environment above the melt. 

W e t  glass, melted in a fused quartz crucible, was 
used as a raw material. Enough cullet was prepared in 
one laser glass melt to provide feed stock for 80 experi- 
ments Figure 1 shows the approximate melting schedule 
used in most of the experimental melts After homo- 
genization, the melt was cast into a graphite mold and 
then annealed. 

The platinum-inclusion density was usually meas- 
ured using dark field microscopy. A small polished 
sample from each melt was also used to measure the 
transmission spectrum and the platinum ion concen- 
tration was calculated using the correlation developed 
by Campbell et al. [8]. 

2.2. Determination of platinum-dissolution rate 
The dissolution rate of platinum in the glass was deter- 
mined using a platinum metal plate of known surface 
area submerged in a fmed volume of molten LHG-8 
glass (figure 2). The plate has a surface area of 70cm2 
and was fabricated from zircmia-grain-stabilized (ZGS) 
platinum. The melt volume was 46cm3, and gas was 
bubbled through the melt at a rate of 50 cm3/m& for up 
to 15 h. The temperature was varied between 1OOO,l100, 
and 1200°C. 

M e t  glass was first charged to the quartz crucible 
and approh te ly  15 min later the coiled Pt-ZGS plate 
and quartz bubbling tube were inserted. Process gas of 
the desired composition was then bubbled through the 
melt for a given time and then both the bubbling tube 
and R-ZGS plate were removed. The glass melt was 
allowed to sit for 15min and then cast into a graphite 
mold. The glass sample was then cut and inspection- 
polished for subsequent transmission measurements 

i 
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Table 1. Effect of oxygen partial pressure on platinum-inclusion density and ionic platinum content of LHG-8 phosphate glass 

gas composition2) metallic platinum ionic platinum 
melt 4 N2 inclusion equivalent absorption concentration4) 
number in Yo in % density concentration3) at Wnm, in ppm 

in cm-I in 1-l in ppb 

DT-500-24 100 0 15 0.5 
DT-500-26 30 70 45 1.4 
DT-500-27 10 90 40 1.3 
DT-50044 3 97 243 7.6 
DT-500-47 1 99 586 18 
DT-500-48 =0.1 to 0.5 -99.5 to 99.9 1203 38 

0.090 57 
0.040 26 
0.034 21 
0.017 11 
0.018 11 
0.014 9 

3 The cover gas and the gas bubbled through the melt had the same composition; the total gas pressure was 1 bar. 
3, Calculated assuming a platinum-inclusion radius of 10 p. 
3 Calculated using the correlation given by equation (1). 

The ionic platinum content was determined by meas- 
uring the glass absorption at 4OOnm and the relating 
that to the platinum concentration using the expression 
PI: 

where mnm is the measured absorptivity (in cm-’) of 
the glass melt and ~ i O n i c ]  is the platinum content in 
PPm. 

2.3. Melts prepared using O2/CI2 gas addition 
The effects of O2 and C12 gas addition on platinum solu- 
bility was measured using a method similar to that de- 
scribed in section 2.2. About 120 g of LHG-8 cullet was 
melted in a 75an3 quartz crucible. A strip of platinum 
metal having a surface area of about 52 cm2 and weigh- 
ing approximately 28 g was carefully cleaned, dried, and 
weighed. It was then bent into a cylinder so that it could 
be easily placed in the glass melt. Prior to the addition 
of the platinum strip, the glass melt was preconditioned 
by bubbling the deskxi gas composition through the 
melt for 10 min. The bubbler tube was then removed, the 
platinum metal strip added, and the gas bubbler re- 
placed. The bubbler tube was placed in the center of the 
crucible (and center of the cylindrical platinum strip), 
about 1.5 cm from the bottom. After 2 h at l U w ) O C ,  the 
bubbler and platinum strip were removed and the melt 
was returned to the furnace for a 20-min ref- period. 
After that, the melt was p o d  into a mold and an- 
nealed. The platinum strip was cleaned and reweighed 
to determine the mass loss 

A carrier gas of either N2, 02, or a combination of 
both was fed through the bubbler at a total flow rate of 
100cm3/min at standard conditions To this was added 
C l 2  either in the form of Clz  or Ccq; the flow rate of 
the added gas was adjusted such that the final C12 output 
was always 20 can3/&. CCL, was chosen as an additive 
to assess the effect of a Merent C12 source. At the melt 
temperatures, CCC reacts with O2 from either the added 
gas or the melt to give C12: 

CCL, + O2 P C 0 2  + 2C12. (2) 

Thus, to produce 20cm3/min of CI2, 10cm3/min of O2 
must be consumed. 

3. Results and discussion 
3.1. Effect of oxygen partial pressure on platinum 
content 
The oxygen partial pressure of both the melt cover gas 
and the gas bubbled through the melt was varied from 
about to 1 bar, as given in table 1; the melting 
schedule was the same as shown in figure 1. The meas- 
ured platinum-inclusion density and ionic platinum 
content versus oxygen partial pressure are plotted in fig- 
ures 3a and b. The inclusion density decreases with in- 
creasing O2 pressure and can be represented by the ap- 
proximate empirical expression: 

4pl= 15 Pg”, (3) 

where 4p( = inclusion density (in I-l), and Po, = oxygen 
partial pressure (in bar). 

The platinum-inclusion density in a series of ‘‘wash- 
melt” glasses was also measured. These glasses were 
melted for just 1 h without atmosphere control in order 
to wash out the platinum crucible prior to melting the 
test samples The inclusion densities measured in these 
samples were almost the same as those of the glass 
melted under N2 (= lo-’ bar 03. This observation sug- 
gests that most of the platinum inclusions are formed 
during the early stages of the melting process In ad- 
dition, it appears that oxygen does not reduce the num- 
ber of inclusions formed but rather enhances their dis- 
solution during the melting process In general, the 
higher the oxygen partial pressure of the melt atmos- 
phere, the greater the dissolution rate These conclusions 
agree with experiments on Schott’s LG-750 metaphos- 
phate laser glass that were reported in the companion 
paper [l] as well as the observations reported by earlier 
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Figures 3a and b. Platinum-inclusion density (figure a) and 
metallic (0) and ionic (+) platinum content (figure b) versus 
oxygen partial pressure used in melting. The metallic platinum 
concentration was calculated from the inclusion density given 
in figure a) and assuming an inclusion radius of = 10 pm. 

investigators [4, 5, and 81. For comparison with the re- 
sults given here for LHG-8 glass, the plot of inclusion 
density versus oxygen partial pressure for the Schott 
LG-750 melting experiments [l] gives the approximate 
relatiomhip 

4p1= 610 Pg", (4) 

\ where 4p1 and P& are the same as defined for equa- 
tion (3). With the LG-750 glass, the effect of oxygen par- 
tial pressure is not as great; the exponents of equations 
(3 and 4) differ by approximately 50% between the two 
glasses Furthermore, the Uj-750 glass has a greater 
background concentration of inclusions than in the 
Hop experiments; this is apparent comparing the pro- 
portionality constants given in equations (3 and 4). This 
difference might be due to induction heating being used 
in most of the Lo-750 experiments, giving greater ther- 
mal gradients [l]. 

The ionic platinum content versus oxygen partial 
p m u r e  is plotted in figure 4 for both LHG-8 and LG- 
750 glass melts Using the model proposed by Hornyak 
and Abendroth [9], the slope of this lg plot is equal to 

A 
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Figure 4. Ionic p!at.inum concentration versus oxygen partial 
pressure for LHG-8 (0: n = 1.8) and LG-750 (0: n = 2.5) laser 
glasses The dashed lines are least-squares fit to the two data 
sets The slopes of the curves are related to one-fourth the oxi- 
dation state (n) of the dissolved platinum, i.a, n14. Average 
value of n = 2.1. 

n/4, where n is the oxidation state of platinum [l, equa- 
tion (3)3. The data are somewhat nonlinear over the 
range of oxygen partial pressure to 1 bar), so the 
slope was measured only in the high pressure region 
(lo-' to 1 bar 03. (This nonlinear behavior might be 
from evolution of O2 from volatile alkali or alkaline 
earth oxides in the melt giving a higher effective 0 2  

pressure. Also, it requires some time for the O2 concen- 
tration in the melt to equilibrate with that of the sur- 
rounding process gas environment.) The slopes of the 
curves range from about 0.45 to 0.62, indicating a value 
for n between 1.8 and 2.5. Thus, the result seems to indi- 
cate platinum dissolving into the glass as Pt2+, which 
agrees with the results of Hornyak and Abendroth [9], 
who measured an n value of = 1.5 to 2.0 for 0, treatment 
of silicate glasses 

Figure 5 shows the transmission spectra for LGH-8 
glass melted in 100% O2 versus 100% N2 gas atmos- 
phere The ionic platinum absorption in the 360-nm re- 
gion (for the 02-treated glass) is clearly evident. Ad- 
ditional data on the transrmssl * 'on characteristics of plati- 
numcontaining glasses treated with various gases are 
discussed in a later section. 

3.2. Effect of temperature 
The temperature of both the gas bubbling and homoge- 
n@ng step was varied to determine its effects on plati- 
num dissolution in LHG-8 glass The results are summa- 
rized in table 2. Except for the variation in temperam 
the melt cycle used is identical to that shown in figure 1. 
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Table 2. Effect of temperature during the gas bubbling and homogenization steps on ionic and metallic platinum concentration in 
LHG-8 laser glass 

E n n 
130 

0 

1 0 0 C 

a0 

metallic platinum ionic platinum 
temperatw oxygen content inclusion density equivalent concentration5) absorption at concentration6) 
in "C in YO in 1-1 in molll t in ppb 400 nm in an-' in ppm in molll 

bubbling 
lo00 100 6 2.8 . 10-9 0.19 0.088 56 8.2.10-4 
1050 100 5 2.3 . 10-9 0.16 0.107 68 io .10-4 
1050 100 5 2.3 . 10-9 0.16 0.099 63 9.2.10-4 
1150 100 0 -0 0 0.179 114 17 .10-4 

900 30 39 1.8 . 1.2 0.040 25 3.7.10-4 

1100 30 337) 1.6 . lo-* 1.06 0.043 27 4.0 10-4 

homogenization 

lo00 30 45 2.1 . 10-8 1.4 0.040 25 3.7 . 

Calculated assuming a platinum-inclusion radius of 10 pm. 
6)  Determined from the correlation of ionic platinum versus absorption given in equation (1). 
3 There is a large uncertainty in this value because of the large number of small bubbles appearing in the melt. 

I 1 1 

Figure 5. Transmission spectra for LHG-8 glass melted in 100% 
&,W% N2/10% 0 2  md 100% N2. Sample thickness is 1.3 UU. 

The temprature of the gas bubbling step has a much 
greater impact on the dissolvad platinum content than 
the temperature used during homogenization. Plotted in 
figure 6 is the ionic platinum content (as determined 
from the 4OO-m absorption) v e m  1/T for the bubbling 
exprimentaThe slope of the curve gives an activation 
energy charactens tic of the dissolution process; for 
LHG-8 glass, this is about 80kJ/mol. This is approxi- 
mately 35 YO lower than the value of 125 kJ/mol meas- 
ured for platinum dissolution in LG-750 glass [l]. The 
different activation energies might be due to a difference 
in the melt Viscosity and melt structure due to the com- 
positional differences between the Schott LG-750 and 
H o p  LHG-8 glasseg 
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Y 8 0.10 
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Figure 6. Arrhenius plot of 400-nm absorption (km) and corn- 
sponding ionic platinum concentration in LHG-8 glass 

The results in table 2 show little effect of the homo- 
genization temperature on platinum dissolution in 
LHG-8 glass Neither the inclusion density nor the ionic 
platinum content changed signifcantly in these melts 
The gas mixture used in these experiments had 30 YO O2 
and was used for the bubbling step as well as atmos- 
phere control. 

3.3. Effect of processing time 
Using the same melt schedule as shown in figure 1, the 
durations of the bubbling and homogenization steps 
were varied to assess the impact of process time on plati- 
num content in the LHG-8 glass The results are summa- 
rized in table 3; in allcases, 100% 02was  used as both 
the bubbling and cover gas Increasing the bubbling time 
from 1 to 3 h in- the ionic platinum content by 
about 40 to 50%. On the other hand, increasing the 
homogenization time seems to have little if any effect on 
the amount of dissolved platinum. 
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Table 3. Effect of processing time (during gas bubbling and homogenization) on the platinum content in LHG-8 laser glass 

500 

400 

E-300 N̂ 

2-200 'E 

8-100 

E 

5 
0 - c a 
5 

- 

5 
g 

metallic platinum ionic platinum 
time inclusion density concentration8) absorption at concentration? 
in h in 1-' in ppb in moll1 in moll1 400 nm in an-' in ppm 

0.05 

bubbling 
1 15 0.5 7.3 . 10-9 0.082 52 
3 =O E O  e 0  0.1 14 73 
3 -0 =O -0 0.117 75 

- 

n a  Y L 1  

15.5 h 
0 

0 
-- --- . 

homogenization 
1 15 
1.7 46 
2.5 6 

0.5 7.3 . 10-9 0.082 52 
1.5 2.2 . 10-8 0.064 41 
0.2 2.9 . 10-9 0.077 49 

7.6.10-4 
1 1  .10-4 
1 1  .10-4 

7.6.10-4 
6.0.10-4 
7.2.10-4 

8, Calculated assuming a platinum-inclusion radius of 10 p. 
9 Calculated using the correlation in equation (1). 

I 4% 

Figures 7a and b Platinum-ion concentration in the melt as a 
function of time and temperature in melts bubbled with 100% 
4 (figure a) and 100% Nz (figure b). 1200°C: 0, 110OoC: A, 
loOOoc 0. 

There are three main conclusions from the described 
work on LHG-8 glass First, the oxygen fugacity of the 
melt has a strong impact on both the platinum-inclusion 
and ionic platinum concentrations; the greater the oxi- 
dizing conditions, the fewer platinum inclusions ob- 
served m the melt. Most of the inclusions appear to ar- 
rive early in the melting process (similar to that observed 
in the companion study of Uj-750 glass [ID and are 
dissolved as the melt cycle progresses The walls of the 
crucible also dissolve during processing, giving rise to an 
i n d  background of ionic platinum much larger 
than observed from dissolution of just the platinum in- 
clusions (see figure 3b). 

A second conclusion is that higher processing tem- 
peratures accelerate the dissolution of the platinum in- 
clusions as well as the crucible walls The result is that 
the inclusion density decreases but ionic content in- 
creases sharply with temperature. As might be expected, 
the increase in ionic platinum seems to be governed 
by an Arrhenius process with an activation energy of 
=85kJ/mol. Decreasing the temperature during the 
homogenization step has little impact on the inclusion 
concentration. Since homogenization occurs near the 
end of the melt cycle, the platinum concentration is still 
below the solubility limit in LHG-8 glass since no in- 
clusions are precipitated. Any precipitation would be 
readily apparent since there would be a massive increase 
in inclusion density. For example, the ionic platinum 
content in the glass is about 10 to lOOppm (see figure 
3b). If only 1 % of this platinum precipitated (i.e, 0.1 to 
1 ppm), between 2500 and 25000 inclusions/l would be 
produced, far more than observed in these experiments. 

Finally, the increase in processing time leads to some 
increase in ionic platinum content, but, as might be ex- 
pected, the effect is smaller than that from changes in 
either process temperature or oxygen fugacity. 

3.4. Platinum-dissolution rate 
Quantifyins the rate of dissolution of platinum and its 
solubility limits in phosphate glass is important for 
evaluatiug both the dissolution rate of inclusions as well 
as the possibility of platinum precipitation during melt- 
ing. Consequently, a series of experiments was con- 
ducted in an attempt to determine both rate and solu- 
bility limit in the LHG-8 glass 

In some initial experiments, H2PtCb was added to the 
glass melt; however, the platinum colloids formed by de- 
composition of H2R& consolidated into large particles 
with an unknown particle size distribution. Since the dis- 
solution rate of particles varies as r2, quantifying the plati- 
numdissolution rate using this technique is difiicult. 

I 
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Consequently, the solubility of platinum using a 
platinum metal plate of known surface area submerged 
in a fmed volume of molten LHG-8 glass was studied 
(figure 2) using the procedure outlined in section 2. 

The variation of ionic platinum content in the melt 
as a function of time and temperature is plotted in fig- 
ures 7a and b for both 0 2  and N2 bubbling gases The 
O2 treatment leads to significant platinum dissolution 
whereas N2 bubbling shows no increase in the ionic 
platinum content, even when extended up to 15 h. This 
correlates with the observation on small-scale melts. 

The rate of platinum dissolution for a platinum metal 
plate is given by Fick's law: 

q = j . A  = A D ( V C ) ,  (5 )  

where q = dissolution rate (in g/s) for the whole plate, 
j = flux (in g/(cm2 s)), A = surface area of the metal 
plate (in an2), D = diffusion coefficient of R"+ in glass 
(in cm2/s), and C = concentration (in g/cm3). Equation 
( 5 )  is usually written in terms of a mass transfer coef- 
ficient for systems in which convection determines the 
rate of dissolution: 

where k, = mass transfer coefficient (in ads), C, = 
= platinum solubility limit (in g/cm3), and cb (t) = time- 
dependent ionic platinum concentration in the bulk glass 
(in g/cm3). 

Although conceptually simple, equation (6) is often 
difficult to use since k, might depend in a rather com- 
plex (and unpredictable) way on the diffusion coefficient, 
system geometry, flow rate, etc. Fortunately, some rather 
simple physical models do exist that relate k, to the 
molecular diffusion and fluid flow in a convective system 
[lo]. One of these is the thin-film model that assumes a 
stagnant film boundary layer near the fluid/solid in- 
terface in which the concentration varies linearly across 
the layer (figure 8). The rate of dissolution is then simply 
controlled by diffusion across this thin ftlm: 

Here the mass transfer coeficient is given by DII where 
D is the molecular diffusion coefficient (in cm2/s) and I 
is the film (boundary layer) thickness (in cm). The dis- 
solution rate, q, is V,(dCb/dt), where V ,  is the melt 
volume (in cm3). Equation (7) can be rewritten as 

which, when integrated, leads to the desired expression: 

or by taking the logarithm: 

(9) 
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Figure 8. Schematic representation of the simple thin-film 
model used to analyze the platinumdissolution data. 

Using equation (10) requires that the platinum solubility 
limit (G) be known; a lower limit for this solubility 
value was determined at 1100°C for a glass melt that 
was treated for up to 45h with 1 bar 4. The platinum- 
ion concentration was determined to be about 1050 to 
llOOppm at 1100°C. (The saturation concentration of 
Pt"+ might be somewhat higher than this since no plati- 
num inclusions were observed in these melts) In the 
analysis that follows, Cs = 107Oppm at 1100°C is as- 
sumed. This value of Pt"+ is in the range of values ob- 
served by Ryder and Rindone [q in sodium meta- 
phosphate glasses 

As shown in figure 9, a plot of the R"+ concen- 
tration data at 1100°C using equation (10) gives a 
straight line with the slope, D A/(  V, I), equal to approxi- 
mately 8.3 * s-l. From the known d u e s  of A and 
Vmy the m8s~ transfer coefficient (k, = D/I) is then esti- 
mated to be approximately 5.5 - 10-6cm/s The bound- 

. 
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Figure 9. Plot of platinum-plate dissolution data according to 
the thin-fh mass transport model (equation (10)). V = 46 cm3 
andA = 70cm2;&,,,A/V= 0.030h-'. 
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Figure 10. Arrhcnius plot of rate constant for platinum disso- 
lution @A/( V, I)) dctermm * cd from data in figures 7a and b. 
The rate constants arc in units of h-I. 

ary layer thickness is estimated from the literature [lo] 
to be about 10-zcm, implying a diffusion constant of 

I I I 7 

I 1 I I 
-3 -2 -1 0 

Figure 1 1. Platinumdissolution rate in LHG-8 glass at 1200 "C 
versus O2 partial pressure in the process gas The rate is pro- 
portional to 

about 5 - l0-*cm2/s The Pt"+ Musion constant can 
also be estimated from the glass viscosity. The diffusion 
constants in many liquid systems are inversely pro- 
portional to the viscosity and generally range from 
about 0.5 to 1 lO-'cm*/s for fluid viscosities of 0.001 
to 0.005 Pa * s; (in units common to melting technology, 
1 Pa s = 10 Poise). The Viscosity of phosphate laser 
glass during melting is typically in the range 0.1 to 
1.0 Pa s; thus, a reasonable estimate of the Pt"+ dif- 
fusion coefficient is about iO-7cm2/s This agrees to 
within a factor of 2 with the approximate value deter- 
mined from the mass transfer coefficient. 

An Arrhenius plot of the measured rate constants 
(i.a, DAI(V,Z)) versus 1/T gives an activation energy 
of 88kJlmol for the platinumdissolution process (fig- 
ure 10). Assuming that the change in the boundary layer 
thickness with temperature is negligible, then the results 
imply that the activation energy for Pt"+ diffusion is also 
about 88 kJ/mol. This activation energy is similar to that 
for diffusion of non-allrali Species in silicate melts and 
also that for oxygen diffusion in soda-lime-silica glass 
melts Thus, although diffusion seems to control the rate 
of platinum dissolution, whether it is 0 2  diffusion to the 
Pto or Ptm+ diffusion away from it (or both) that is the 
ratecontrolling step is not clear. 

The effect of oxygen partial pressure on the rate of 
platinum dissolution is shown in figure 11. The melt 
temperature for these experiments is 1200OC. The disso- 
lution rate increases dramatically with O2 partial pres- 
sure and, for the conditions used in these experiments, 
can be chara&rized by the approximate rate expression: 
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Figure 12. Effect of C12 and CQ on platinum dissolution when 
added to various N2/02 process gas mixtures; 4: 0, N2/02 in 
4:l  ratio: A, N2/02 in 9:l ratio: 0, N2: 0. The glass melt 
temperature was 1200OC. 

where rd is the platinumdissolution rate per unit area of 
exposed metal (in g/(cm2 s)) and Po, is the oxygen par- 

One might expect that the platinumdissolution rate 
and the number of platinum inclusions appearing in the 
melt would be inversely related. In other words, the num- 
ber of platinum inclusions in the melt might be expected 
to vary as PZ'. Note that this prediction is in very good 
agreement with cxpeximental observation (figures 3a and 
b). Here the inclusion density in the LHG-8 glass was 
observed to decrease as P S 7 '  (equation (3)). 

tial pressure given in bar. 

3.5. Effects of C12 on platinum dissolution 
Rindone and Rhoads [4] and Ryder and Rindone [q 
reported enhand platinum dissolution in phosphate 
glasses with addition of 4 and C l 2 .  The authors of the 
present paper also investigated the addition of C12 
during melting of LHG-8 phosphate laser glass to deter- 
mine its effect on reducing platinum-inclusion density. 
Experiments were conducted using both 4 and C12 so 
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Figure 13. Transmission spectra for LHG-8 phosphate glass 
melted in the presence of platinum and using O2,02 + C l 2 ,  and 
O2 + C Q  bubbling gas treatments 
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Figure 14. Transmission spectra for LHG-8 phosphate glasses 
melted in the presence of platinum and using N2, Nz+Cl2, 
and N2+CCl, as bubbling gas treatments Sample thick- 
ness = 1.3cm. 

as to directly compare the effects of the two different 
oxidizing gases The melting procedure used for these 
experiments is outlined in section 2.3. 

The effects of C12 and C q  on platinum dissolution, 
when added to N2, N2/o2:9/1, or O2 are shown in fig- 
ure 12. These results show that C12 has approximately 
the same effect on enhancing the dissolution of platinum 
as does 0 2 .  Furthermore, the effect of CC& is not as 
m t  as that of C12 when it is used with N2 alone, prob- 
ably because of the need for additional O2 to convert 
CCl, to C12 (equation (2)). Presumably, in the absence 
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Figures 15a and b. Transmission spectra for two Merent thick- 
nesses of LHG-8 phosphate laser glass melted in the pnsence 
of a platinum strip using Cl2 + N2/& gas bubbling treatment 
(figure a), and for glasscs melted using Cl2+N2/02 vcrsus 
N2102 (figure b) the ratio of N2/& to Cl2 is about 5: 1 and the 
sample thickness = (0.92 f 0.02) mm. 

of added 0 2  gas, the oxygen must be supplied by the 
melt. Chlorine has the advantage that it probably also 
acts as a drying agent for the laser glass Chlorine is a 
commonly used drying agent in the manufacture of low- 
loss optical wave guides (eg. 111 and 121). 

Figure 13 compares the transmission spectra for 
glass samples in which 0 2  and 0 2  plus either C12 or CCb 
(ratio 5 :  1) were used as the bubbling gas The addition 
of the chlorine gases causes a dramatic increase in ab- 
sorption in the region below 500 nm. A similar effect is 
observed for C12 and CC4 addition to N2 (figure 14). 
The increased absorption probably comes from a com- 
bination of two effects: a) the increased dissolution rate 
of platinum in the glass with use of chlorinecontaining 
gases and b) a red-shift andlor a greater absorption co- 
efficient for the platinum-chlorine complex. 

The effect of C12 on the Pt"+ absorption coefficient 
at 400 nm is shown in figures 15a and b. The addition 
of C12 causes a pronounced increase in the absorption at 
400nm for a comparable amount of platinum disso- 
lution. 400nm is a wavelength limit of interest in laser 
applications since absorption at wavelengths greater 
than that degrades the pumping efficiency of the laser. 
The neodymium-absorption bands that are important to 
laser energy storage lie in the region 400 to 950nm. 
Thus, limits on absorption values at the 400-nm region 
were set for the glass to be an acceptable laser medium. 

To evaluate the stability of the platinum4lorine 
complex, a two-stage gas bubbling treatment was con- 
ducted. First, the melt containing the platinum strip was 
treated with a 5:  1 mixture of Cl2 + N2 for 2 h and then 
the platinum strip was removed. A small sample of t h i s  
glass melt was then cast. The remainder of the melt was 
treated with O2 bubbling for 1 h, with no platinum strip 
in the melt, and was then cast. The absorption due to 
ionic platinum in the region 300 to 425 nm was reduced 
significantly after the second stage of treatment. 

The decrease in absorption might be due to either 
decomposition of the platinum-chlorine complex fol- 
lowed by an associated blue shift or partial vaporization 
of platinum compounds from the melt or both. Previous 
work by Izumitani et al. [ 131 using pOCl3 as a C12 source 
suggests that evaporation of a platinum4dorine com- 
plex is indeed likely. Platinum evaporation also seems to 
have occured in this study, as indicated by a Simple 
mass balance that compares the measured platinum 
mass-loss from the strip with the measured amount 
taken up in the laser glass (table 4). These data indicate 
that the degree of platinum evaporation from the melt is 
20 % or more for the C12 + 0 2  treatment. In general, the 
degree of platiaum evaporation as affected by gas treat- 
ment seems to follow the trend: 

where the degree of vaporization for N2 is almost zero. 
The roughly 10 to 20% observed platinum vapori- 

zation (table 4) does not seem sufficient to explain the 
very large change in tninsrmssl ' 'on near 350 to 4OOnm. 

' ion is probably Consequently, this change in transrmss 
mainly due to a shift in the absorption bands to shorter 
wavelengths as C12 is removed from the melt. 
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~ 

Table 4. Comparison of platinum weight loss (expressed as ppm 
in melt) versus measud platinum-ion concentration in the 
melt'") 

process gas platinum mass analyzed platinum difference 
loss in ppm content in ppm in YO 

This work was performed under the auspices of the U.S. De- 
partment of Energy by Lawnnce Livermore National Labora- 
tory under contract number W-7405-ENG-48. The authors also 
gratefully acknowledge the contributions of Mr. H. Kitayama 
and Mr. K. Takeuchi, Hop Corp., T O ~ O  (Japan), to certain 
aspects of this work. 

Nz/Oz (9:1) 16 16 -0 
0 2  90 82 - 10 
0 2 / c 1 2  (5: 1) 103 82 -20 

'9 The difference between the two is proposed to be lost via 
evaporation from the melt. 

Transmission spectra for a glass treated with 
C12+ N2/OZ (9:l) are shown in figures 15a and b and 
contrasted with that of just N2/02 (9: 1). A strong ab- 
sorption band at =260 nm is particularly evident. Simi- 
lar bands in the 260 to 270 nm region have been reported 
by Izumitani et al. [13] in their work with POC13. 

In conclusion, C12 addition, whether as C12 gas or 
C12 liberated from some chlorineantaining compound, 
increases the platinum-dissolution rate and leads to 
greater absorption in the region below 450 nm. 

4. Conclusions 
The presence of platinum inclusions in phosphate laser 
glasses can lead to optical damage when used in high- 
peak-power lasers Oxidizing process gas conditions, 
particularly the use of 100% 0 2  or 0, + Cl2  can be used 
to dissolve the platinum inclusions in Hoya's LHG-8 me- 
taphosphate laser glass The dissolution rate of platinum 
is found to be proportional to a'. The rate of disso- 
lution is sufficiently fast that, under oxidizing conditions 
and with modest melt temperahues (1100 to l20O0C), 
nearly all platinum inclusions can be dissolved during 
the normal glass melting, fining and homogenization 
cycle. This prooess has succeSSfuUy been used to produce 
large plates of phosphate laser glass (270 with an in- 
clusion density less than 0.M [SI. This is a 1000-fold 
improvement over glasses made using previous process 
conditions. 
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Modeling platinum-inclusion dissolution in phosphate laser glasses 
John H. Campbell 
Lawrence Livermore National Laboratory, Livermore, CA (USA) 

An analytic model is developed describing the dissolution of platinum inclusions in LHG-8 and LG-750 metaphosphate laser glasses. 
The model assumes a spherical geometry and a diffusion-limited rate process in a quiescent fluid. The time for complete dissolution 
of a platinum inclusion is proportional to the square of the inclusion radius and is computed to be about 10h at 1100°C for 
inclusions 10 pm in diameter in these glasses This agrees with experimental results When melting in a platinum vessel, the dissolution 
of the crucible walls limits the size of the platinum inclusion that can be dissolved because of the background contribution to the 
ionic platinum content. This effect is included in the model and is related to the exposed surface-am-to-volume ratio of the 
platinum vessel. 

Modell der AuR6sung von Platineinschliissen in Phosphatlaserglbem 
Es wird ein analytisches Modell entwickelt, das die AuLlBsung von Platinekhliissen in LHG-8- und LG-75O-Metaphosphatlaserglti- 
sern beschreibt. Das Modell setzt Kugelgeometrie und ehen durch Dflusion begrenzten Geschwhdigkeitsverlauf in einer ruhenden 
FlWgkeit voraa Die Zeit bis zur vollsthdigen Aufliisung eines Platineinschlussa ist proportional dem Quadrat des Radius des 
Einschlusses; sie wurde fiir Einschliisse mit einem Durchmesser von lOpm in diesen Gliisern zu etwa 10 h bei 1100°C errechnet. 
Dieser Wert stimmt mit cxperimentellen Ergcbnissen iiberein. Bei der Schmelze in einem Platintiegel ist die Grii& der Platinein- 
schliisse, die sich noch a u f l h  lassen, wegen des Beitrages der sich auLlBsenden Tiegelwhde zum ionaren Platingehalt begrenzt. 
Dieser Effekt wird im Modell benicksichtigt und hbgt vom exponierten OberflZchenNolumenverhiiltnis des Platintiegels ab. 

1. Introduction 
Platinum inclusions are well known to cause optical 
damage in glasses used for high-power-laser applications 
[l to 31. In two companion papers [4 and it has been 
shown that in the case of certain commercial meta- 
phosphate laser glasses (LG-750 from Schott Glass 
Technologies, Duryea, PA (USA), and LHG-8 from 
Hoya Corporation, Tokyo (Japan)), these inclusions can 
be successfdy dissolved in the glass matrix using oxidiz- 
ing gas conditions applied during the course of melting. 
The inclusions are generally less than lOpm in radius 
and consequently their dissolution rate is diffkult to 
directly measure, Experiments have been carried out to 
determine the dissolution rate of a platinum metal sheet 
in phosphate glasses over a range of temperatures and 
oxygen jmtial pressures [q. What is lacking is a simple 
model that can be used to estimate the length of time to 
f a y  dissolve inclusions under a given set of process con- 
ditions 

In this paper a particle dissolution model is devel- 
oped and used to estimate the rate of platinum-inclu- 
sion dissolution with current pn>cessing conditions The 
model predicts dissolution times of between 2 and 10 h 
for 10- to 20q.m diameter platinum particles (typically 
the maximum size observed in the glass) at a tempera- 
ture of 1100°C. This prediction agrees with melt results 
discussed here and in previous work [q. 

-bd  scptcmber 19.19p4. 

The analysis is extended to include the dissolution 
of the crucible walls and a discussion of the implications 
of crucible dissolution on the ionic platinum content of 
the glass The results show that the dissolution of the 
crucible walls, not the inclusions, dominates ionic con- 
tent of the glass This is important in laser applications 
because the ionic platinum absorbs in the 300 to 450 pm 
region and thereby reduces the flashlamppumping ef- 
ficiencies of the laser glass 

2. Model of platinum-particle dissolution 
2.1. Model assumptions 
The model representation of a dissolving platinum par- 
ticlein a molten glass system (figure 1) includes three 
major assumptions: 
a) The particles (inclusions) can be treated as spheres 
b) The terminal velocity of the particles in the molten 
glass is very low; thus, the effects of stirring on mass 
transport to and from the particles can be neglected. 
c) The temperature of the system is sufliciently high that 
molecular diffusion, rather than reaction kinetics, domi- 
nates the dissolution process 

Assumption a) is straightforward and does not re- 
quire further explanation. In assumption b), the flow 
velocity past the particle is presumed to the slow; there- 
fore, the mass removal rate is controlled by simple mo- 
lecular diffusion into an infinite reservoir, rather than 
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Figure 1. Model representation of platinum-particle dissolu- 
tion. 

by mass transi>Oa*across some boundary layer. Figure 2 
shows the tern&& velocity, ut, of small, spherical plati- 
num particles in a viscous fluid as a function of particle 
diameter. These curves are for low Reynolds numbers 
(Re 5 0.5) and are governed by the Stokes equation [q: 

where d p  = particle diameter (in cm), q, = platinum den- 
sity (in g/cm3), eg = glass density (in @an3), g = gravi- 
tational acceleration (= 980 d$), and = glass vis- 
cosity (in Pa * s). For a typical phosphate glass melt vis- 
cosity of 0.1 to 1.OPa.s (1Pa.s = lOPoise), the ter- 
minal velocity of a IO-pdiameter particle is only 
to lO-'cm/s, corresponding to a Reynolds number of 
less than Thus, assumption b) is valid. 

Assumption c) is concerned with the reaction of the 
W particle with dissolved oxygen: 

In these calculations, the reaction is assumed to be fast 
and the dissolution rate therefore depends on the rate of 

1 

L / / 

1 10 100 
Particle diameter (vm) 

Figure 2. Terminal velocity (4) of spherical platinum particle 
as a function of particle diameter (4) at melt viscosities of 0.1 
and 1.OPa.s 

diffusion of either O2 toward or Ptn+ away from the par- 
ticle surface. At high temperatures, most reactions be- 
come diffusion-limited. A good example is carbon oxi- 
dation; at high temperatures, the rate at which it bums 
depends on the rate of dsusion of oxygen to the surface 
(and CO and C02  away from the surface), rather than 
on the actual reaction rate of 0, with carbon [I. 

2.2. Model description 
With these assumptions, a simple model to predict the 
dissolution of a platinum inclusion can be developed. 
The basic Werential equation governing Wusion away 
from a spherical (onedimensional) particle into an in- 
finite homogeneous medium is 

(3) 

where t = time (in s), r = radius (in cm), C = platinum 
concentration (in g/cm3), and D = platinum ion dif- 
fusion coefficient (in cm2/s). 

The concentration of Pt"+ is very dilute, so the dif- 
fusion coeficient is assumed to be independent of con- 
centration, thus simplifying equation (3): 
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(4) 

The boundary conditions governing this system (figure 1) 
are 

and 

where ro = radius of the inclusion (in an), Cs = plati- 
num solubility limit (in g/cm3), and c b  = platinum ion 
concentration in the bulk glass (in g/cm3). For the model 
to be consistent with the experimental observations, the 
platinum solubility limit (Cs) must depend on the oxy- 
gen partial pressure. Thus, 

(7) 

where b is a proportionality constant. 
The solution to equations (4 to 7) is found in [8] and 

also in [9]. These authors use a method of variable sub- 
stitution that converts equation (4) into the more easily 
soluble equation for a semi-infinite slab. The solution is 

The flux of platinum at the inclusion surface is given by 
Fick's law: 

(9) 

From equation (12), an analytic expression for the time 
it takes to completely dissolve a platinum inclusion can 
be obtained. The volumetric removal rate (in cm3/s) of 
platinum is 

dVi MAi M 
dt Qi Qi 

j = - [4nD(Cs - C,)] , - (13) 

where Vi = volume of platinum inclusion (in an3), 
M = gram-atomic weight of platinum, Ai = surface area 
of the inclusion (in an2). The volumetric removal rate is 
related to the change in particle radius by 

-- d 6  - 4nr2($). 
dt 

The concentration of platinum in the glass melt (cb) in- 
creases slowly with time due to dissolution of the plati- 
num crucible walls. A previous work [q on the dissolu- 
tion of flat platinum surfaces showed that the platinum 
concentration in the melt increases with time according 
to: 

cb(f) = C, (1 - exp [+I) 
where V = volume of the melt (in an3), A = exposed 
area of the platinum crucible (in an2) and 1 = boundary 
layer thickness (in cm). 

Combining equations (13 to 15) and separating vari- 
ables gives 

where Cb(t) is given by 
which, on substitution of equation (8), leads to [8] 

Note that the flux becomes essentially constant for 
f 2 $(n D). Therefore, only a small f d o n  of particle. 
mass is r c m o v c d  during the transient phase of the plati- 
num-dissolution proctss Cmsequently, the flux, j (in 

g/(can2-s)), from the particle can be -ly esti- 
mated as 

G-cb j - D  
r 

or when expressed in terms of oxygen partial pressure: 

and is a constant used to represent the term k, A/V 
where k, is the mass transfer coefficient (in d s ) .  Inte- 
grating equation (16) gives the desired expression for the 
inclusion-dissolution time fd: 

For the special case in which cb is constant (or zero), 
then equation (16) can be integrated to give 

The dissolution time in equations (18 and 19) is a func- 
tion of the square of the inclusion size 
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loo 10' lo2 lo3 
Time (min) 

1 o4 

From equation (18), one can calculate the maximum 
particle size that can be dissolved by noting that this 
occurs when 

Thus, the maximum radius for complete dissolution is 

3. Application of model to melt experiments 
3.1. Half-liter melts 
In this section the model is compared to results from 
0.5-1 experimental melts of phosphate laser glasses 
LHG-8 and LG-750. To use the platinum-inclusion dis- 
solution model described in section 2., one must fmt 
estimate the diffusion constant and Ptn+ solubility. 
Based on the experiments on LHG-8 glass reported 
in [5), the solubility limit, Cs, for Pt"+ in phosphate 
laser glass is about 1050 to 1100ppm (1 ppm Pt"+ = 
= 1.46 lo-* m01e/cm3) under typical processing con- 
ditions In these calculations, a solubility limit of 
1070 ppm was assumed. For LHG-8 and LG-750 phos- 
phate laser glasses melted in platinum crucibles, the con- 
centration of Ptm+ in the fmal bulk glass (C,) has been 
m d  and typically has been found to be ==lo0 ppm 
for oxidizing conditions, thus they are far from satu- 
ration. 

From equation (15), the increase in Pt"+ concen- 
tration (in ppm) in the melt at 1100°C is given by: 

Cb(f) = 1070(1- exp[-5.5 - 10-6(A . . (22) 

For 0.5-1 experimental melts, A/V is approximately 0.6, 
giving j? of 3.4. s-l. Substituting this into equation 
(18) and assuming a R"+ diffusion constant of 
i O - 7 ~ 2 / s  [q leads to the following expression for the 
inclusiondissolution time in the experimental melts: 

Figure 3. Results from model calculations 
showing the size of platinum particles that 
can be dissolved in a given melting time at 
1100°C. The solid line represents the case 
(equation (19)) in which there is negligible 
contribution from the crucible walls (for 
example, by melting in a quartz crucible). 
The dashed lines ace for melts in plati- 
num crucibles (equation (18)) that have 
different exposed -surface-ar&-to-volume 
ratios (AIV). 

1 o* 

where k @e., eij?/(2MDCs)) = 1.1 1 0 5 ~ - 2 .  A plot of 
td versus ro is shown in figure 3. Also plotted is equation 
(19), for which Cb is assumed to be =O (i.a, platinum- 
inclusion dissolution in a quartz or other nonplatinum 
crucible). 

Unfortunately, platinum-particle dissolution rates are 
experimentally difficult to measure. Therefore, in the 
experiments only approximate dissolution times were 
obtained for a rather broad range of platinum-particle 
sizes In one set of experiments, LG-750 premelts were 
doped with lppm of platinum (added as potassium 
chlomplatinate, which decomposes to metallic Pt!'). The 
LG-750 premelt was prepared in a nitrogen atmosphere 
such that initially there was negligible platinum dissolu- 
tion. The premelt was conducted in a quartz crucible. 
Although the exact particle size and density in the pre- 
melt could not be obtained, more than 30000 roughly 
spherical platinum particles existed in the 0.5-1 casting, 
with a size distribution up to about 10 to 20 pn. Next, 
the glass was remelted in a quartz crucible in an oxygen 
atmosphere at LJ 1300 OC for 4 h. This melting reduced 
the particle count to =300/l, indicating dissolution of 
most of the Pt? partick Note that the complete dissolu- 
tion time predicted using the model (figure 3) is about 
6 h for a lO-pm particle, which is in reasonable agree- 
ment with the LG-750 melt experiments 

A second, similar set of experiments was also con- 
ducted on LHG-8 glass In this case, a cullet was made 
from a laser glass with many Pto inclusions. The size of 
the inclusions was estimated to be less than or equal to 
about l o w .  Various oxidizing conditions were then 
used in remelting the glass All melts were done in a 
quartz crucible Increasing the oxygen partial pressure 
accelerated the dissolution rate, and complete dissolu- 
tion of the particles occurred in less than 4 h in a pure 
O2 atmosphere. This is also in reasonable agreement 
with the model predictions 

~~ 
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3.2. Dissolution of platinum-crucible walls 
A schematic representation of the platinum-crucible sys- 
tem during the melt cycle is shown in figure 4; this sys- 
tem is essentially a stirred-tank reactor. Because of the 
slight solubility of platinum in the glass, some platinum 
dissolution takes place at the crucible walls 

m e  equations governing the dissolution of the cru- 
cible walls are the same as those developed to describe 
the dissolution of a platinum plate [5].  

The increase in platinum concentration is given by 
equation (1 5 )  where, for this particular case, A is the area 
of the crucible that is exposed to the glass melt. Equa- 
tion (15) shows that the lower the surface area-to-vol- 
ume ratio, the slower the build-up of platinum in the 
melt. This suggests that large melts (low A/V ratio) 
would have lower ionic platinum contents However, in 
general, the melt cycle is longer for larger volume melts, 
which might off-set some or all of the advantage of the 
surface area-to-volume effect. 

One might intuitively think that any attempts to dis- 
solve a 5 to 10-p-radius platinum particle would also 
result in dissolution of roughly 5 to l o p  of the plati- 
num crucible container. However, results from large 
LG-750 and LHG-8 glass melts show that this is not the 
case [4 and SI. Particles with diameters of 10 to 2 0 p  
were dissolved while removing only -1 pm of platinum 
from the crucible walls (Th is  1 - p  estimate is based on 
the observed pt"+ content of the glass) Nevertheless, 
greater than 99% of the ionic platinum in the glass 
comes from the crucible walls because of the large rela- 
tive area of the crucible compared with that of the Pto 
particles 
This apparent contradiction between dissolution 

rates for the crucible walls and platinum particles can be 
resolved by comparing fluxes (in g/(cm2 . s)) at the wall 
and particle surfaces: 

particle flux = jp = - (Cs -  c b )  , 

and 

(24) 
D 

'P 

(25) 
D 
I 

wall flux = jw = - (Cs-  c b ) ,  

where I = boundary layer thickness and rp = radius of 
the particle. Thus, the ratio of the flux at the crucible 
wall to the flux at the particle surface is 

The boundary layer thickness is estimated to be 100 to 
2 0 0 p ;  therefore, for a 5 to 10-p-radius particle, the 
predicted flux from the wall should only be =5 to 10% 
of the flux from the particle. Thus, less than 1 p of 
crucible wall should be dissolved in the same period for 
complete dissolution of a 10- to 20-pdiameter in- 
clusion, which agrees with the experimental data. 

Platinum 
crucible 

Y '  
Figure 4. Schematic representation of platinum crucible wall 
dissolution. 

3.3. Effect of temperature on 
platinum-dissolution rate 
Raising the temperature of the melt should increase the 
inclusiondissolution rate for two reasons: a) diffusion is 
an activated process and therefore generally follows an 
Arrhenius temperature dependence, increasing with tem- 
perature as exp(-Ed/R T), where Ed is the associated 
activation energy; and b) the solubility also generally in- 
creases with temperature according to a similar ex- 
pression, exp(-AH,IRT), where AHs is the enthalpy of 
solution. Therefore, one would expect the particle and 
wall dissolution fluxes to have the following approximate 
temperature dependence: 

- +exp( - %) [ coexp( - 5) - ~ b ]  , (27) 
- I  R T  R T  

where 

and 

where DO and G = constants Equation (27) shows that 
an increase in temperature should dramatically increase 
the dissolution rate. 

The activation energy for the dissolution rate of 
platinum in LG-750 and LHG-8 glasses has been meas- 
ured to be about 80 to 120kJ/mol [4 and 5 )  Further- 
more, some preliminary data on platinum solubility ver- 
sus temperature for the LHG-8 glass showed that, over 
the range of interest (-lo00 to 120O0C), the solubility 
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limit Cs changes rather slowly, which implies a low value 
for AHs. Thus, the temperature dependence of the dis- 
solution rate is primarily dependent on the diffusion 
constant and scales approximately as 

j - exp(-B/T) , (30) 

where B is a constant with a value between about loo00 
and 15000K. 

4. Conclusions 
The dissolution time of platinum inclusions in molten 
LHG-8 and LG-750 phosphate laser glasses can be esti- 
mated from equations (18 and 19). Under the nominal 
melt conditions used for commercial phosphate laser 
glasses, this time is estimated to be about 10 h for the 
maximum inclusion size ( l o p )  typically observed in 
the glass The dissolution time is inversely proportional 
to the platinum-solubility limit and therefore is greatly 
reduced when using oxidizing conditions in phosphate 
glasses The inherent low solubility of platinum in sili- 
cate glasses, even under oxidizing conditions, explains 
why these glasses have not been successfully manufac- 
tured inclusion-free. 

When melting in a platinum container, the back- 
ground contribution of ionic platinum from dissolution 
of the crucible walls limits the size of the inclusion that 
can be dissolved to less than 5 0 p  for most practical 
crucible designs 
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Surface tensile layer generation during thermal annealing of 
phosphate glass 

J.S. Hayden 4*, A.J. Marker 111 a, T.I. Suratwala ', J.H. Campbell 
Scholt GIass T- Inc. 100 York Awnue Durp?u, PA 18642, USA ' LmRarac Lkumnwe National trborarory. P.O. Box 808, Lbnmon. CX 94551. USA 

Surfaattasile layers (up to 20 MPa) aregartrat4d during thermal sneealingof mctaphoqhatcglass m ambient air. 
'Ihemrfaattasile stress i s d  by-inpropertica of thephospbategtass. padahdytheglass transition 
tanperatwe and the codlkht ofthcmal expansion, due to the gIass r e a c t i O a w i t h ~ v a p o r  and diffusion of OH 
groups mto the Fegionjust anoWthesurfaa(Qmm). An inacase in the OHcontcat of the glass from about 80 to 5OOO 
ppmwcauscs adcatast in the glass transition from468 to4Oj;oc and an haease m the linear t h d  
expansion COdEaal . t from I 2 2  to 1 4 . 2 ~ 1 0 ~  IC'. A mcdmusm . for the garaaLon of the tcnsilc surface layer is 
proposcd and simplat4d Cxpaimtntany by fitsion-bonding at 500°C two samples of the t8mc ~0mpOSiti0~ but with OH 
con-ts that mer by up to 5Bc The rtrcssts m the uIILe81cd fusion-bonded samples utdctammad * from m d  
s t m s  birdringen=. Peak tensile rtrcsses calcalatad by finite elcment agree with measnrad value to within 
30% 0 #nn, Scicna B.V. All rigtrta reservlbd 

1. Introdoction 

Nd&@ m - p h q h a t c  laser gtasscS a r ~  the 
prdemdgainmadiumforpscmbigh&-power 
lasers for fusion energy nstatch [la. Fusion la- 
sers currently under 00- * n [3,4] will have 
output energies of nearly 2 MJ and each rupires 
more than 3000 slabs of lasa each slab is 
d y  81x46~4 an3 m size and amtain approx- 
imately 15 1 of glass. The phosphate glass slabs 
ncuicd for these k sy8tmls CUI bt made by a- 
tfacr disamtinuous or con~uous rndting pro- 
ccs9c8 p]. Ineither- the glass exiting themdter 

system is formed into castings large ellough to 

thcsc casthgs aIe thcn tkmally annealed [l]. 

phatc laser slabs arc o h  ob5ervcd to have sur- 

yield finishcd optics of the reqnired size and shape; 

F~llowing th- annealing, d o m e d  pha- 

faceswithlargc tensile stmscs. This is m contrast 
to most donned silicate glasses that h i i t  
compressive surface layers [SJ after a similar an- 
nealing cycle. T d e  surfaces, in c o m b d o n  
with available crack nucleation points, can d t  
mthcdevdopmtofanetworkofshallowsuxf'ace 
cracks. SmfaOecradEB canbccome aproduction 
yidd ~SSUC if tacy e and caw cata- 
r t r o p h i c f r a c t a n o f ~ g l a s s .  

The ~~t of c o m p d e  surface 
stnsses as a d t o f  annealing, typicdy obstmd 
in silicate glasses, is well understood [5]. In brief, as 
the produced glass cools, a parabolic temperature 

0 0 2 2 - 3 0 9 M O l f - ~ f r o n t ~ ~ O  2 O W E L e v i a s d a K x B . V . A U r i g h t r M  
PIk SO0 2 2 -  30 9 3 (99)OO 67 2 -9  
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gradient is created through the glass with the 
surface temperature kss than the interior. At 
temperatures above the glass transition tempera- 
ture, T,, stresses are relaxed by viscous flow. Once 
the glass cook below T,, the thermal gradient 
through the glass causes a temporary stress with 
tension on the surface and compression in the in- 
terior simply because the d a c e  has cooled more 
(Le. shrunk more) than the interior. When the 
glass reaches room temperature, the thermal gra- 
dients are eventually removed and so are the 
temporary tensile strtsses at the surface The 
source of the residual surfhe compresshe forces in 
silicate glasses can be traced to events near T,. 
Spadfically, at tunpcraturcs near T,, the glass re 
laxes (Le. undergoes viscous flow) to yield a IG 
duction m some of the temporary strcss that is 
generated by the cooling-indd thermal gradient 
throagh the glass. subsequently, what rczzt8iL1s m 
the glass at room temperature is a permarmt 
stress that is equal and opposite to the temporary 
stress relaxation that occurztd near T,. The rcsult 
is a surface under comprcssion and the mterior 
under tension [SI. 
In contrast to the above - the for- 

mation of a tensile surface layer observed in 
phosphate glasscs is different and the elucidation 
of the mechanism for this tensile layer formation is 

vapor from the atmosphere ditfuses mto the sur- 
face of the formed glass and sig&cantly alters the 
propdcs of the surface. Tht rcsult is that the 
OHumtaining glass near the surtkce shrinks 
more than the mtcrior and a tensile sorfact layer 

the purpose of this study. we show that water 

dcvlelops. 
In this paper. wc first dcscrii some of the 

proptrtiCS of the tensile layer and surface fiactmx 
m annealed phosphate glass slab& Thul wc pro- 
m a -  . forthe of a tau& 
layer on phosphate glass surfaces based on the 

of the surfkce d i i k r a l t s h h k a g e ~  
TO illostrate hmrrha- 

nism, fusad laldnam axerrmdc of two nletaphos- 
p h a t e g l a s s ~ w i t h t b L I u r # ~ t i o n b u t  
diEcrcnt OH contents and the maximum shesscs 
near the lamia& intdkce artlllamrd Thcse 
stresses are 0 0 ~  with those pfdc€cd by fi- 
nite dement analy*in (FEA). Finally, wc discuss 

. .  
and ktaiOr Of tb 

how stresses can be reduced or eliminated in an- 
nealed glass slabs. 

2. Properties of observed tensile layer and d a c e  
fractares 

Laser glasses are typically formed into large 
slabs of a near-rectangular shape (approximately 
100x50~6 an3) by pouring into a steel mold at 
completion of the discontinuous melt process [l]. 
The casting is then placed, while still above T,, 
into an annealing oven that is also at a tempera- 
turejust above TI. The glass is then annealed at a 
cooling rate of Q 3oocflz producing a glass with a 
stress at room temperature of Q2 MPa allowing 
it to be cut, polished and inspedad. This 
glass blank is then annealed again at a slower rate 
(~10-20OcIday) [l] to reduce strcscs to a point 
that the bdiingcnce is kss than 5 d a n  (90.25 
MPa). 

After the first annealing cycle, phosphate glass 
slabs often have cracks on the asast  surface. 
Two types of QBck patterns are frequently ob- 
smnd, which wc term- I and - II crack 
Type I cracks, sometimes referrad to as spider-web 
ma& because of their general appemance, cover 
nearly the entire top and side surf- of castings. 
The areal da&y of cracks can vary and crack 
separation distances can be as small as a few mil- 
limeters. Also, Type I cracks rarely penetrate more 
thanafewmirrimetcrs mto the casting. The ef- 
fectbd glass is normally rcmovcd in su-t 
surface fini?rhina (eg. Blanchard grinding) and 
w d y  Type I crack& does not lead directly to 
catastraphcfrachuc. 

Type XI awks am larger and oftea extend from 
the edges and s i b  of the casting mto its center 
region and, on occasion, through the full casting 
thickncss.BocauseTypeIIaadtspcnctratealarge 
traction of the thidolcmr of a casting, they make 
ti#prodrcctunusabk. 

Analysis of f h c t u d  glass surf- using a 
mhosope quipped with polari#rs and a wm- 
pensating prism, indicates that there exists a sur- 
face tanilc layer along the top, side, and to a lesser 
exta~t., the bottom surfaces of the phosphate glass 
castings. The magnitude of the stress varies, but m 



many cases exceeds 20 MPa as determined from 
the stress bdringence near the glass surface. 

Fractography analysis of the Type I and Type 
I1 cracks indicates that fracture origin is often 
small pits on the top surface of the castings [a], 
which arc attriiuted to foreign material falling 
onto hot glass during or immediately after the 
castings operation. Fracture begins with the Type I 
crack pattern which is nucleated at these surface 
pits described above, but growth is limited to a 
shallow surface tensile region only a few mm in 
depth. Thermal gradients in the casting during 
subsequent annealing, handling and processing 
can then lead to propagation of ")qx I d a c e  
cracks into the much larger ")qx II fractures. 

3. EYQerhmtal 

3.1. CIaSs melt preparation 

Si glass melts (labeled as glass samples A-F) 
haviug the same metaphosphate composition ex- 
cept with varying hydroxyl (OH) contents were 
used m this study. The base glass is a c o m m d  
laser glass (LG-770) and has the composition 
(mol%): (58-62)P20~6-10)&0)A12oro1(50- 
(5-1O)MgO and (0-2)Ndza. The composition is 

dariag melting, variations m Nddoping (which 
depend on the mtmded laser application), batch- 

&ary aspects of the unnposition. Note however, 
for the range of ampositions shown above, the 
propdes of the glass vary only dightly and do 
not d k t  the results of this study. For example, 

that for the glass ptaperties important for this 
study (coeikht of thermal expadon, density, 
fracture toaghncss and Young's modulus), the 
VMlLhOIL is e l %  otnr tb conpmbm range 
~ a ~ s i i , l w m t r t r d i c s o f p h ~ t e  
glass m a n u f a  (11 show that the processing 
steps and coditions an d y  idat id  mn 
though the produd glasScS have ~~t compo- 
sitions. Fdy, urd perhaps most hportant, a 
I#xLLt study of Eracture growth m metaphosphate 
laser glasses shows that oubaitical crack growth is 

nporfed using ranges to aocoIlllf for volatile losses 

@ variability and also to ptotact certain propri- 

datt lrcportedby~~andsuratwala[2]  &ow 

.. . .  

relatively insensitive to small composition varia- 
tions but much more dependent on the OH con- 
tent in the glass and the water vapor content of the 
surrounding process atmosphere [8]. Therefore, we 
arc confident that the results from this study are 
insensitive to the minor composition variations 
listed above. 
All melts were prepared at 1250°C, cast into 

steel molds and annealed at 500°C for two hours, 
and then cooled to room temperature at about 
3o"cm. Glass sample A is a production glass melt 
made using discontinuous melting [l]. This glass 
contaius a low OH content (absorption at 3000 
cm-' of 4.8 an-'; OH Q 100 ppm). Glasses B-F 
were from 0.5 1 melts prepared in inductively 
heated quartz cruciiles Using procadUtes described 
elsewhere [9]: The hydroxyl content in glasses J3-F 
was varied by adjusting either the amount and 
duration of 0 2  bubbling through the melt (04.5 V 
min at SIP) or the duration of the refining time 
(2.5-3.5 h), all of which decrease the hydroxyl 
content of the glass. Glass melts with huger hy- 
droxyl content were generated by the direct addi- 
tion of Smau amounts of water into the batch 
prior to melting (2-5 g H20/1000 g batch). Details 
of relationship of the H20 content in the raw 
matcxials to the hydroxyl content in the glass, as 
well as the effect of processing parameters on the 
OH content in the glass, arc descni'bad else- 
where [l]. 

3.2. OH concentration and concentration-profile 
rraeaut- 

Giass samples ( 1 0 x 1 0 ~ 2  mm3) were cut from 
the exposad (top) data of the melt glasses; the 
original cxposcd surfaoe (10x10 mm* face) was 
untnatcd while the opposing surfaoe was polished. 
The average OH concentration through the glass 
was dttermiaad from the absorption band at 3333 
Clm (3ooo --'I * a - V-0=- (ptr- 
kill-mlef spactnrm m) opcrated m the trans- 
mission mode. The OH concentration is cxpresd 
in terms of the OH absorptivity (a m an-') which 
isdallatedusing 
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where T' and T- arc the transmissions at 3O00 
and so00 an-' wave numbers, respectively, and t is 
the thickness of the sample (an). T~oao serves as a 
background transmrss * ion and includes the Fresnel 
reflection losses. 

We profiled the OH content near the original 
exposed surf' of the glass, using the following 
procedure. The exposed surface was ground with 
Sic  emery paper to remove between 10-200 pm 
depending on the resolution desired and then 
polished first with 3 )un and then 1 pn diamond 
paste using a polishing oil (not water) as a lubri- 
cant. From the sample density and change in 
sample weight wc dettrminad the glass thickness 
removed. The OH absorptivity was remeasured 
using the FTIR spectrometer, and the absorptivity 
of the layer removed (ad) was computed using the 
following expression 

where At is the 'thickness of the glass removed, and 
a# and a,-& arc the absorptivities at thickness t and 

~ ~ ~ n g ,  polishing and remeasuring the ab- 
sorptivity until about 1 mm of the surface of the 
sample was removed. The error iu our OH ab- 
sorptivity rneasummmts ranges from f4% to 
fl8% based on standard Qfor adysis techniques 
[lo]; the precision for the various measured 
quantities is as follows: thickness ftmovcd (*lo 
pm), weight difkeace ( i2 .5~ lo4 g) and optical 
transmisSon(~.l%). . 

Detenninaton of absolute OH conmtration 
from the OH absorptivity of the sample depends 
on the value of the Cxtinction cocfficicllt. Howlcvcr, 
reported value for the extinction codlkicnts at 
3OOo can-' vary from u) 1111 to more than 100 
ppmw/cm-' 1121. For this study, an cJrtincton 
OoCfficiQLt of 100 ppmw/cm"' is a2mmcd. 

t-At, @v*. This pnxxs~  was repeatad by 

3.3. Mca~utanact of physical and optical propaties 
offhelasaglrrrs 

Thermal expansion of the glasses was m d  
using a dilatometer mcta model 7214) and heat- 

ing cylindrical samples (5-mm diametMxH)-mm 
length) at a rate of 2"Clmin from 2OOC to a tem- 
perature just above Tg. Glass density was deter- 
mined using the standard buoyancy method [13]. 
Fracture toughness was measured using both the 
Vickers indentation [14] and the chevron-notch 
[ 1 q techniques. Vickers indentation measurements 
were carried out using a hardness testing machine 
(Zwick Werkstoff-Priifhaschen model 3212) on 
the polished surface of a 1 0 x 1 0 ~ 3  mm3 glass 
sampk. Typically, a 0.6 kg load was applied to the 
glass surface for 15 s; the surface was covered with 
hexane to prevent moisture enhanced sub-critical 
crack growth. Details of the chcvron-notch 
method are d e s c r i i  elsewhere [lq. Refractive 
index and dispersion were mcasurcd using a cus- 
tom built V-block refractometer [lq. Young's 
modulus and Poisson's ratio were determined in 
the standard fashion from m d  (Lcoustic ve- 
locities in the glass 1171. 

3.4. Preparation of glass lmninafes 

Test samples 25 x25 x 10 mm3 were cut from 
each glass melt (A-F) and then one surface 
(25x25 mm? of each test sample was lightly 
ground using 600 grit emery paper and water. 

Fwasplaoadincontadwiththegroundsurfaccof 
glass sample A forming a bilaminatc. There were a 

Next, the w d  SU&CC Of& Of the A- 

total of six dX-t bilaminate (A-A 
through A-F). Thesamplcs WCKC fpacd- by 
heating the bitaminates to S70T (-1oooC above 
T .  for one hour. Tht fWd laminates (which we 
Can fusion samples) were cooled to 500°C m about 
4Omin. This was f o l l d  by acontrolkd 48% 
ramp to 3000~  and an mcontonbd 00oling ramp 
(-1ooOCm) from 3oooc to room temperature (iie. 
powtr was removed from the u1I1c(IziD9 furnace). 
Thejoinad fusion parts wae *cut and polished 
on&ridtrothatiaspectiOncouldbeconductcd 
in a direction paraUcl to the fpacd Nzcace. The 
final sample thicbas m the inspection diraction 
was 5 mm. The m r u d m m a ~  bidihgmcc in 
& fusion samplewas rncasudusing an optical 
miaosc~pe quipped withaossedpolariziess and a 
-mth Plate 1181. 

\ 
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4. R d t s  

4.1. OH concentration profiles near glass surface 

Fig. 1 shows the measured OH profiles near the 
top surface of two identical meta-phosphate glass 
specimens (LG-770) sub- to the same an- 
nealing cycle but different ambient air environ- 
ments. Both samples were annealed at <1O"C/h 
from near T, (45OOC) to 20°C but in one case the 
ambient air contained water vapor at a pressure of 
7 mmHg and in the other case 17 mmHg. In both 
cases, the hydroxyl concentration is grater near 
the surface than in the interior, howlever at 
equivalent depths, the OH content is greater for 
the glass annealed in the air having the greater 
water vapor pnssure. 

4.2. E$ect of OH content on g h  properties 

The effect of OH content on the thermal, me- 
chanical and optical properties of LG-7'70 glass 

f-t OH contcLlts (see Table 1). The OH content 
in the samples is expressed in terms of the optical 
absorption at 3333 run (Le. 3000 cm-') and ranges 
from 0.8 to 50 an-'; this corresponds to about 80 
to 5OOO ppmw OH, rtspectiVely. 

was determinad using six glass samples with dif- 

Two key properties effected by glass OH con- 
tent are the cd lk ien t  of thermal expansion (CTE) 
and the T, (Fig. 2). Specifically, T, decreases lin- 
early by 63°C over the range of OH content in- 
vestigated here. This decrease parallels the trend 
reported for silicates [12]. The CTE also increases 
approximately linearly with increase in OH con- 
tent (Fig. 2). In contrast, Young's modulus (E) and 
Poisson's ratio (v) remain essentially constant over 
the range of OH contents reported here, with 
E=47 (fl) GPa and v=O.26 (fl.005) (Table 1). 
Also, the affect of OH content on the o p t i d  
properties, such as the r e f d e  index and the 
Abbe number, is negligible @able 1). 

The change in glass fracture toughness versus 
OH content was found to depend on the mea- 
surement technique. Fracture toughness measured 
by the chcvron-notch technique showed no change 
with OH content to *thin the error of the mea- 
surement, h o m e r  with the mdentation technique 
a decrease in the fracture toughness with increase 
OH content was observed. The reason for this is 
not completely clm, however, we propose that 
samples measured using the indentation technique 
are more prone to stress-corrosion fracaue (iie. 
sub4tical QBck growth) due to the presence of 
OH in the glass. Recent measurements of sub- 
critical crack growth in phosphate laser glass 

crease m the OH content m the glass [SI. 
showed that d velocities m d  with an in- 

4.3. Stress birefringence measurements 

The d t s  of stress biiingcnce measurement 
on the six bilaminates (ite. fusion samples) are 
smmarhd m columns 3 and 4 of Table 2. The 
stresses were estimated from the stress-mdd 
bdringence, using a strcss+ptic codkient of 21 

not a function of residual OH content in LG-77% 
two samples with 3333 nm absorption codkients 
Mering by more than a factor of 100 @e. 0.6 and 
about 100 an-') were both meamred to have a 
swswptk cocffici#Lt of 21 (*PA) d c m  per 
Mpa 

The stresses listed m Table 2 for the fusion 
laminstcs qmsent the maximh tension near the 
bond (fusion) mtufacc. The peak tensile stress 

d a n  per MPa pl. The strcs-optic co&icicnt is 
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Tabk 1 
med or OH content 011 ult proptrtia or tht mcta-ph0~ph.t~ lroa giru. m-no, uscd in this study 
Ropcrty Symbol Units Error Sampkdcsition 

A B C D E F 
OH 8bsorptivity at 
3333 ILm 

nr 

f0.m 

f5 
f5 

fo.5 

f l  
fo.005 
33.02 
fo.02 
33.02 

33.00002 

0.8 1.6 10.6 21.4 24.2 

566 562 547 548 531 
468 460 440 439 414 

129 130 131 130 136 

48 47 41 48 47 
0.259 om 0.259 0.258 0.260 
0.57 056 0.45 0.48 0.44 
0.43 0.45 0.43 0.44 0.43 
264 263 2.63 262 263 

50.1 

524 
405 

142 

47 
0.260 
0.38 
0.43 
2.62 

1.51225 151184 1.51070 1.51270 150902 1.51067 

generally mcreases with an increase in ditTemce 
between the OH content of the two laminated 
glasses. Based on repeated measumncnts, the 

100 
a lo m a a 

standard deviation for measured stress at the 
bondline is <kl% 

Despite repeated trials, all fusion samples pre- 
pared using samples of glasses A and E and A and 
F broke during cutting and polishing of inspection 

cated high tension at the fusion join for these 
samples (see Table 2). 

samples. Analysis of the fracture pattetns mdi- 

5. Discassion 

5.1. Hy&oxyI w n  into the g h s  

The p- of a much gmater OH conteat 
near the surfam versus interior of the as-cast glass 
is not surprising &cause phosphate glasses are 
generally hygroscopic [19]. The external water 
vapor rcsLds with the linear metaphosphate chains 
at the surface of the glass to form chain termi- 
nating hydroxyl groups [1,12,20] 
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Tabk 2 
Results from fusion bodiag tests and FEA modcl alculations of glus A with other glasses having diEerent OH contents 
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Glass sampk fusion OH content Meuured Implied Net strain from FEA prcdicd 
boadad to sample A a3333 (an-') birefringence 8- thcrmalexpaasioncums stress 

A 0.8 2.0 f 0.5 4.1 0 
B 1.6 37f2 1.8f0.1 -130 
C 10.6 m 105. -490 13 
D 21.4 156 f 20 7.5 f 1 -460 
E 24.2 F r a d d  Frpcturad -700 
F 50.1 F M d  Frachved -690 20.6 

(M,4%) (&an) (MPa) am (AL/L) x 104 (*PA) W a )  

.Two other samples fractured. 

0 0  
n It 
I I 

0- 0- 

The time (t) required for OH to penetrate a 
given distance into the glass at a given temperature 
can be estimated using [24] (3) 4+H2O+P-O-P- 

Ambient air can have a wide range of water con- 
tents depending on weather conditions and the 
level of process plant humidity controt Typically, 
the ambient water vapor pressure can vary from 
about 2 to 20 mmHg (260-2600 Pa). During pro- 
cessing, water vapor can react at the glass surface 
forming OH groups that diffuse into the bulk glass. 

The rate of diffusion of OH into LG-770 be- 

Rl]. These data, given in terms of diffusion coef- 
ficients (D), can be represented using the rela- 

tween 4oo-1000°c has been previously reported 

tiOlMhip 

D e  earn, (4) 
where R and T have their usual meaning and DO 
and Q arc the prc-cxponential constant and acti- 
vation energy, mspectMy, and have values of 
2.2~l.0cm2/s,and 141f7kJ/molbasedonalin- 
ear @on analysis of the diihsion data. Thus, 
the OH *ion w c h t s  m Lo-770 at 400 and 
1ooo"C arc about 2 . 5 ~  lo-" and 3.6~ lo4 cm2/s, 
rqectMy; note that these values arc about two to 
three orders of magnitudcgreatqthanvalw ob- 
I#rvcd m soda-lime silkate glass at the same tan- 
peratuns p2J. It h imporcant to iecognh that the 
diffusioa coefkients given by Eq. (4) axe probably 
not those for hydroxyl-gmups per sc, but rather the 
modifier, H+ [la. In addition, it is b e l i d  that the 
dif'rusion is concentration dependent, with the dif- 
fusion coefkient maeasing as the OH content in 
the glass ina#lses [23]. 

where x is the penetration depth, defined as the 
depth where the OH concentration is half the sur- 
face concentration @e. C(x)/G = 0.5) [MI. The 
measured OH penetration depth is about 0.5 mm in 
a typical laser glass slab annealed in air containing 
water vapor at a pressure of 17 mm Hg (see Fig, 1). 
At a typical annealing temperature of 500°C the 
-on COcfEcient is approximately 6.5 x 
cm2/s, and hence 22 days would be required to 
achieve a pmtration depth of 0.5 mm. Exposure 

ing the annealing of large phosphate glass slabs [l]. 
Note that the diffusion of OH mto the glass 

( a f k  HzO d o n  at the Surfaoe) is an accurnu- 
lation of the difhtsion matts that ocuu for dl the 
temperatures and times to which the as-formed 
slab is exposad. OH penetration can occur in short 
expome times (minutes) at temperatures T > T,, 
as for example during casting [l]. It can also occur 
at lower temperatures (T< TJ when the diffusion 
codicient is d e r  but the expoam times are 
much longcr (days) as, for example, during 

times in cx(xs~ O f  25 days arc commonly usdd du- 

snnealing r11. 

5.2. E x p h t i o n  for Mace tensile stress &velop- 
ment 

In Saction 4.2, we showed that OH incorpora- 
tion in the laser phosphate glass affects some of the 
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properties of the glass, specifically the thermal 
expansion coefficient and Tp In this section, we 
d d b e  how differences in these two properties 
result in stress in our glass laminates. 

In a linear elastic solid, the stress (3 is related 
to the net strain (a> by 
a = C6, 

where a and s' are six component vectors and is 
the 6x6 elastic st ihess tensor [u]. The first three 
components of the stress and strain vectors de- 
scribe the principal stresscs and strains, the last 
three values describe shear components. For iso- 
tropic solids such as glass, is described by two 
independent elastic moduli. 

Consider an example using the two test glasses, 
sample A (a low OH content glass) and sample F 
(a high OH content glass) and having glass tran- 
sition temperatures of T,, and Tcp, respadivey. 
Assume the samples an fusion-bonded together by 
heating above temperature T'. At this point there 
is no strain in the material; the strain/strcss de- 
velops as the glass is cooled. For simplicity we 
assume cooling rate is slow enough that the ther- 
mal gradients in the glass part an negligible. 
The machanism for strain development during 

cooling of a glass-to-glass laminate is illustrated in 
Fe. 3 and 4. Fig. 3(a) shows the measured 
shrinkage (WL) for each of the two laminate 
glasses (samples A and F) that contain diffexcnt 
OH concentrations and Fi. 3@) shows the dif- 
ferential shrinkage between these two glasses. 
During cooling a net strain develop as the tan- 
peratare drops below Tp; the magnitude of the 
strain is determined from the magdude of the 
Mkrmtial shrinkage betweal the two glasses as 
shown in Fs 3(b). 

by the sum of two contriiutions 

s = 4 + s,, (7) 
where 4 H a linear cont r i ion  to the strain due 
to Mkcnccs in the lincarcocffknt of expansion 
for the bigh and low OH containing glasses. The 
term is the contribution due to nonlinear 
shrinkage and dominate the strain at tempera- 
tures just below TI (see Fig. 3(b)). The sign con- 
vention used m Fa. 3 is such that positive 

(6) 
u- 

The net strain (a) in the glass can be represented 

20 

0 

%- / g  -20 
-40 

dXerential strains lead to tension, and negative 
strains d t  in compnssion. 
Fig. 4 schtmatically illustrates strain develop- 

ment during cooling of a sample lamhate com- 
prisad of two glasses (A and F) with different OH 
contents. When the laminated sample is above Tg, 
the glass transition temperature of sample F, there 
is no dress because sample F relaxes visooelasti- 
cally to any differential shrinkage. when the lam- 
inate cools to temperature Tcp, the fusion join 
buw- rti& At temperatures less than Tcp~ the 
interfaoe betftracn the two giasscs is coIlstfaipcd 
and stress dcvttops as sample F &xi& more than 
sample A. The Mueatid auialcage between the 
two samples (A and F) is dominated by the non- 
linear portion of the g b s  shrinkageuntil reaching 
temperature, T, and the net strain developed in 
this temperature range is labeled (Fig. 4). 



236 J.S. H& et al I J d  of Non-Oystalline Soli& 263&264 ( 2 W )  228-239 

Fig. 4. Schunatic illustration of the source of the differential shrinkage that dewlops during cooling of a fusion-bonded glass sample 
comprised of two glasses containing different hydroxyl contents. 

c€mtinucd cooling below T resnlts m further 
differential shrinkage between the two samples, 
however in this region the shhkagc of both 
glasses is nearly linear with temperature and 
approximates the CoetEcient of thermal expan- 
sion. From the data in Table 1, the cocfficicnt of 
hear t h d  expansion is larger for the sample 
with the greater OH content, resulting m greater 
shrinkage of sample F relative to A and thus 
further increasing the net strain m the glass. The 
net strain continues to increase as the material is 
cooled to room tunperatwe. The difference in 
shrinlcsge between the high and low OH con- 
tent giascs products a stress djstriion near 
the fusion bond that is tensile in the high OH 
content glass and compfcssive in the low OH 
glass- 

It is straighflomml to estimate the net differ- 
ence in linear shrinkage, &, from the ootfiicicnt of 

thermal expansions, CXBA and CTEp, of sample A 
and sample F, respedively 
4 = (m - =A)(T - TRT), (8) 

where T is the temperature below which the ther- 
mal expansion coefficient is independent of tem- 
perature and TRT is morn temperature. Devtloping 
an analytical expression for 6~ is more diilicult 
sina the theoretical relationship for the shrinkage 
near TI is not known. Therefore, we determined 6~ 
graphically for all six fusion samples from the 
dilatometer curves as shown in Fig. 3. 

The total diffmtial shrinkages (i.e. net strains 
(6)) that develop during annealing of the six lam- 
ina- are shown in Fig. 5. The data are plotted as 
a function of the difference in OH content between 
the two halves of the laminate. In general, the 
diff'tial shrinkage increases with inaeasing 
difference in OH content between the two samples 



comprising the laminate. The differential shrinkage 
(net strain) varies from about 130 ppm in laminate 
sample A-B to about 700 ppm in samples A-E and 
A-F. Surprisingly, the total differential shrinkage 
appears to plateau at about 700 ppm at the highest 
differential OH content. 

5.3. calculated os. mulsuted stress 

The peak tensile stress and stress distribution 
were calculated by FEA using the stresslstrain 
code NIKE2D [261 and assuming the machanism 
for strain development in the fusion samples as 
desaibad m Saction 5 2  The grid sizc and coor- 
dinate orientation used in the analysis is shown in 
Flg. 6. The calculations assume that the glass 
density (2.63 g/cm3), elastic modulus (47 GPa) and 
Poisson’s ratio (0.26) are d e c t e d  by OH content 
in the glass, as reported in Table 1. As input, the 
FEA analysis uses the m d  thermal expan- 
sion curves for the two samples in the bilaminate. 
Output from the FEA gives both the stress and 
drain distriiution in the fusion sample. The sim- 
ulations were carried out on two fusion samples; 
fusion samples A-C and A-F. As expected, the 
maximum tensile stress is computed to be near the 
fusion bond and just inside the sample with the 

Fig. 6. (a) Photograph of lusion-bonded sample A-C with 
observed birefriagcncz and @) calculated strtss distriiution 
using a FEA model (via gray scale). 

greater OH content, The predicted stress profile 
through the fusion sample A-C is shown in Fig. 6 
and visually compared with the observed bire- 
fringence in the sample. The calculated maximum 
tensile stress is +13 MPa for sample A-C which is 
close to the measured value of 10.5 MPa, based on 
the measured stress birefringence (see Table 2). 
The maximum tensile stress predicted by FEA for 
fusion sample A-F is 20.5 MP& unfortunately, 
stress birefringence measurements could not be 
carried out on this sampIe because it fractud. 
The fact that sample A-F fractured means the 
stress (a) cxcoeded the critical stress which depends 
on the glass fracture toughness (Krc) and the 
critical flaw size a, [27& 

2 ..=-(-> 1 KIC - 
A 

(9) 

Using Eq. (9) we estimate the critical 5 w  size of 
only 140 pm needed to produce failure at 20.5 
MPa tensile stress. The oaurrena? of such a small 
flaw is not unreasonable. 
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5.4. SurJace tensile stress generation and fracture in 
h e r  glass slabs 

Using the strain data from the fusion samples, 
we can estimate the surface tensile stress in a typ- 
ical phosphate laser glass slab that is annealed 
from a temperature slightly above TI ( - 5 O o O C )  to 
room temperature. We assume that the glass is a 
laminate comprised of a 60-mm-thick core [with 
properties the same as those of sample A (see 
Table l)] plus top and bottom surface layers 
2-mm-thick and having properties the same as 
sample E. The stress at the core (ac) and surface 
(u,) for a part with this geometry are given by [2sl 

where E, and E, are Young's moduli of the core 
and surface material, respectively, v is a composite 
Poisson's ratio, and a and c arc the thickness of the 
d a c e  and core glass, respectively. Since Young's 
modulus and Poisson's ratio do not vary with OH 
content, we assume E,=&E,47 GPa and 
v = 026. Also, we assume the average OH con- 
oeatration of the surface glass is about 3000 ppmw 
(iie. 30 an-' absorption at 3.333 pm) based on 
measurements on annealed slabs. The expected net 
strain between the core glass and surface layers is 
about 700 ppm based on the d i t k e ~ c e  in OH 
content (Fii. 5). Using ms. (10) and (11) we cal- 
culate a tensile stress of42 MPain the surface glass 
and kss than -2.7 MPa compression m the thicker 
core plate. These values arc consistent with our 
observations of tensile dresses near the slab sur- 
faces of -20 MPa based on measured stress bm- 
fkingcnce. Stresses in slabs with OH contents 
greater than u) au-' at the surfkcchavenot bcen 
madebccause inancasestheseslabs fracturad. 
Basedonthecstimatcdtensilcdress,Eq.(9)can 

be used to d u l l a t e  the minimum tlaw size (e) 
required to initiatefkture at the slab top surface 
P7l. Assuming a fracture toughness, &c, based on 
the chcwon-notch measurements, the minimum 
tlaw size to initiate fractun is 32 pm. With such a 

small flaw size, fracture is very likely to occur from 
minor defects or imperfections on the surface of 
the slabs in agreement with our observations. 

Note that the above calculations are only ap- 
proximate for the purpose of providing an esti- 
mate of surface stresses in phosphate laser slabs 
annealed in ambient air containing various con- 
centrations of water vapor. The stress distribution 
in real production slabs is more complex for sev- 
eral reasons. First, the OH content is not constant 
over a given depth as assumed in the above cal- 
culation. Instead the OH content decreases with 
depth from the surfaces (as in Fig. 1) and therefore 
the stress developed will also decrease with depth. 
Second, the resistance to subcritical crack growth 
also demases with increasing OH content [SI re- 
sulting in a greater tendency for the glass exposed 
to water vapor during annealing to generate sur- 
face fractures. F i y ,  any tensile sttesses that 
form due to the chemical modification of d a c e  
are in competition with the permanent compres- 
sive stress that is formed from thermal gradients in 
the glass during cooling. Nevertheless, the above 
simple calculation of surface tensile stress devel- 
opment during annealing of phosphate slabs gives 
a good approximation to our observations. 

6. Conclusions 

Tensile surface stresses and surface fractures 
have been observad after annealing slabs of 
metaphosphate laser glass in an ambient air con- 
taining water vapor. This is in sharp contrast to 
comprtssivt surface layers generated during an- 
nealing of soda-lime silicate glasses under the same 
conditions. 

Metaphosphate glasses have a chain-like S~LUC- 
ture consisting of PO, tetrahedra. Water vapor in 
the ambient air of the annealing oven can chemi- 
cally attack phosphate glass surfaces, cleaving 
P 4 - P  rfrninc and leaving behind shorterchains 
that terminate in hydroxyl groups. As a d t  of 
such attack, the glass surf- take on properties 
Mknnt from the interior of the material, mclud- 
ing an increase in thermal expansion and a 
decrease of the glass transition temperature. 
Changes m these two properties cause the slab 
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surface to shrink more during cooling than the 
interior, leading to castings with surfaces under 
tension. If suitable nucleation sites exist on the 
glass surface, this tensile layer can lead to a net- 
work of shallow surface cracks and, in extreme 
cases, catastrophic fracture of the slab. 
To eliminate possible fracture problems asso- 

ciated with these surface stresses one must take 
steps to reduce or exclude water vapor from the 
annealing environment or at the end of the an- 
nealing cycle, immediately remove or pacify the 
stressed surface layer. 
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Subcritical Crack Growth in a Phosphate Laser Glass 
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The rate of subcritical crack growth in a metaphosphate 
Nd-doped laser glass was measured using the double- 
cleavage-drilled compression @CDC) method. The crack 
velocity is reported as a function of stress intensity at tem- 
peratures ranging from 296 to 573 K and in nitrogen with 
water vapor pressures ranging from 40 Pa (0.3 mmHg) to 
4.7 x l@ Pa (355 mmHg). The measured crack velocities 
follow region I, II, and III behavior similar to that reported 
for silicate glasses. A chemical and mass-tramporblimited 
reaction rate model explains the behavior of the data except 
at high temperatures and high water vapor pressures 
where crack tip blunting is observed. Blunting is charac- 
terized by an arrest in the crack growth followed by the 
inability to reinitiate slow crack growth at higher stresses. 
A dynamic crack tip blunting mechanism is proposed to 
explain the deviation from the reaction rate model. 

I. Introduction 

XIDE glass under tensile stress can exhibit enhanced slow 0 crack growth in the presence of water or water vapor. 
Although there is considerable debate about the exact mecha- 
nism, it is generally accepted that water vapor attacks the re- 
gion around the crack tips of surface flaws, weakening the 
structure in the vicinity of the crack tip. This allows cracks to 
grow at stress intensities below the critical value (K1J for frac- 
ture in a dry environment. 

n e  experimental characterization of this phenomenon was 
first accomplished by Wiederhorn' on soda-lime silicate 
glasses. Wiederhorn used a geometry known as the double 
cantilever cleavage (DCC) technique (Fig. l(a)) to measure 
crack velocity (v) versus stress intensity (K,). The stress inten- 
sity was calculated analytically from the sample geometry, the 
applied load, and the crack length. It is important to note that 
with this geometry, the stress intensity increases as the crack 
length increases under a constant applied load, so the crack 
velocity is continuously accelerating throughout the measure- 
ment. Wiedehorn found that the stress intensity needed for 
crack growth at a certain velocity increased as the water vapor 
pressure demea&, a strong indication that water was neces- 
sary to weaken the structure. This observation has been con- 
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firmed many times in various mechanical test geometries and 
also for both gaseous and liquid water environments. 

There is abundant literature on the crack growth of silicate 
glasses, but to our knowledge no data exist on phosphate 
glasses. Multicomponent phosphate glasses are important as 
hosts for laser ions, especially in applications where high out- 
put energy and high peak power are required? These glasses 
are excellent laser ion hosts, but suffer from several problems. 
One problem is that phosphate glasses are readily attacked by 
water, much more so than silicate glasses. Another problem is 
that these glasses have significantly lower fracture toughness 
than silicate glasses (approximately 0.4-0.5 MPa.mln for 
metapho~phates~.~ and 0.7-1.1 MPa-mlR for silicates4). 

Initially we attempted to measure slow crack growth in these 
glasses as a function of temperature and humidity using the 
DCC geometry. However, preliminary measurements proved 
unsuccessful. Whenever a crack formed in the specimen, it 
grew so rapidly that useful data could not be obtained. There- 
fore, a different approach was taken. An alternative geometry 
first proposed by Janssens offered a solution. The geometry, 
known as the doubletleavage-drilled compression (DCDC) 
geometry (Fig. l(b)), features a stress intensity that &cremes 
as the cracks grow under a constant applied load. When t h i s  
sample is loaded in compression, the top and bottom of the hole 
experience a tensile stress which, under sufficient load, leads to 
the formation and growth of a pair of opposing cracks. The 
stress intensity decreases as the crack tips move farther away 
from the hole, so the crack growth rate decelerates as the crack 
grows. Thus this geometry is more stable since the cracks are 
slowing down continuously. The one disadvantage of this ge- 
ometry is that there is no analytical solution for calculating the 
stress intensity, K,, as a function of crack length, 4. Janssen' 
offered a solution by finite element analysis for determining KI. 
This solution was later confirmed by Michalske et aL,6 who 
also found an empirical equation that described the stress in- 
tensity as a function of crack length for a substantial range of 
crack lengths. The empixid equation is accurate to within 10% 
of the "exact" solution offered by finite element analysis. 

An important consideration in the strength of brittle materi- 
als is crack tip blunting. In the original Griffith theory? the 
strength of a sample is r e c i p d y  proportional to the square 
mot of the crack length, under the assumption that all crack tips 
have the same sharp radius of curvature. In the years that 
followed, the fracture mechanics community continued to as- 
sume that all crack tips are atomistically sharp. However, there 
are many indications that the crack tip of glasses can be made 
blunt. For example, it is known that the strength of abraded 
glass rods increases after soaking in water. Ito and Tomozawa* 
showed that the strengthening of abraded silica glass by soak- 
ing in hot water is faster when the hot water contains silicic 
acid (Si(OH),). and proposed that crack tip blunting occurs by 
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Ng. 1. Typical sample geometries used for slow crack growth mea- 
surements: (a) Wiederhom' doublecantilevercleavage @CC) geom- 
etry, and (b) Janssens double-cleavagcdrillcd cornpnssion @CDC) 
geometry. Geometry (b) was used exclusively in these experiments. 

a dissolution and reprecipitation mechanism. Lawn et aL9 of- 
fered an alternative explanation for this strengthening of 
abraded glasses. They proposed that residual stress was created 
around the flaws during the abrasion process and that the re- 
sidual tensile stress was released during the water soak, thus 
increasing the strength of the soaked samples. Later, Bando et 
d.l0 showed electron micrographic evidence for the presence 
of a blunt crack tip in silica glass. 
Since phosphate glass is generally more susceptible to water 

attack than most glasses studied to date, there is a possibility 
that crack tip blunting occurs more readily in phosphate glasses 
than in silicate glasses. Also, the relatively low TI of phosphate 
glasses could aid in crack tip blunting at a given temperature, 
especially if viscous flow is the mechanism by which blunting 

In this study, the crack growth rate of the phosphate glass 
samples is measured and modeled as a function of temperature 
and humidity. Evidence for crack tip blunting is discussed. 

occurs. 

II. ExperimentaIProaxlure 

The glass used in this study (LG-770) is a multicomponent, 
near metaphosphate glass (Ob' - 3). LG-770 is commercial 
laser glass developed by Schott Glass Technologies, Inc., that 
has the following approximate composition (mol%): 5842% 
P20s, 6-1096 A1203, 20-2596 &O* and 5-10% MgO. The 
glass that we used had a doping of about 4 x lP Nd3+ ions/ 
cm3 or about 1.8 mol% N40,. This glass composition is typi- 
cal of commercially available laser glasses used in high-peak- 
power fusion laser systems (see, for example, Ref:ll). T for 
this glass, measured at the onset of the DTA peatr. was 745 K. 
The glass samples were fabricated into rectangular pieces 
75 mm x 7 5  mm x 6.5 mm and a hole of 1 mm radius was 
corc-drilled through each sample at the center of the 75 mm x 
7.5 mm face of the specimen (Fig. l(b)). The two saxnple 

surfaces containing the hole were polished prior to core drill- 
ing. This is the same geometry used by Michalske et aL6 Two 
opposing starter cracks were cut at the top and bottom of the 
hole using a 0.3 mm diameter diamond-coated wire. Two stain- 
less steel hemispheres were cut from ball bearings and secured 
to the top and bottom of the sample by mounting wax following 
the procedure employed by Helfinstine.12 This was done to 
ensure that the load was distributed evenly across the cross 
section of the sample, as opposed to the point or line loading 
possible if the end faces of the sample are not perfectly flat and 
aligned with the compression grips. 

The samples were loaded in a Model 8562 Instron, capable 
of both load and position control, with a 500 kg load cell. A 
0.095-m-diameter x 0.14-m-long cylindrical environment 
chamber was consmcted with temperature control to within 
about i l . 5  K at 296 K to about *3 K at 673 K. The load was 
controllable to within H.1 kg, and the crosshead position to 
within 1 pm. The sample was loaded in compression between 
two flat plates by slowly bringing the plates closer to each other 
with the machine in position control. When a load of -5-10 kg 
was reached, the machine was switched to load control, and the 
load was increased to 20 kg. The sample was held at this point 
until the temperature and water vapor pressure conditions for 
that particular run were achieved. Most of the runs, unless 
otherwise noted, were done under controlled atmosphere con- 
ditions. In humid atmospheres, the desired water vapor pres- 
sure was generated by bubbling nitrogen gas through a water 
bath kept at a constant temperature within *1"C at low tem- 
peratures at G 0 C  at high temperatures. Dry atmospheres were 
achieved by using a nitrogen gas flow of 5 x lo-' m3/s from a 
standard compressed gas cylinder either used directly or by 
passing through a liquid nitrogen cryogenic trap. The N, gas 
used from the compressed gas cylinder contained less than 
2600 ppm H,O by volume (manufacturer's specification) 
whereas the cryogenically cooled N, contained an estimated 
395 ppm H,O by volume. 

The position of the crack tip was monitored by use of a 14x 
magnification cathetometer that could resolve a change in 
crack tip position of about 10 km (diffraction limit). The cath- 
etometer crosshair was initially set at the bottom of the hole 
and the downward growing crack was monitored relative to this 
starting point. The cathetometer crosshair position was con- 
trolled by a micrometer. After the temperature and humidity 
had equilibrated in the chamber, the load was raised to 100 kg, 
then raised in 10-kg increments until the crack was observed to 
grow. The crack was allowed to grow to at least 0.005 m in 
length, in order to minimize transient effects from the pre-crack 
and also because the crack must be at least that long before 
the empirical equation for the stress intensity becomes valid? 
The initial loads necessary to observe growing cracks ranged 
from 150 to 270 kg, depending on temperature and humidity 
conditions. 

When the crack reached the required minimum length, the 
load was raised an additional 10-20 kg and the data collection 
began. Initially the crack grew rapidly and data were taken in 
intervals as short as 15 s, noting the crack length to a precision 
of 10 and also recording the elapsed time. As the crack 
growth slowed, the time interval between readings was in- 
creased proportionately. For some samples, after the crack 
growth rates had been measured for a given load, the load was 
increased and another set of data was taken on the same 
sample. 

Figure 2 shows a typical set of results obtained from a single 
sample that was subjected to two successive loadings. Because 
of the nature of the DCDC experimental method, successive 
loadings result in overlapping measurements of velocity vs KI. 
The data illustrate the excellent agreement between the velocity 
measurements vs Kl achieved with this procedure. 

For some samples, crack propagation appeared to stop com- 
pletely. For these samples, after the crack had been stopped for 
a period of time (at least 30 min), the load was increased in 10 
kg increments until the crack growth started again. Usually the 



November 1999 Subcritical Crack 

10s 

0 

f e 
1 
0 

10-7 

1o-l 

I I I I. I I 

0 

0 

Fig. 2. Example of typical crack velocity data for phosphate glass 
obtained using the DCDC method and a sample subjected first to 190 
and then 230 kg load (23OC. P H p  = 2.3 x 103 Pa (17 mmHg)). 
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sures from 40 Pa (0.3 mmHg) to 4.7 x 104 Pa (355 mmHg) and 
stress intensities in the region between 0.2 to 0.4 MPwmlR. 
The corresponding range in measured crack velocities varied 
from approximately IO-” to 10-~ m/s. 

The effect of temperature on crack growth rate for fixed 
water vapor pressures of 270 Pa (2 mmHg) and 2.3 x lo3  Pa 
(17 mmHg) are shown in Fig. 3. In contrast, Fig. 4 plots the 
effect of varying water vapor pressure on crack velocity for 
isothermal conditions of 348,423, and 498 K. 

It is clear from the data in Figs. 3 and 4 that for a fixed stress 
intensity, changes in temperature have a far greater effect on 
crack growth velocity than do corresponding percent changes 
in water vapor pressure. This is expected since the velocity of 
crack growth is either reaction rate or diffusion limited, both of 
which are thermally activated processes having an exponential 
dependence with T I .  Thus, for example, a change in tempera- 
ture by 75 K can produce as much as a 103 to I@ change in 
crack velocity. In contrast, the effect of vapor pressure on crack 
velocity is more nearly linear, again in agreement with the 
commonly accepted chemical-reaction-driven crack growth 
models. 

Slow crack growth of silicate glasses is generally character- 
ized by three distinct regionslJ3 (regions I, 11, and III); these 
three regions are also clearly Seen in the experimental data on 
phosphate glass (Fig. 3(a)). Region I refers to the range of 
conditions for which crack growth is reaction-rate limited and 
is characterized by an approximately linear increase in the 
logarithm of the crack velocity vs Kp Region 11 refers to the 
conditions over which the crack velocity appears to “plateau” 
to a constant value with increasing Kp In region II the crack 
velocity is mass-transport limited by the rate of diffusion of 

increase in load needed to restart crack growth was substantial 
(>30-50 kg), and in several cases, additional crack growth did 
not take place even when the load was raised to the 500 kg limit 
of the load cell. For those samples in which additional crack 
growth did take place, the crack grew at a rate far too fast to be 
observable in the experimental setup and the final length was 
too long to be seen through the environmental chamber view- 
ing port. 

For many samples, the cracks were observed to heal over a 
period of several minutes after the load was removed. The 
growth rate for reopening a healed crack was measured on one 
of these samples using the procedure described above. 

The crack growth data were analyzed by plotting the mea- 
sured crack velocity vs stress intensity. The stress intensity for 
a given crack length is given by Michalske et uL6 for the 
sample geometry employed here: 

(1) 
u+ 

e K, = 
1.595 + 0.353 - 

U 

where KI is the stress intensity (MPadn). (r is the applied 
stress (MPa), e is the crack length (m) measured from the 
center of the hole, u is the hole radius (m), and the numbers are 
empirically determined constants. The above equation is valid 
in the range of 5 < &a < 12. The crack velocity was calculated 
by a simple finite difference between successive data points, 
i.e., v = AOAt where A t  is the incremental crack length for the 
incremental time At. 

III. Results 

(1) Dependence on Temperetwe and Water 
Vapor Pressure 

Slow crack growth experiments were carried out over a 
range of temperahues from 2% to 573 K, water vapor pres- 

Flg. 3. Crack growth rate measured at various temperam and con- 
stant watcr vapor p s u n s  of (a) 267 pa (2 d g )  and @) 2.3 x 103 
Pa (17 mmHg). The lines are fits to the data using the d o n  rate 
model m. (7)) and a single set of perametas. only those data outside 
the region of simcant crack blunting are fitted with the model. 
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Fig. 4. Crack growth rate for various water vapor pressures at con- 
stant temperatures: (a) 348, @) 423, and (c) 498 K. The lines represent 
fits to the data using the reaction rate model (Eq. (7)) and the same set 
of parameters used in Fig. 3. Only those data outside the region of 
significant crack blunting are fitted with the model. 

reactants (in this case H,O) to the crack tip; the transition from 
region I to region 11 is clearly shown in Fig. 3(a). Finally, 
region 111 refers to the conditions where crack velocity be- 
comes independent of the chemical environment. Region 111 
typically occurs at K, values approaching the fracture tough- 
ness limit and is evidenced by an abrupt increase in crack 
velocity at the end of region II. 

Under isothemal conditions the transition from region II to 
111 in silicate glasses is typically characterized by a rapid co- 
alescence of the various growth curves into a single band 
of values in which the velocity is solely a function of K,.' In 
our study only two of the measurements extended into region 
111 (Fig. 3(a)). However, because these measurements were 
carried out at different temperatures, we do not see the coales- 
cence of crack growth curves commonly seen under isothermal 
conditions. 

Anomalously high crack velocities were observed at 296 K 
at a pressure of 2.3 x 10' Pa (17 mmHg). This is illustrated in 
Fig. 5 which compares measured crack velocities at 296, 348, 
and 423 K for a fixed vapor pressure of 2.3 x lo3 Pa (17 
mmHg). The high crack velocities at 296 K are actually higher 
than those at 348 K contrary to the expected temperature de- 
pendence. The 296 K measurements are reproducible. Later we 
suggest a possible explanation for this anomalous behavior. 

(2) Region of Crack Arrest under Load 
With the DCDC crack growth method (see Section 11) the 

stress intensity at the crack tip decreases as the crack grows and 
moves away from the center hole under a constant applied load. 
Thus the crack velocity decelerates several orders of magnitude 
during the course of one test. Ordinarily, the crack velocity 
continues to decelerate to a low, but still measurable, level. 
However, at high temperatures and vapor pressures, crack 
growth was observed to slow and then stop abruptly (at least to 
within detection limits). Furthermore, when the load was in- 
creased to restart the crack growth, it was found that a very 
large increase was necessary to re-initiate growth. Once initi- 
ated, the new crack grows too rapidly to measure and often 
extending beyond the range of view of the cathetometer. For a 
typical DCDC measurement, the test load is in the range of 200 
kg; however, for two samples, increasing the load to 500 kg 
(the limit of the Instron load cell) still was insufficient to restart 
crack growth. 

In this paper we refer to the failure to initiate slow crack 
growth upon application of a higher load as "crack tip blunt- 
ing." Figure 6 shows the regions of temperature and pressure 
for this study where this crack blunting phenomenon is ob- 
served (defined as no measurable crack growth in -1800 s (-30 
min)). The dashed line indicates the approximately boundary of 
temperature and water vapor pressure conditions above which 
restart of crack growth becomes difficult once it has stopped. 
Under conditions where crack blunting is observed, the "time- 
to-blunt" decreases with increasing temperature and water va- 
por pressure. Here we define the time-to-blunt as the time 
difference between when crack growth has stopped under one 
load to the time when application of a higher load fails to 
reinitiate slow crack growth. Note that the observed time de- 
pendence associated with onset of blunting suggests that it is a 
dynamic process. 
(3) Crack Healing 

In a number of cases we observed that the crack closes to the 
point where it becomes visually undetectable a few minutes 
after removing the load. This suggests that the opposing faces 

0.22 026 0.30 0.34 

14 Wm'3 
Fig. 5. Comparison of crack growth velocities measured at 296,348, 
and 423 K and 2.3 x 10' Pa (17 mmHg) water vapor pressure showing 
the anomalous behavior at 2% K suspected to be the result of capillary 
condensation. Thc lines repsent model predictions using Eq. (7). 
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Fig. 6. Temperature and water vapor pressure regions where crack 
blunting is and is not significant; the dashed line is the approximate 
boundary between these two regions. In the region above the dashed 
line, crack tip blunting significantly influences crack growth whereas 
the region below the line shows negligible blunting and is accurately 
represented by the slow crack growth model (Eq. (7)). The shaded 
region between the two solid lines represents the PHP vs T region of 
potential capillary condensation at the crack tip; the upper line is the 
water-saturated vapor pressure and the lower line represents the limit 
for capillary condensation for a crack tip radius of 1.5 nm. 

may have rebonded (Le., the crack has “healed”). To test this, 
one such sample was retested in the Instron. The results show 
that the healed crack recovered a significant portion (-80%) of 
the original glass strength, indicating substantial bonding be- 
tween the crack faces. Wiederhorn and Townsend,I4 Stavrini- 
dis and Hollo~ay.’~ and Michalske and FulleP observed simi- 

IV. Discussion 
As stated above, it is well known that slow crack growth 

measurements on silicate glasses show three characteristic re- 
gions of crack velocity versus stress intensity and the data 
presented here for phosphate glass show similar behavior. Al- 
though the exact chemical mechanism of crack propagation is 
not completely understood, it is generally accepted that the 
crack front movement in regions I and 11 involves the transport 
of H,O through the crack and the subsequent reaction between 
water and the crack tip. Hence it is believed that the rate of 
crack growth is governed by a combination of reaction kinetics 
and mass transfer. Various models have been developed to 
describe crack growth in regions I and 11 with the most widely 
accepted being that of Weiderh~rn.’*’’~~* In this section Wie- 
dehorn’s model is used to analyze the data over the range of 
conditions for which the model is valid (i.e., no change in crack 
tip radius). This analysis leads to two main mults. First, a set 
of model parameters are derived that accurately predict crack 
growth under most experimental conditions. These model pa- 
rameters can be used in engineering applications for predicting 
crack growth in phosphate glass over a broad range of process 
conditions. Second, the analysis shows that the model tends to 
break down at high temperature and high water vapor pressure 
where crack tip blunting is observed. This suggests a physical 
picture of the crack growth in phosphate glass in which crack 
propagation competes with crack blunting. This also suggests 
avenues of further experimental and modeling work needed to 
more accurately describe crack growth in phosphates. 
( I )  Behavior in Region I 

Wiederhom’s model describes the dependence of crack 
growth on stress intensity, temperature, and water vapor pres- 
sure by the expression 

’ lar crack healing behavior for cracks in silicate glasses. 

L 

v, = A (  : ) m  exp([K,b - Q , ] / R T )  

where v, is the crack velocity in region I (m/s), p is the water 
vapor pressure (Pa), K, is the stress intensity (PamIn), and R 
and T have their usual meanings. We normalized the water 
vapor pressure to 1 atm (i.e., 1.013 x 105 Pa (760 mmHg)); thus 
p/po represents the relative variation in reactant concentration. 
The model includes four parameters-A, rn, b, and Q,-that 
have various physical meanings in the reaction process: Q, is 
the activation energy (kJ/mol), rn is the “order” of the reaction 
in terms of the water vapor reactant, and A (m/s) can be likened 
to the preexponential constant that often appears in reaction 
rate expressions. The parameter b (m5n/mol) is related to the 
activation volume and is discussed in more detail later. 

Values for the four model parameters (A = 2.96 x lo6 m/s, 
m = 1.19, b = 0.496 m2.5/m01, and Q, = 216 kJ/mol) were 
determined by a multiple regression analysis of the data taken 
in the region where crack blunting effects are negligible (see 
Fig. 6). The value of rn was determined to be 1.19; this is close 
to 1 .O and suggests that crack tip bond breaking is governed by 
reaction kinetics first-order in H20. Wiederhorn’s analysis of 
the crack growth in soda-lime silicate glass at moderate to high 
vapor pressures (similar to those used here) also showed rn = 
1; however, at lower vapor pressures rn decreased to a value of 
about 0.5 in the soda-lime glass. Soga et u L . , ’ ~  on the other 
hand, observed rn = 1 by eliminating gases other than water 
vapor. 

The activation energy, Q,, for crack growth in this phosphate 
glass is 216 kJ/mol, which is significantly greater than the 
value of 109 kJ/mol reported for crack growth in soda-lime 
glass in liquid water.I8 This partially explains the greater tem- 
perature sensitivity of crack growth in phosphate glass com- 
pared to silicates although the exact nature of the rate- 
controlling reaction step remains unknown. 

Physical insight into the significance of the parameter, b, can 
be gained by equating Wiederhorn’s model for crack growth 
with a similar equation developed by Hillig and Charles to 
describe crack growth at a constant water vapor pressure:20*21 

(3) 

where A‘ is a preexponential constant ( m / s ) ,  V, is the activation 
volume (m3/m01), and p is the crack tip radius (m). Equating 
the Weiderhom model (Eq.(2)) with that of Hillig and Charles 
(Eq. (3)) shows that b is related to the activation volume and 
crack tip radius: 

(4) 

The value of b = 0.496 m5n/mol was determined by the re- 
gression analysis. This value is similar to the previously ob- 
tained values,2’ 0.26-0.88, for various different glasses. If we 
assume a crack tip radius of 1.5 nm as determined by electron 
micrograph for silica glass,’O then one can use Eq. (4) to esti- 
mate an activation volume for crack growth of 51.1 x 10% 
m3/m01 for this phosphate glass. If we use a crack tip radius of 
0.5 nm (characteristic of an atomically sharp crack), the value 
used by Wiederhorn et u1.,2l we get an activation volume of 

(2) Behuvwr in Region II 
As previously stated, the characteristic plateau region where 

the crack growth rate becomes nearly independent of the stress 
intensity is called region II. This occurs when the crack growth 
becomes limited by the rate at which water is transported to the 
crack tip.’ The region 11 crack velocities follow an Arrhenius 
temperature dependence indicative of a thermally activated 
mass transport process. Based on this observation and knowing 
the transport rate depends linearly on the water vapor pressure, 

29.5 x io* m3/moi. 
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the following expression can be used to model crack velocity 
(vn) in region 11: 

where Cis a preexponential constant (m/s). Q, is the activation 
energy for transport (kJ/mol), and the other terms have been 
defined previously. The values for C and Qn, detemined from 
the present crack growth data, are 8.21 m/s and 26 kJ/mol, 
respectively. 

The mechanism of HzO mass transport to the crack tip has 
been the subject of previous investigations.lVz2 Wiederhorn' 
assumed HzO mass transport to be controlled by gas diffusion 
across a boundary layer at the crack tip in his study of crack 
growth in soda-lime glass. He further assumed that the water 
concentration outside the boundary layer remained constant 
and was continuously replenished by the bulk flow of the sur- 
rounding humid inert gas (Na into the void created by the 
growing crack. Lawnz2 later extended Wiederhorn's gas diffu- 
sion concept to include Knudsen diffusion (molecular flow) 
by arguing that the mean free path between gas molecule 
collisions is greater than the assumed crack tip separation of 
0.1 pm. 

Bulk gas diffusion and Knudsen diffusion depend on tem- 
perature as T3 and TIn, respectively. The crack velocity in 
region II is mass-transport limited and therefore dependent on 
the product of the diffusion coefficient and the water vapor 
concentration. Assuming the temperature dependence of the 
water vapor concentration follows the ideal gas law (P), then 
the crack velocity should show a TIn and dependence if 
controlled by bulk gas and Knudsen diffusion, respectively. In 
contrast, the data from this study show a much steeper tem- 
perature dependence suggesting that for phosphate glasses the 
gas diffusion mechanisms mentioned above are not the rate- 
controlling step for mass transport to the crack tip. 

One alternative explanation is mass transport by surface 
diffusion. The rate of surface diffusion is controlled by the 
activation energy separating adjacent adsorption sites and, 
therefore, would be expected to follow an Arrhenius-type tem- 
perature dependence. Morariu and Millsz3 have studied the 
self-diffusion of adsorbed water on hydrated silica surfaces and 
report an activation energy of about 2&25 kJ/mol for water in 
the second statistical monolayer. This is in reasonable agree- 
ment with the activation energy reported here (26 kJ/mol). 
Note that energies less than about 40 kJ/mol often correspond 
to weak bonds associated with physical absorption on a surface 
or hydrogen bonding." 

Although it is tempting to conclude that surface diffusion 
is the controlling mass transport process in this study, there 
arc other plausible mechanisms. For example, bulk gas dif- 
fusion that is modified by adsorption on the crack surfaceu 
may also account for the observed temperature dependence. In 
such a case, the effective gas diffusion coefficient, De,, is 
expressed as= 

(6) D d  = D/(1 + K&V) 

where K. is an equilibrium constant describing the distribution 
of HzO adsorbed on the solid surface vs that in the gas phase, 
and V (m3) and A (m2) represent the crack volume and the 
exposed surface area, respectively. According to Eq. (6) the 
adsorption of water on the crack surface has the effect of re- 
ducing the bulk diffusion rate and thus Ka is often referred to as 
the retardation factor. In general, the greater the degree of 
adsorption of water on the crack surface, the larger the overall 
reduction in the effective gas diffusion rate. Despite th is  retar- 
dation effect, the temperature dependence of K. can cause Dd 
to increase with temperature. particularly if K. is an activated 
process. 

Okamoto and Tuzizs have used Eq. (6) to model the adsorp- 
tion of water on soda-lime and borosilicate glasses at very low 
water vapor pressures (-1.3 x lW3 Pa, -10- mmHg) and low 

coverage (5 1 % of a monolayer) over a range of 273 to 403 K. 
Their data show an exponential decrease in Ka with increased 
temperature (Le.. DeH increases exponentially) with an activa- 
tion energy of 29 kJ/mol. This exponential dependence is simi- 
lar to what we report here. 

Unfortunately, it is not possible to define the exact mecha- 
nism that controls the rate of mass transport in these experi- 
ments. Therefore, to avoid further belaboring the issue, we 
simply conclude that our data show an Arrhenius-type tem- 
perature dependence that is not consistent with either bulk gas 
diffusion or molecular flow mechanisms. Surface diffusion is 
one possible explanation for this behavior although other 
mechanisms are also plausible. Nevertheless, Eq. (3, which 
has been empirically derived from our data, can be used to 
accurately predict region 11 crack velocities over the range of 
temperature and pressure conditions reported here. 

The expressions for vI and vu (Le., Eqs. (2) and (5)) describe 
the crack growth velocity in the limits of regions I and II, 
respectively. These two velocities can be combined into a 
single expression describing the composite slow crack growth 
velocity across both regions I and II. 

(7) 

where the composite crack growth velocity (v) is the well- 
known harmonic mean of the crack velocity. v,, in region I (Eq. 
(2)) and, vu in region II (Eq. (5)). Lawnzz has used a similar 
approach for describing the combined crack velocities of re- 
gions I and II. Note that in the limit of region I, Eq. (7) ap- 
proaches v - vl. and similarly in region JI, v - v,. 

experimental data in Figs. 3-5. Good agreement of the model 
with the data were obtained for temperatures and vapor pres- 
sures where crack tip blunting is negligible. In Section IV(4) 
we discuss the effects of blunting on the model predictions. 
(3) Crack Growth Enhanced by Capilhy Condensation 

One possible explanation for the anomalous behavior of the 
crack growth at 2% K and 2.3 x 103 Pa (17 mmHg) is capillary 
condensation at the crack tip. Under such conditions the mea- 
sured crack growth would tend to approach a growth rate ex- 
pected in liquid water rather than in water vapor. The possi- 
bility of water condensation at the crack tip has been proposed 
by others, particularly for conditions in which the relative hu- 
midity exceeds 3096.' In addition, the presence of any glass 
corrosion products in the water phase would further reduce the 
equilibrium vapor pressure. 

Capillary condensation implies a state of localized thermo- 
dynamic equilibrium between a liquid and vapor phase. Such 
conditions can exist even at a moving crack front as long as the 
rate of mass transport of water vapor to the crack tip exceeds 
the combined rate of crack tip motion and water consumption 
associated with bond breaking during fracture growth. Region 
I is the region of chemical-kinetic limited growth and therefore 
meets this requirement. 

Capillary condensation is described by the well-known 
Kelvin equation, which relates the curvature of a surface to the 
associated equilibrium vapor pressure. For the present case of 
a line crack, 

The velocities calculated by Eq. (7) are compared to the ' -  

Pr - = exp( -) rM 
Pt r&T 

where pr is the equilibrium vapor pressure (Pa) above a curved 
liquid surface of radius r (m). molecular weight M (kg/mol), 
density d (kg/m3) and having surface tension y (J/m2); p.  is the 
equilibrium saturation vapor pressure (Pa) above a flat surface. 

The vapor pressure reduction (is., pr/ps) for water ai a crack 
tip at 296 K is estimated to be about 0.5 (50% relative humid- 
ity). Here we assume a crack tip radius of 1.5 nm as reported 
by Bando et d . ' O  based on TEM measurements of a crack in 
silica glass. The pressure reduction is more than sufficient to 
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lead to capillary condensation at the crack tip when using a 
water vapor pressure of 2.3 x lo3 Pa (17 mmHg) at 2% K, the 
saturation pressure at this temperature is 2.8 x lo3 Pa (21 
d g ) ,  giving p/p,  of 0.83 (83% relative humidity). It is pos- 
sible that this capillary condensation is the cause of the greater 
crack growth rate at this temperature. 

In Fig. 6 we include the water saturation pressure (i.e., 100% 
relative humidity) versus temperature and also the correspond- 
ing vapor pressure estimated for the onset of capillary conden- 
sation at the crack tip. Our experimental condition of 296 K 
and 2.3 x 103 Pa (17 mmHg) falls within these two limits. 

Alternately, the anomalous crack growth of the present glass 
at low temperature may be due to the nature of the phosphate 
glass surface which collects water from the atmosphere. Recent 
experiments by one of the authors indicate that the surface of 
this phosphate glass undergoes unusual reaction with water.26 

(4) Crack Tip Blunting 
The difficulty of reinitiating crack growth at high tempera- 

tures and water vapor pressures can be interpreted as an effec- 
tive increase in the crack tip radius; in other words, the tip 
becomes blunt. As noted earlier, an alternative explanation of 
residual stress release was suggested9 for the similar strength 
increase. But in the present experiment no residual stress is 
involved. We use this crack tip blunting, i.e., change of crack 
tip radius, without change of crack length to analyze the results 
from our experiments. 

The approximate temperature and pressure conditions where 
crack blunting becomes significant are shown in Fig. 6; the 
dashed line roughly separates the regions of significant vs neg- 
ligible blunting. These data are for a holding time of -1800 s 
(-30 mh); the line would be shifted lower for longer holding 
times. In view of the large viscosity-reduction effect of water in 
glass, it is plausible that the blunting mechanism is glass vis- 
cous flow promoted by water entry into the glass from the 
atmosphere. 

As noted above, we make the assumption that crack tip 
blunting is due to an effective change in radius of the crack tip. 
Therefore. we can estimate the relative change in the crack tip 
radius due to blunting from the relative increase in load needed 
to restart crack growth: 

2 -= Pb (2) 
PO 

(9) 

where po and pb are the initial and blunted crack tip radii, 

and postblunting loads (Pa). In some cases we found that the 
load needed to reinitiate crack growth was as much as 2 to 3 
rimes the initial load, suggesting that during blunting the ef- 
fective crack tip radius increased by as much as 4 to 9 times. 
This large increase in load necessary to reinitiate a sharp crack 
also explains why it then grows so quickly. The stress intensity 
at this new sharp crack tip would likely exceed KIc and thus 
rapid crack growth would be expected. 

It is clear from the observed temporal dependence of the 
blunting process that some small change in the effective crack 
tip radius may occur even during crack propagation. This could 
explain why the standard m k  growth model (Eq. (2)) fails to 
accurately predict crack propagation in the region where blunt- 
ing was observed (Fig. 6). To test this hypothesis we used Eq. 
(2) and the previously values of A, Q, and m to fit 
the crack velocity data in the region where the blunting was 
observd, however, we used b as an adjustable parameter. Re- 
call that b is related to the square root of the crack tip radius 
(Eq. (4)). Therefore, under the assumption that the activation 
volume (VL) for the crack growth process is independent of 
crack tip radius, then any change in b reflects a corresponding 
change in the crack tip radius. Figure 7 shows the results 
of such an analysis using the crack velocity data measured at 
4.7 x 10' Pa (355 d g )  and 498 K. The solid lines reprcsent 
the model predictions using Eq. (2) and with b = 0.4% mm/ 

respectively, and and U b  are the corresponding pblunting 

v no Pa (2mm Hg) /I- A 4.7 x 1@ Pa (XWnm Hg) 

- 

0.20 0.22 0.24 0.26 0.20 0.30 

IG W P m ' n )  

Fig. 7. Comparison of crack growth velocities measured at 267 Pa (2 
mmHg) and 4.7 x 100 Pa (355 mmHg) and at 498 K. The solid lines 
represent the predicted behavior using Eq. (7) and b = 0.4% m%nol. 
The dashed line also uses Eq. (7) but b is reduced to 0.470 m%nol to 
fit the data. 

mol as determined from measurements made where there is no 
measurable blunting (see Fig. 6). As expected the model does 
not accurately predict the behavior at 498 K and 4.7 x 104 Pa 
(355 mmHg) (i.e., the blunting region) but is in good agree- 
ment at 270 Pa (2 mmHg) (Le., the nonblunting region). If b is 
reduced to 0.470 mSn/m0l, then Eq. (2) accurately fits the data 
at 4.7 x 104 Pa (355 mmHg). This change represents an in- 
crease in the effective crack radius by about 11%. Similar fits 
to other crack velocity data taken in the blunting region all 
show an increase in the effective crack tip radius ranging from 
about 6% to 15%. Note that the magnitude of the change in the 
crack tip radius observed under dynamic conditions is far less 
than that observed when the crack is stopped. This is not un- 
expected because under dynamic conditions the rate of crack 
blunting is always competing with crack propagation. Never- 
theless, as this analysis showed, even very minor changes in the 
effective crack tip radius produce a significant change in the 
rate of crack growth because of the exponential dependence of 
crack velocity on p-ln (see Eq. (3)). It has been suggested20 
that the static fatigue limit often observed in soda-lime glasses 
represents the condition where the rate of blunting balances the 
rate of crack growth. This reasoning leads to the logical exten- 
sion that the highest static fatigue limit is expected under con- 
ditions for the greatest rate of blunting. 

One could also argue that the activation energy, Q, (see Eq. 
(3)). is changing in the blunting region, not the crack t ~ p  radius. 
Reducing the activation energy by the same relative amount as 
was done for b, would achieve the same quality of fit to the data 
shown in Fig. 7. However, this alternate explanation requireS 
that a change in crack tip radius occurs only when crack propa- 
gation stops completely. 

Crack blunting involving mass transport to the crack tip 
could OCCUT by evaporation and condensation, surface diffu- 
sion, bulk diffusion, and/or viscous flow. In the case of mass 
trimsport by ~ ~ S C O U S  flow, the range of change of the radius of 
the crack tip is inversely proportional to the viscosity of the 
glass in that region. In view of the large viscosity-reduction 
effect of water in glass, it is likely that the operating blunting 
mechanism is the viscous flow promoted by water entry into 
the glass from the atmosphexe. A more detailed study of the 
kinetics and mechanism of crack blunting is currently under 
way. 
(5) Slow Crock Growth I n  Phosphate vs Silicate Ghf.s 

Figure 8 compares our measured slow crack growth ram in 
a phosphate glass at 2% K and -10% relative humidity With 
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-270 Pa (2-mm Hg) 
-298 K 

I i; 
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Fig. 8. Comparison of crack growth velocity measurement for phos- 
phate glass (this study) and soda-lime silicate glass’ at 296 K and 
approximately 267 Pa (2 mmHg) water vapor pressure. 

corresponding data for a soda-lime silicate glass.’ In both cases 
the measurements extend over regions I, 11, and 111. 

A number of interesting differences in slow crack growth 
behavior of the two glasses are immediately noticeable. F i t ,  
and not surprising, the phosphate glass is significantly weaker 
than the sificate as indicated by the much lower stress intensity 
values needed to reach the same crack growth velocities. Also 
note that in region I, the slope of the crack velocity profile for 
the phosphate is much greater than that of the silicate. Thus, 
small increases in the stress intensity for the phosphate glass 
cause a greater increase in crack velocity compared to that for 
the silicate glass. 

The onset of region 11 occurs at a crack velocity about lo2 
lower for phosphates than for silicates. Since it is proposed that 
region II crack growth is controlled by diffusion of H20 to the 
crack tip modified by the adsorption, then this suggests that 
mass transfer rates are about lo2 slower in phosphates than 
silicates. The naturally higher affinity of phosphates for water 
compared to silicates may explain this large difference in dif- 
fusion rates. In other words, the stronger attraction of the water 
at the surface of the phosphate may tend to retard water trans- 
port to the crack tip; this process was discussed briefly in 
Section IV(2) (see Eq. (6)). 

The onset of region III occurs as the stress intensity ap- 
proaches the fracture toughness of the glass, i.e., about 0.45 
MPa-m’” for phosphate compared to approximately 0.8 
W a d R  for the soda-lime silicate. The onset of region III is 
much harder to measure using the DCDC method because the 
stress intensity (and hence growth rate) is greatest at the be- 
ginning of the measurement. Therefore, the measured transition 
from region II to region III behavior shown in Fig. 8 for the 
phosphate is probabl only accurate to within stress intensity 
vdues d.02 rna*mrn. 

V. Conclusions 
Crack growth velocities are reported for a phosphate laser 

glass over a range of temperatures and water vapor pressures. 
Wiederhorn’s classic chemical and mass-transport-limited re- 
action rate model is used to explain crack growth behavior in 
regions I and II except when there is blunting. The results 
indicate that in region I the crack growth velocity varies ap- 
proximately linearly with water concentration and has an acti- 
vation energy, Q,, of 216 kJ/mol. In region II the crack velocity 
also exhibits a linear dependence on water vapor pressure and 
an ArrheNus temperature dependence but the activation en- 
ergy, Qn. is only 26 kJ/mol. A set of model parameters are 

developed which can be used by glass process engineers to 
accurately predict the rate of slow crack growth in phosphate 
laser glasses over a wide range of operating environmental 
conditions. Blunting is interpreted as an increase in the effec- 
tive radius of curvature of the crack tip. Our results suggest that 
under dynamic conditions, the effective crack tip radius may 
increase by about 10%. Under static conditions (growth arrest), 
the crack tip radius increases by about 4 to 9 times. Anomdous 
crack growth near the point of water saturation at 296 K is 
discussed in terms of possible capillary condensation at the 
crack tip. 
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Abstract 

The effects of temperature and water vapor pressure on the rate of sub-critical crack growth in meta-phosphate laser 
glasses containing different OH concentrations (128 and 773 ppmw) are reported. The crack velocity was measured 
using the doublecleavagedrilled-compression method. When plotted as a function of stress intensity, the samples have 
the classic region I, II and I11 crack growth properties similar to that reported for silicate glasses. The glass containing 
the larger OH content has a 10-fold greater crack velocity in region I; crack velocities is region I1 are the nearly the same 
for both glasses. The crack velocities are analyzed using a chemical kinetic and mass-transport limited reaction rate 
model. At temperatures >150°C and water vapor pressures >10 mmHg, crack tip blunting is observed and the glass 
containing the larger OH content is more prone to blunting. 0 2000 Published by Elsevier Science B.V. All rights 
reserved. 

1. Introduction 

Nddoped metaphosphate glasses are the pre- 
ferred gain medium for high-peak-power lasers 
used for fusion research mainly because they can 
store optical energy at greater densities than other 
glass-types and th is  energy can be efficiently ex- 
tracted [1,2]. However, one problem with the use 
of phosphate glasses as laser ion hosts is that they 
have larger thermal expansion and lower fracture 
toughness than do, for example, silicates [3]. 
Consequently phosphates are more prone to 
fracttm. 
. It is known that a crack can propagate from an 

existing flaw even at stresses less than that for 

*Co&sponding author. Tel.: 1-925 422 1884; fax: 1-925 423 
0792. 

Email &w: suratwalal@hl.gov (T.1. Suratwala). 

critical failure. This phenomenon is known as slow 
crack growth, stress corrosion cracking, or sub- 
critical crack growth [4-151. The velocity of the 
fracture can vary by orders of magnitude, from <1 
pdmin up to many meters per second. 
Consequently the time-to-failure for a given glass 
component can also vary by orders of magnitude. 
Because of their relatively poor mechanical 
properties, phosphate glasses are partkularly sus- 
ceptible to slow crack growth. However, despite 
the numerous studies on slow crack growth in 
silicate glasses [4-131, to our knowledge few stud- 
ies have investigated this phenomenon in phos- 
phate glasses [14,15]. Such information is of 
practical importance to the manufacture and use 
of phosphate glasses in mega-joule scale laser 
systems [16-181. 

Crack growth has been hypothesized to occur 
by a stress-enhanced chemical reaction at the crack 
tip which for phosphate glass can be given by [14] 
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HzO + P-O-P + 2(P-OH) 

and/or 

HzO + P-O-M + P-OH + M-OH 

where M is an metal cation. In Eq. (la) the H 2 0  
reacts with the phosphorous-oxygen-phospho- 
rous linkage at the crack tip and forms chain ter- 
minating hydroxyl groups; while in Eq. (1 b) the 
H20 reaction does not break up the P-0-P 
backbone, but separates links between chains. 
With both reactions crack propagation takes 
place. 

In a previous paper [14], we report slow crack 
growth velocities in phosphate glass having an OH 
content <lo0 ppm. The measured crack growth 
velocities, when plotted as a function of stress in- 
tensity, have regions I, I1 and I11 velocities [4,14]. 
The data were analyzed using Wiederhorn's reac- 
tion rate model for slow crack growth [4]. This 
model includes a description of the H20 reaction 
kinetics at the crack tip as well as H20 mass 
transport to the reaction interface. By fitting this 
model to the data, a set of empirical parameters 
were developed that predicted slow crack growth 
over a range of temperatures, water vapor pres- 
sures, and stress intensities. 

The work reported here expands the study of 
slow crack growth in phosphate glasses to include 
the effects of residual OH content in the glass. 
More specifically, the rate of crack growth as a 
function of stress intensity, temperature and water 
vapor pressure is reported in two glasses that have 
a six-fold difference in OH content. This difference 
is because during melting phosphate glasses readily 
react with water vapor in the ambient atmosphere 
producing chain terminating OH groups. The re- 
sults of the present work are presented in several 
sections. First the data showing the region I, I1 and 
I11 slow crack growth are presented, and the re- 
gion I and I1 data are fit using Wiederhorn's re- 
action rate model. The observed crack growth is 
compared with that reported for other glasses 
@hosphates and silicates). Next we discuss the 
effects of the hydroxyl content in the glass on the 
measured slow crack growth. Finally, the condi- 
tions that promote crack blunting are compared 
with predictions of models for slow crack propa- 

(Ib) 

gation. Also, we suggest that water condensation 
may occur at the crack tip under certain test 
conditions. 

2. Experimental procedures 

Two phosphate laser glasses, LHG-8L and 
LHG-8H were prepared containing hydroxyl 
group contents of about 130 and 770 ppmw; here 
we use the designations 'L' and ' H  to denote the 
low and high OH content of the glasses, respec- 
tively. The base glass used in this study is a com- 
mercial metaphosphate laser glass, LHG-8 (Hoya 
Corporation), having the molar composition: (55- 
6O)P2Ox-(8-1 2)A1203< 13-1 7)K20-(1 0-1 5)BaO- 
(0-2)Nd203. 

The compositions are reported as ranges to 
account for variability due to doping and melting 
methods and to protect certain proprietary aspects 
of the composition [18]. There is little variation in 
glass properties over this range of compositions. 
For example, recently Campbell and Suratwala [3] 
have reported laser, optical and physical properties 
for a number of phosphate glasses having com- 
positions that span the range given here and report 
that most properties vary by less than f20%. 

The glasses used in this study were prepared 
using the melt procedures discussed elsewhere [ 181. 
The hydroxyl content was varied by changing the 
degree of 0 2  bubbling (l-atm) through the glass 
during the melting phase at 1400 K [18]. The cast 
glasses were cooled at a rate <20 K h  from Tg to 
room temperature giving a residual stress bire- 
fringence 4 0  nm/cm (i.e., residual stress < O S  
MPa) , 

The hydroxyl content of the glass was deter- 
mined from the infrared absorption of the -0-H 
stretching band at 3333 nm (3000 cm-') [19]. The 
measured OH absorption coefficient at 3000 cm-' 
and some other properties for both LHG-8L and 
LHG-8H samples are shown in Table 1. To relate 
the OH absorption coefficient to the absolute OH 
concentration, the extinction coefficient must be 
known. However, reported extinction coefficients 
vary from 30 to 100 ppmw/cm-' (from 70 to 230 
Vmol cm) at 3000 cm-' [20]. An extinction coeffi- 
cient of 30 ppmw/cm-' ( ~ 7 0  Vmol cm) is assumed 
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Table 1 
Hydroxyl content and glass transition temperature for the LHG-8 glasses used in this study 

Glass Optical absorption at Implied OH content" T, VC) (f5) 

LHG-8L 4.2 128 472 
LHG-8H 25.5 713 425 

3333 nm (m-I) (f4%) (PPmw) 

a Assumes 30 ppmw OH per m-' absorption at 3333 nm. 

based on earlier work by Toratani [21] on phos- 
phate laser glasses. 

The slow crack growth velocities were mea- 
sured by the doublecleavage-drilledcompression 
(DCDC) technique. A schematic of the experi- 
mental setup is shown in Fig. 1. The details of the 
experimental procedure are described elsewhere 
[ 141. Briefly, the technique utilizes rectangular glass 
samples (75x7.5x6.5 mm3) with a hole (1 rnm 
radius) drilled in the center of the 75x 7.5 mm2 
face. The samples were mounted in a mechanical 
testing machine (Instron 8562) within an environ- 
mentally controlled chamber. The applied com- 
pressive stress was typically 400-500 psi. The 
velocity of the cracks originating from the sample 
hole (which is under tension) was determined by 
monitoring the position of the crack front as a 
function of time using a cathetometer. The dif- 
fraction limited resolution of the cathetometer was 
about 6 x  rad which, for our experimental 
geometry, allows measurement of the crack front 
position to within f10  pn. Crack velocities were 
measured for both glasses (LHG-8H and LHG-8L) 
at various temperatures ranging from 25°C to 

Fig. 1. Schematic of the experimental setup used to measure 
slow crack growth velocities using the DCDC method. 

300°C and ambient water vapor pressures from 2 to 
92 mmHg. Each set of data for a single set of 
conditions represents the measurements from a 
single sample. The water vapor pressure was gen- 
erated by bubbling N2 gas through water contained 
in a temperature-controlled water bath. Stress in- 
tensities, Kl (MPa m"'), were calculated from the 
applied stress, u (MPa), measured crack length, 1 
(m) and hole radius, a (m), using the relationship 
developed by Michalske et al. [22] 

(2) 
.J;; KI = 

1.595 + 0.353( I/a) ' 

3. Results 

Crack velocity measurements, when presented 
as plots of log velocity vs. Kl, typically have three 
distinct regions, I, I1 and 111. These regions have 
been observed in a number of glasses [4,11,14,23]. 
All three of these regions are observed in LHG-8 
phosphate glass at 25°C and 2 mmHg (see Fig. 2). 
Region I refers to the condition when crack growth 
is reaction-rate limited and has a linear relation 
between log u and KI.  In other words, transport of 
H 2 0  to the crack tip is rapid enough that crack 
growth is limited only by the rate of reaction be- 
tween H2O and the P-0-P or P-0-M bond (Eq. 
(1)). For example, at 25°C and 2 mmHg H20 vapor 
pressure, the crack velocity in LHG-8L samples is 
3.0 f 0.3 x m/s (0.3 p d s )  at a KI of 0.405 MPa 
m1I2. Increasing KI to 0.420 MPa m1I2 results in 
about an order-of-magnitude inmase in the crack 
velocity to 6.O+0.5x1O4 d s  (6 J.UU/S). This ex- 
ponential dependence of crack velocity with KI is 
seen in Fig. 2; it is commonly observed in other 
glasses, ceramics and even polymers [4,5,24-291. 

In region 11, the crack velocity is no longer re- 
action-rate-limited but instead becomes limited by 
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Region1 i Region II i Region 111 1 

a s  0.40 0.44 0.u 0.62 0.56 

Stress Intensity (MPa*m'R) 

Fig. 2. Measured crack velocity ( u )  in LHG-8L (a low OH 
content glass) as a function of stress intensity (4) illustrating 
region I, I1 and I11 slow crack growth. The measurements were 
carried out at 25OC and a water vapor pressure of 2 mm Hg. 

mass-transport (diffusion) of H20 to the crack tip 
[6]. Consequently, region I1 is usually observed at 
smaller vapor pressures and lower temperatures 
where mass transport rates are slower. The mea- 
sured crack velocities in region I1 remain nearly 
constant with increasing K, . 

Finally, in region I11 the crack velocity becomes 
independent of the chemical environment and is 
limited by the intrinsic toughness of the glass [6]. 
The on-set of region 111, as indicated by an in- 
crease in velocity at the end of region I1 (see Fig. 2), 
typically occurs as KE approaches the glass fracture 
toughness. The fracture toughness of LHG-8 
samples has been measured by the chevron notch 
method [30] to be 0.51 MPa m'I2; notice in Fig. 2 
that the onset of region I11 OCCUTS just below this 
fracture toughness. 

The measured slow crack velocities for LHG-8L 
glass at various temperatures and water vapor 
pressures are shown in Fig. 3. Crack velocities 
increase with both temperature (Fig. 3(a)) and 
water vapor pressure (Fig. 3(b)). In region I the 
crack velocity increases linearly with the H20 va- 
por pressure and can be fit with an Arrhenius-type 
temperature dependence [4,q with an activation 
energy of 253 k 3 kJ/mol. 

The effect of the LHG-8 OH content on the 
slow crack growth velocities at different tempera- 
tures and water vapor pressures is shown in Fig. 4. 

I 

uo on &a Iy cw 

Stress Intensity (MPa+m'R) 

Fig. 3. Crack growth velocity (u )  in LHG-8L (a low OH content 
glass) as function of stress intensity (Kl) at (a) various temper- 
atures and @) water vapor pressures. The points represent 
measured velocities and the curves represent model predictions 
using Fq. (7) and the model parameters listed in Table 2. 

The crack velocities in the low OH content glass, 
LHG-8L, are indicated by the solid data points, 
and in the high OH content glass, LHG-8H, by the 
open data points. At equivalent stress intensities 
(K,), the larger OH content glass has faster crack 
velocities in both region I and 111. Region I1 ap- 
pears to be unaffected by the hydroxyl content of 
the glass (Fig. 4(a)). 

4. Discussion 

4.1. Chemical and mars-transport-limited reaction 
rate model 

As described in Section 1, the proposed mech- 
anism of slow crack growth in phosphate glass is 
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Stress lnbnslty (MPa*mu) 

Fig. 4. Subcritical crack growth velocities (u)  as a function of 
stress intensity (K,) for LHG-8 glasses containing low and high 
OH contents, Le. LHG-8L (0) and LHG-8H (O), respectively. 
The data arc for (a) 2S°C and (b) 1 50°C. The curves are model 
calculations using Eq. (7) and the model parameters listed in 
Table 2. The smooth dashed curves are drawn through the 
points representing region III growth (the model does not treat 
region III). 

where vI is the crack velocity in region I ( d s ) ,  A a 
pre-exponential constant ( d s ) ,  p the water vapor 
pressure (mmHg), PO the atmospheric pressure 
(760 mmHg), b a parameter (ms/*/mol) related to 
activation volume and radius of curvature of the 
crack tip, QI the activation energy (kJ/mol), and m 
is the 'order' of the reaction that often appears in 
reaction rate expressions. In our previous study 
[14] the above model described crack growth in 
LG-770 over the whole range of experimental 
conditions except in regions where crack blunting 
or capillary condensation occurred. The model 
uses a single set of fitting parameters: A, m, b and 
QI. The same model analysis that was done for 
LG-770 samples has also been carried out in this 
study for LHG-8L and 8H samples (see Section 
4.3). The only exception is that m is fixed at 1.2 as 
determined for LG-770. Setting m equal to 1.2 
assumes the reaction is nearly 6rst-order in terms 
of the water vapor concentration; similar first-or- 
der reactions have been reported for other glasses, 
particularly silicates 16,311. The magnitudes of the 
other three model parameters determined for the 
two LHG-8 glasses are summarized in Table 2. 

The crack velocity in region I1 is constant at 
about loT5 d s  at 25OC and a water vapor pressure 
of 2 mmHg (see Fig. 3(a)). In this region crack 
propagation is limited by the mass transport of HzO 
to the crack tip; given in terms of the flw, this is then 

(4) 
a G , O  

az the stressenhanced reaction between H20 and P- 
0-P or P-O-M at the crack tip. Hillig and Charles 
[12] and later Wiederhorn [6,31] have described the 
crack velocity in region I by a reaction rate ex- 
pression 

011 o( D- 

where D is the H 2 0  diffusion coefficient and 
aCH,o/az is the concentration gradient in the di- 
rection, z, of crack propagation. Based on Eq. (4), 

Table 2 
Model parameters for predicting slow crack growth in LHG-8L and -8H in regions I and 11 in the absence of crack-tip blunting 
Parameter Units LHG-8L (128 p ~ m w  OH') LHG-8H (773 ppmw OH') 
A 106 m/s 7.3 7.3 
m UnitlCsS 1.20 1.20 
Qi W/mol 253 239 
b J/(mol K) 0.480 0.480 
C d S  180 180 
Qd K J h O l  26 26 

'Assumes 30 ppmw OH per an-' absorption at 3000 a-'. 



218 T.I. Suratwala et al. J Journal of Non-Crystalline Solidr 2636r264 (2000) 213-227 

the rate of crack growth should increase linearly 
with water vapor concentration (i.e., pressure) 
provided the diffusion constant is not concentra- 
tion independent. The exact diffusion mechanism 
for H 2 0  transport to the crack tip is not well- 
known and could be either via gas phase, surface, 
and/or Knudsen (capillary) diffusion; all have been 
proposed at one time or another as the limiting 
diffusion mechanism for crack growth [13,14]. 
Determination of the mass transport mechanism is 
not attempted in this study. Therefore we simply 
note that the crack growth velocity is proportional 
to the water vapor pressure and best described by 
Wiederhorn’s mechanism [4] 

where C’( T) is temperature dependent and has 
units of m/s and po is a pressure normalization 
factor (760 mmHg). C(T) contains the tempera- 
ture dependence of the diffusion constant which is 
assumed to have an Arrhenius dependence 

QII 

RT 
C(T) = Cexp --? 

where C is a constant (m/s) and QII is the activa- 
tion energy for H 2 0  diffusion (kJ/mol). In the 
present work, region I1 was only observed at one 
experimental condition making it impossible to 
determine the activation energy, QII. Therefore, 
because of the similar glass composition of LG- 
770 and LHG-8, we assume that the activation 
energy for H20 transport for both glasses is about 
the same and use 26 kJ/mol reported previously for 
LG-770 [14]. Thus, the C in Eq. (6) is 180 d s  
based on the fit to the data. 

The crack velocity expressions for region I (Eq. 
(3)) and region 11 (EQ. (5))  can be combined into a 
single expression given by the harmonic mean of u1 
and 011 

(7) 

where I.) is a ‘composite’ velocity that in the limit of 
region I (I.)] << y ~ )  approaches y and in the limit of 
region I1 (UII ul) approaches ull. In addition, it 
provides a smooth function for describing the 
transition between the two regions. 

In Fig. 3, the composite velocities predicted 
using Eq. (7) (with the parameters listed in Table 
2) are compared to the experimental data. The 
solid curves represent model prediction. In general 
the model agrees with the data within +lo% at the 
temperatures and water vapor pressures shown 
(see Fig. 3). Considering that crack velocities vary 
by four orders of magnitude, the agreement be- 
tween the model and the data is quite good. 
Therefore this model can be utilized to predict 
crack velocities and failure times in LHG-8 laser 
glass under various loads and environmental 
conditions. The one caveat is that, as presented, 
the model is only valid in regions where crack tip 
blunting is negligible and capillary condensation 
does not occur; the impact of these phenomena are 
discussed in Sections 4.4 and 4.5. 

4.2. Comparison with crack growth in silicate 
glasses 

Comparison of the model parameters describ- 
ing crack growth in region I (i.e., Ql and 6)  of 
different glasses provides some insights into the 
relationship between crack growth and glass 
structure (Table 3). First notice that the activation 
energy for fracture propagation in meta-phosphate 
glasses (216-253 kJ/mol) is less than for silicates 
(275-705 kJ/mol). This difference is not surprising 
considering the smaller fracture toughness and the 
smaller resistance to crack growth in meta-phos- 
phate as compared to those of silicate glasses [14]. 
Silica-based glasses have a larger cross-link density 
(mainly Q3 and Q4 species), whereas meta-phos- 
phates are comprised mainly of phosphate 
chains and rings (mainly a‘ species) and have 
fewer cross-links [32]. Decreasing the cross- 
link density decreases the number of covalent 
bonds to be broken during crack front propaga- 
tion. Hence for a fixed energy input we expect 
cracks to grow further in metaphosphate than in 
silicate glasses. 

There are other data that are consistent with the 
proposed connection between cross-link density 
and fracture toughness in phosphate glasses. We 
have observed that the fracture toughness 
decreases linearly with an increase in the O/P ratio 
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Table 3 
Comparison of model parameters describing region I slow crack growth in different glasses in the presence of water vapor 

Glass Q, (kJ/mol) b (m s/2/mol) Activation volume ( m’lmol) Refs. 

61% Lead silicate 348 0.510 52 WI 
Aluminosilicate 705 0.770 79 WI 
Borosilicate crown 275 0.260 27 WI 
Soda-lime silicate 605 0.880 90 WI 

Phosphate (LHG-8L) 253 0.480 49 
Phosphate (LG-770) 216 0.496 51 ~ 4 1  

This study 
Phosphate (LHG-8H) 240 0.480 49 This study 

“Calculated from Eq. (8) assuming a crack tip radius of 1.5 nm 

in a series of phosphate glasses [3]. The structure 
of phosphate glasses is determined in part by the 
OIP ratio and the cross-link density and chain 
length decrease with increase in the OIP ratio 

The second model parameter which we compare 
between glasses is b (Table 3). Both Wiederhorn 
and Bolz [5] and Hillig and Charles [12] showed 
that the parameter, b, is related to the crack tip 
radius (p) and the activation volume for fracture 
propagation ( Va) 

[33,34). 

The activation volume [35] can be thought of as 
the increase in volume of the transition-state in the 
stress corrosion reaction. Va can be estimated from 
the measured b = 0.480 m5/2/mol for LHG-8 if the 
crack tip radius is known. Here we assume a crack 
tip radius of 1.5 nm based on work of Bando et al. 
[36]; the calculated activation volume via Eq. (8) is 
49 x m3/mol. Repeating the calculation for the 
other glasses in Table 3 gives activation volumes 
ranging from 49 to 9Ox m3/m0i. The activa- 
tion volume computed for LHG-8 corresponds to 
a characteristic length of 0.44 nm, 50% longer than 
the P-0-P bond length of 0.302 nm. A volume 
increase in the activated state on the order of the 
bond length is not unreasonable; bimolecular re- 
actions typically have activation volumes that 
correspond to lO-lW? increase in the bond length 
[35l. However we must be cautious of a strict 
physical interpretation of this volume because it 
depends on the crack tip radius assumed in the 
calculation. 

4.3. Effect of OH content in glass 

The introduction of OH into the glass structure 
is known to affect a number of properties of both 
silicate [20] and phosphate [37l glasses. In partic- 
ular, the glass transition temperature and the vis- 
cosity both decrease with increase in OH content. 
For example, in the case of LHG-8, an increase in 
OH content from 128 to 773 ppmw results in a 
decrease in Tg from 472°C to 425°C (see Table 1). 

As described in Section 3, increase in the -OH 
content in the glass increases crack growth veloc- 
ities in regions I and I11 (see Fig. 4). We suggest 
that the crack growth results indicate an increase 
in the OH content of the glass decreases the overall 
strength (i.e., fracture resistance). Therefore, it is 
not surprising that both region I and I11 are af- 
fected by OH content in the glass; in region I crack 
growth is determined by the rate of the stress 
corrosion reaction and in region I11 the on-set of 
growth is determined by the glass fracture tough- 
ness. In contrast, the crack growth in region I1 is 
limited by H 2 0  transport to the crack tip and thus 
the ‘plateau’ velocity is not expected to depend on 
glass OH content. Nevertheless, the onset of redon 
I1 growth should be dependent on the glass OH 
content simply because of the shift in the region I 
(and III) velocities to a smaller KI. This shift is 
shown in Fig. 4(a). 

We propose that the observed increase in crack 
propagation velocities due to larger OH content 
are relad to modification of the phosphate glass 
structure. The basic structure of phosphate glasses 
has been well studied and it is known [33] that near 
meta-phosphate glasses, such as LHG-8, can be 
structurally described as phosphate chains [34] 
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(analogous to linear polymeric materials) with a 
repeating structural unit 

[-O-[-l M r n  

(9) 

where M schematically represents the modifier 
cation and m represents the number of structural 
units in a chain. During melting and forming, HzO 
from the atmosphere and from the raw materials 
are assumed to react with the glass structure by the 
reaction shown in Eq. (la) [38]. The addition of 
OH reduces the average molecular weight of the 
phosphate chains. This reduction correlates with 
the observed decrease in viscosity and glass tran- 
sition temperature. This same effect is observed in 
most linear polymers (i.e., as the average chain 
length decreases so does the Tg and viscosity) [39]. 
Several studies have shown that addition of OH to 
the structure of phosphate and silicate glasses re- 
duces chain lengths and/or cross-link densities in 
the glass [20,34,38]. 

The effects of different chain lengths (i.e., aver- 
age molecular weights) on the slow crack growth 
velocities in linear organic polymers has been re- 
ported by several authors [24-291. In all these 
studies the slow crack growth velocity was ob- 
served to increase with a decrease in the polymer 
mean molecular weight, similar to that observed 
here for the LHG-8 samples. Although most or- 
ganic polymers undergo plastic deformation while 
glasses undergo ‘brittle’ fracture, some of their 
similarities can provide insight to the effect of OH 
content on glass structure and crack growth. Hu- 
ang and Brown [25l measured crack velocities in 
polyethylene of different molecular weights and 
proposed that molecular weight reduction de- 
creased the number of ’tie’ molecules at the crack 
tip zone and thereby affected the crack velocity. A 
‘tie’ molecule is one that bridges the walls of the 
crack near the tip. Similarly, Michel et al. [26] re- 
port the affects of polymer molecular weight on 
crack growth in PVC and PMMA and relate this 

to a change in the number of chain entanglements 
(per unit area) in the stressed region of the crack 
tip. 

Assuming an ‘ideal’ meta-phosphate glass (01 
P = 3) with infinitely long chains, then the effect of 
added OH on the average ‘molecular weight’ (i.e., 
chain length) of LHG-8 glass can be estimated as 

where [OH] is the OH concentration in ppmw and 
the constant (3.4 x lo7) represents the molecular 
weight for a glass with 1 ppmw OH assuming all 
the OH molecules act as chain-terminating species. 
From Eq. (10) the average molecular weight of 
LHG-8L is 26x104 @mol (at 128 ppmw OH) 
and of LHG-8H is 4.3 x 104 @mol (at 773 ppmw 
OH). The difference in the region I crack velocity 
caused by th is  change in molecular weight is about 
60-fold based on using the crack growth data at 
25°C and 2 mmHg water vapor pressure (Fig. 
4(a)). Using crack growth data taken under similar 
conditions for PMMA [25], 30-fold increase is 
observed. Note that the crack velocities are smaller 
at larger molecular weights. We suggest that the 
similarities between the effects of molecular weight 
on measured crack velocities in meta-phosphate 
glass and linear organic polymers indicate a simi- 
larity in fracture mechanism. In particular, an in- 
crease in the OH content in the glass likely 
decreases the number of bonds per unit area to be 
broken during fracture (i.e., the covalent P-0-P 
bonds). Consequently, the activation energy re- 
quired for fracture (Qr) should also decrease. 

We used the same reaction rate model discussed 
in Section 4.1 to fit the data for the greater OH 
containing glass, LHG-8H. However, we kept all 
the model parameters equal to those determined 
for LHG-8L except the activation energy for re 
@on I crack growth, QI. We reasoned that the 
change in OH content should only affect the en- 
ergy associated with the bond breaking process 
during fracture and therefore only affect QI. We 
suggest that the agreement betwen the model 
predictions and the data indicate that this as- 
sumption is valid. The QI determined from a fit to 
the data for the LHG-8H glass is 239 k 3 kJ/mol 
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and, as expected, is less than the value for LHG-8L 
sample (253 f 3 kJ/mol). The crack growth is very 
sensitive to the activation energy and thus the er- 
ror limits, as reported above, are small. These 
limits were determined by fitting Eq. (7) to the 
upper and lower error bars of the data shown in 
Fig. 4. 

In the remainder of this section, a simple model 
is described to quantify the relationship between 
QI and the glass OH content. This model is gov- 
erned by the following assumptions: (1) the ad- 
dition of OH to the glass reduces the number of 
P-0-P linkages in the structure; (2) the rate of 
crack propagation is dominated in part by cleav- 
age of the covalent P-O-P bonds (see discussion in 
introduction); and (3) the activation energy for 
fracture ( QI) is proportional to the energy required 
for bond breaking. Note that assumption 2 implies 
the cation-to-oxygen bond energies are greater for 
P-O bonds than for the modifiers. This implica- 
tion is indeed the case for all the modifiers except 
A13+. In the case of Al (four-fold coordination) the 
bond energy is approximately equivalent to that 
for the P-O bond [40]. 

Consider a plane running through an unfrac- 
tured glass; it contains a surface density of n P-0- 
P bonds per unit area that must be broken when a 
crack propagates along that surface. Thus, the 
energy, QI, required for fracture is assumed to 
be proportional to the areal density of P-0-P 
bonds (n) 

n 
no 

QI = --Eo, 

where, in the absence of glass, no is the areal 
density of P-0-P bonds (hereafter simply called 
the ‘bond density’) and & is the fracture activation 
energy. As discussed above, the P-0-P bond 
density decreases as the OH concentration in- 

The quantity, no, is related to the glass molar 
CreaSeS. 

volume, V,, (m3/m01) by 

where N., is Avogradro’s number and S is the 
number of atoms in a ‘monomer’ of the phosphate 
chain (Eq. (9)). We relate the OH concentration to 

the areal density of OH bonds using a simple 2/3 
power volume-to-area scaling relationship 

where nOH = no - n, pel is the density of the glass 
(g/cm3) and MWoH is the hydroxyl group molec- 
ular weight ($mol). Substituting Eqs. (12) and (13) 
into Eq. (1 l), gives an expression that describes the 
activation energy of fracture as a function of -OH 
content in the glass 

QI ( [OH1 1 

(14) 

where for LHG-8, V m  is 39 cm3/mol, pgl is 
2.83 g/cm3 and S is 5 .  

The activation energies determined from the 
reaction rate model, fit to the measured crack 
growth velocities for LHG-8L and 8H, can be 
compared to the activation energy predicted by 
Eq. (14). Based on the QI for LHG-8L (253f3 
kJ/mol) and its hydroxyl content (128 ppmw), the 
activation energy, &, for fracture growth in a 
hydroxyl-free glasses is computed to be 260f3 
kJ/mol using Eq. (14). Using this &, the cal- 
culated QI for LHG-8H (773 ppmw) is 238+3 
Hlmol. This energy is in agreement with the en- 
ergy obtained by fitting the reaction rate model 
(Eq. (7)) to the slow crack growth data 
(QI = 239 k 3 kJ/mol, see Table 2). 

A simple physical representation of the effect of 
OH content on the number P-0-P bonds to be 
broken on a fracture surface is given in Fig. 5. A 
hypothetical glass sample under tensile load and 
containing a preexisting fracture is pictured at the 
bottom of Fig. 5. Also shown is a 15x15 nm2 
plane extending beyond the crack front plane, into 
the unfractured glass. The expected OH density in 
this plane, for both LHG-8L and 8H, is repre- 
sented by the black dots in the grids in the top 
portion of Fig. 5. The grid size (0.7 nmx0.7 nm) 
approximates the overall bond density (no ry 2 

from Eq. (12)), and the number of hydrox- 
yl groups within each 15 x 15 nm2 surface is 
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Fig. 5. Hypothetical representation of a glass sample undergoing brittle-fracture illustrating how a change in 4 H  content in the glass 
would alter the number of bonds to be broken as the crack propagates. The grid represents a cross-section of the potential fracture 
surface for both a low (LHG-8L) and high (LHG-8H) OH containing glass. Each square in the grid represents (on average) a bonding 
site, and each circle represents a bonding site on the fracture surface that has been broken due to a chain tenninating OH group. 

calculated using Fq. (13). Based on this simple 
picture, the increase in the OH content in going 
from LHG-8L to 8H reduces the P-0-P bond 
density across the fracture plane by about 7%, in 
agreement with the -6% change in activation en- 
ergy (QI) for crack growth in these two glasses. 
Note that this ability to measure small relative 
changes in activation energy is due to the sensi- 
tivity of the crack velocity to small changes in 

activation energy. For example, a change of 14 kJ/ 
mol in activation energy governing crack growth 
(ie., from 239 to 253 kJ/mol) produces a change in 
the crack velocity by a factor of 100 (see Fig. 4). 

4.4. Crack blunting 

Due to the geometry of the DCDC crack 
growth method (Fig. I), the stress intensity 
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decreases with increase in crack length (Eq. (2)); 
hence the crack velocity decreases over the course 
of the test. We observed that under conditions of 
relatively low temperatures and water vapor 
pressures, the crack velocity decreases; when the 
crack movement becomes undetectable, a small 
increase in load (e40 N (-10 lbf)) restarts crack 
propagation. However, at higher temperatures and 
water vapor pressures, we found that the propa- 
gating crack often stops abruptly. Furthermore, an 
increase in load, typically >400 N (- 100 lbf), is 
required to restart crack growth, and once re- 
started the crack propagates at greater velocity, in 
many cases much greater than can be measured by 
our apparatus. We refer to this arrest in crack 
propagation as crack tip blunting where the term 
'blunting' infers an increase in radius of curvature 
of the crack tip. The effect of crack tip radius (p)  
on the local stress at the crack tip (amax) was first 
formulated by Inglis [41] 

As the radius of curvature increases, the local 
stress at the crack tip decreases. This decrease in 
the local stress reduces the rate of crack propa- 
gation. 

The conditions where blunting was observed 
during the course of this study are shown in Fig. 6. 
For comparison, also shown, is the complete range 
of conditions for which crack growth measure- 
ments were made. The edge of the shaded region 
represents the approximate transition from blunt- 
ing to non-blunting conditions and compares well 
with the transition zone we observed in previous 
work [14]. 

We assume that the blunting process is the re- 
sult of mass transport of glass to the crack tip; this 
is conceptually similar to the material transport 
that occurs during sintering of small particles [42]. 
A number of mass transport mechanisms are 
possible including viscous flow, evaporation-con- 
densation, surface diffusion and bulk diffusion. 
Viscous flow near the crack tip is perhaps the most 
likely mass transport mechanism because of the 
decrease in phosphate glass viscosity with in- 
creasing hydroxyl content. Therefore at higher 

Fig. 6. Conditions (temperature and water vapor pressure), 
represented by the points, for which crack propagation mea- 
surements were made during the course of this work. Also 
shown are the regions where crack tip blunting was observed 
and the region for possible capillary condensation. The 
boundaq separating the various regions is approximate. 

temperatures and greater water vapor pressures, 
where OH diffusion into the glass surrounding the 
tip becomes more rapid, we expect to see a greater 
degree of blunting. This expectation agrees with 
our general observations (Fig. 6). 

Up to t h i s  point, crack blunting (static blunt- 
ing) is simply described as a decrease in the crack 
tip curvature that occurs after the crack has 
stopped. However, the driving. force for blunting 
must also exist even while the crack is propagating; 
therefore, the propagating crack tip radius could 
differ depending on the temperature, water vapor 
pressure and stress intensity (i.e., velocity). We 
refer to this process as 'dynamic' crack tip blunt- 
ing. Therefore, the size of the crack tip radius is 
determined by a balance between the rate of mass 
transport to the crack tip (leading to blunting) and 
the rate of crack propagation (leading to crack 
sharpening). In a moving crack, we expect a con- 
stant radius of curvature that can be described by 

where p is the observed radius of curvature, PO the 
atomically sharp crack tip, and Pb is the contri- 
bution of mass transfer to the crack tip radius. In 
the case of crack propagation in an ideal brittle 
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material, the observed crack tip radius is equal to 
po and is expected to be on the order of a bond 
length ( 4 . 1 5  nm). In a material that is not per- 

fectly brittle, P b  contributes to the total crack tip 
radius. The degree of blunting that takes place is a 
function of the OH content in the glass, tempera- 

Stress Intensity (MPa'rn'") 

stress Intensity wp.*rn) 

Fig. 7. Measured crack velocities for LHG-8L (a)+) and LHG-8H (d)-(f) at temperatures and water vapor pressures where crack-tip 
blunting was observed. The solid curves represent the pndictcd dependence using Eq. (3) and assuming no blunting (b = 0.480 m"*/ 
mol). The dash curves represent the predicted dependence using Eq. (3) but varying b to account for crack tip blunting. 

, 
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ture, water vapor pressure, and, of course, the 
velocity of crack propagation (Le., K,). Note that 
crack blunting which occurs once the crack stops 
('static' blunting) is simply a limiting case for the 
above conceptual model. 

In instances where blunting is experimentally 
observed, the region I slow crack growth model 
(Eq. (3)) does not predict the crack velocity. Dif- 
ferences between model predictions of crack ve- 
locities and measured velocities in the blunting 
region are illustrated in Fig. 7(a)-(c). The solid 
curves in Fig. 7 represent crack velocities predicted 
by the region I reaction rate model using the pa- 
rameters in Table 2. The crack velocity predicted 
using Eq. (3) is dependent on the crack tip radius 
through the constant b; based on Eq. (8), b is 
proportional to p-'/*. Note that because of the 
exponential dependence of VI  on 6,  the velocity is 
affected by small changes in crack tip radius, p; a 
10"/0 increase in the radius of curvature typically 
causes 10-fold reduction in the crack velocity. 

The b determined in the region of negligible 
blunting is 0.480 m5/2/mol and it predicts crack 
growth velocities in that region (see Fig. 6). 
However, using this b the predicted crack velocity 
under blunting conditions does not agree with the 
data as shown in Fig. 7. The reduction in b (while 
holding all other model parameters constant) 
needed to obtain a fit to the data corresponds to 
about a 12% increase in the crack tip radius for 
these temperatures and water vapor pressures (see 
dashed lines in Fig. 7). This increase in crack tip 
radius agrees with that reported from crack 
growth measurements on another phosphate glass 
under similar conditions [14]. 

In the glass containing the greater OH content 
(LHG-8H), blunting under the same experimental 
conditions as LHG-8L (see Fig. 6) was observed. 
A similar analysis of dynamic blunting was carried 
out on this glass and the results are shown in Fig. 
7(d)-(f). Again the solid curves represent predicted 
crack velocities using Eq. (3) and Table 2 param- 
eters, and the dashed lines are the best fits obtained 
by adjusting b. A larger adjustment in b (corre- 
sponding to a radius of curvature change of be- 
tween 25 and 60%) was required for the greater 
OH content glass. We suggest that the larger the 
OH content of the glass, the more prone it is to 

blunting. Fig. 8 further illustrates this effect. Here 
the ratios of the LHG-8H/LHG-8L crack veloci- 
ties (at the same stress intensity) are plotted as a 
function of water vapor pressure. At water vapor 
pressures of 2 mmHg, the OH content of the glass 
dominates the crack growth; notice that the ve- 
locities are approximately 30 times greater in the 
sample with the larger amount of OH, On the 
other hand, at higher humidity (92 mmHg) the 
LHG-8H sample has velocities only about three 
times greater than the LHG-8L sample. The much 
greater relative decrease in crack velocities ob- 
served in the high OH glass with increased vapor 
pressure indicates that this glass is more suscepti- 
ble to blunting. 

4.5. Water condensation at crack t@ 

At 25°C and 22 mmHg H20, the measured 
crack velocities for both LHG-8L and H samples 
did not follow the expected temperature or KI 
dependence (see Fig. 9). The measured crack 
growth under these conditions may be affected by 
capillary condensation of liquid water at the crack 
tip as suggested by Crichton et al. [14]. Crack 
growth velocities are greater in liquid water com- 
pared to water vapor [5]. At 25°C the saturated 
vapor pressure for water is only 23.7 mmHg. 
Hence a water vapor pressure of 22 mmHg at 25°C 

Water Vapor Prsrwre (mm Hg) 

Fig. 8. Ratio of measured crack velocities in LHG-8H (128 
ppmw -OH) to that in LHG-8L (773 ppmw -OH) as a function 
of water vapor pressure. Data are for a 6 x 4  4. The line is 
drawn as a guide for the eye. 
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Stress Intensity (MPa'm'') 

Fig. 9. Crack velocities for LHG3L (H) and LHG-8H (0) 
measured at 25°C and 22 mm Hg. The solid curves represent the 
predicted crack velocities based on the Wiederhorn model for 
region I and I1 crack growth (Eq. (7)). 

is close to the dewpoint. Therefore liquid water 
may form at the crack tip due to temperature 
variations within the apparatus. In addition, the 
curved surface at crack tip can lead to capillary 
condensation as predicted by the well-known 
Kelvin equation [43]. The region of expected cap- 
illary condensation (for a crack tip radius of 1.5 
nm) is shown in Fig. 6. Note the condition where 
increased slow crack growth is observed also falls 
within this region. Measurements under similar 
conditions on another metaphosphate glass 
showed the same effect [14]. 

Apart from the increased crack growth veloci- 
ties, the data at 25°C and 22 mmHg H20 also 
depart from the expected linear dependence of 
logu with KI (Fig. 9). The curvature in these plots 
is similar to that seen in data on other glasses 
measured in liquid water and saturated water va- 
por environments [3 1,441. 

5. Conclusions 

The crack velocities for both LHG-8 samples in 
regions I and I1 can be described using Wieder- 
horn's chemical and mass transport limited reac- 
tion rate model for crack growth. The model is fit 
to the data using a single set of parameters that 

predict crack velocities as a function of tempera- 
ture, water vapor pressure and stress intensity in 
the absence of crack blunting and capillary water 
condensation at the crack front. 

An increase in OH content of the glass results in 
an increase in the slow crack growth velocities in 
region I and 111. We argue that the greater veloc- 
ities in regions I and I11 are due to a strength de- 
crease which we attribute to a reduction in the 
number of P 4 - P  bonds at the fracture surface 
caused by chain terminating P-OH. A simple 
model relates the glass OH content to the activa- 
tion energy for fracture. The activation energies 
predicted from this analysis correlate with the ac- 
tivation energies obtained by fitting the reaction 
rate model to the measured crack velocities. 

At higher temperatures and water vapor pres- 
sures, crack blunting is observed. Under these 
conditions measured crack velocities are less than 
those predicted using the reaction rate expression. 
An increase in the crack tip radius can account for 
these discrepancies. We propose that the steady- 
state crack tip radius is determined by a balance 
between the rate of mass transport (causing 
blunting) and the rate of crack propagation 
(causing crack sharpening). The higher -OH con- 
tent glass is found to be more susceptible to 
blunting. 
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contaminants bacausc they am difficult ehents to 
separate from Nd and therefore are common im- 
purity ions in Nd raw mattrials [q. 
optical absorption by impurities deaeases 

the net gain of a lasts glass ampli6cr. For example, 

is 
in the m-signal rCgiO& the amplifier gain, @, 

whue is the loss codkicnt (cm-') due to 
sca#eriag by dcf' and inclusions (such as bub- 
bles and Pt partick), and a w  and ~ a s r  represent 
the individual absorption codWcnts due to tran- 
sition metal ion, 2, and m e  earth ion,j, rcspcc- 
tivdy. l%c absorption codkicnt for a &ea ion is 
the produd of the extincton cmdkialt, E (an-'/ 
ppmw) and tlac i m p u r i t r a n l c u l ~ ~  e (ppmw). 
Gamdly, scatter losses cutncgligii (im the ab  - of lrsa damage) because of the higlIly pol- 
ished su&tccs and theladc of indusbs or bubbles 
m the laser glasscs used on laser systans @I. 
W o e  absorption by impurities is the domi- 
n s n t l o s s ~  

Apart fram macasing the optical losses, (a), 
imprrritics can also advcdy  Cf'FaCt Laser pafor- 
- b d = - b ~ - = w Y ~  
non- QlQgy losses p,n mlc fate of en- 
agy trandix between Ndy d an impmitr is 
gmxallydesaibedonthebasisofadipdbdipolc 
intmction usiagthc mddeloriginatty fonnalated 

and the impUritr the 'acceptor' (A); the energy 

bgF%~p9l8ndIlrttrarteadadbyDcxta[101.In 
the ~ ~ l n o d c 4  Nd- ir t h e ' h d  @) 

transferratebgivaras 

(3) 
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where q is a constant for a given base glass com- 
position and & is the intcr-atomic distanct be- 
tween the donor and acceptor. The integral 
describes the Spectrat overlap betwcen the donor 
emission, G ( v )  and -tor absorption &(v), 
where v is in wave numbers. Thus acceptors that 
arc the strongest absorbers at the emission wave- 
length tend to produce the greatest increase in the 
non-radiative decay rate. 

Them have been numerous studies of the optical 
absorption properties of Fe and other transition 
metal ions in phosphate glasses (scc for example 

26J. Howlcvm, only a fcw pnviouS studics have 
addressed the issue of optical loss at 1053 nmand 
or fluotcsccncc quenching by transition metal and 
rare earth ions present at impurity levels of slO00 
ppmw m Nddopcd phosphate laser glasses p,27- 
291. In this work, we report for the first time both 
the absorption loss and the ha-casc m Nd- non- 
radiative dacay ratedue to Fe and Cu over arange 
of doping concentrations from about 10 to loo0 

the absorption loss and f l u o m  QuenchiDg by 
several common rare earth impurities (Dy, Pr, Sm 
and Ce) doped mostly at lo00 ppmw. All- 
has been carried out in 8n oxididng cllvironmult 
(@&as; 1 ~ ) b e c a a s c t h c s c c a r e w i d C l y  
usedin- lascrglassproctsSing[6,30,311. 

[11-22D and fluorophosphak glasses m,21,23- 

PPW in two widely usad c o d  meca-phos- 
phate glasscs: LHa-8 and LG-770. we also report 
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laser, optical, and physical propexties of these 
two gtasscs are quite similar (flOo/r for most 
properties) suggesting that over the minor ranges 
in composition (and modifiers) listed above, the 
laser slass Ptoperties IargClY un-d 
M6,321. 

All glasses wen prepared using prootdures d e  
saki elsewhen p7,29] and using the same 
source and purity starthg materials. Impurity 
concu~trations wen d e d  by chemical analysis 
as dcsaibed below. Several undopcd samples were 
pnparsd as rdmccs. AIl samples wen melted in 
Quartz aua'blts with both dry bubbling and 
dry 05 cover gas and homo@d by stirring; 
prior to melting both the uuciik and stirru were 
cleaned with 6 M Ha to minimin contamination. 

and then refined for four homs at 1375% to re  
move bubbla Tbe LH-8 #rmplcsprnrelnepamd 
in a similar f d o n  using mdt taqxdum of 
1loooC and refining at 1250°C In the CRSC of both 
LHa-8 and LG-770, the liquid was thca coolbd to 
approximately 900°C and cast into a mold. The 
Oamplcs wcrc then almcakd to fcducc residual 
rtnss at a rate of about 3o"cm stating at ap- 
proximately MOOC (-WC above TJ and cnding 
nearroomtcmpcraturc. 

The use of a dry cover gas during melting was 
' m d  

by wrrta vapor naCting with the &ss [6,3q. The 
OH amcentration was mcasud by the intensity 

I n# mno #rmples - mdtcd rt iwc 

to mbimiac hydroxyl group ambmmt~ 

oftheo-Hvibra~onballd~3o0Ocm-'(34~q. 
Tbe llxuumd absmption at 3m an-1 for the 

I t L C  imppritr doping conceatration of cadi 
8amplcwasvaifiadby ~ o f f a n g d i s s o ~  
glass rolutions using indpctively coupled plasma 
(Ia) anission spa#m&q -0 Iris Model 
6943) for Fe and Ca and I B  mass spectrometry 
~ p a d o r d M o d d ~ f ~ ~ r u e e u t h s .  
sc, Berndlorprwaerrssd as inkmalstmdads 
&pmding on the anal* Nahld  Inrcitpte of 
Stadads and Tdmology trs#able stadads 
(SPBX Industfics) - used to catibrate the in- 
-t& Themcaslud doput ion-tra- 
tionS in the glasses wcrc in dose agmmcat with 
the batdl cQmposMons (flO?%i). 

IB77O was S0.6 and f a  thc LHG- 
8sampks S5an-l. 

2.2. NdJ+@orescence &cay 

The fluorescence decay rata were measured 
using 2 x 2 ~ 2  mm' polished glass cubes. The 
sample was held in an anodized mount and illu- 
minated with the broadband spectral output 
(-300-1100 nm) from a flashhmp @G&G 
IS1 130-4) having a 2 2  p pbwid th .  Two opti- 

tively blodced all but the visible pump wavelengths 
(340-620 nm). A photo-multiplier tube (Ham- 
amatsu RS108), mounted perpendicular to the 
finlrhlsmn, monitorad the fluorescene signal. An 
optical filter on the photo-multiplicr (Mcllcs M o t  
RG-850) blocked the pump light and allowed 
traasmission of the fluonsccnoe signal. The tan- 
pod dccay of the signal was rccotdcd on an os- 
cilloscope @cktronix TDS 380) and fit to a singie 
exponcatial function to debmine the dmactcr- 

erator @ckcrBlcctronics, TFG 814) is used to 
trigger the fiaddamp and doscope .  The fluo- 
rcsamce lifetime m corrected for non-radiative 
decay due to OH contamination using the empir- 
ical codation dcveloptd by Campbell and 
Suratwala [q. Also, a minor c o d o n  was made 
(< 21) Hz) for radiation trapping within the finite 
sample volume [361. 

cal filters (McIIcs M o t  KG-3 and BG-18) 

istic N e  . f l u o m  decay time. A F- 

2.3. Optical absorption mcanaanents 
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about the beam a i s  within the spectrophotometer. 
The average of the four tramma on meamre- 
mats was used to compute the absorption co&- 
aent (0; an-') using the exponential form of Beer's 
law [38]. The extinction coefficient (e, cm-l/ppmw) 
was then computed from the absorption coe5cicnt 
and the doping concentration (c, ppmw); E = alc. 

The optical absorption measurcmcnts at 1053 
nm were corrected for absorption by Nd- ions 
that thcrmaUy populate the '&1/2 terminal laser 
level using the empirical expression [4] 

. .  

-(T) = 1.03 x pdw] exp (F), (4) 

whcst -(T) is the ~OSS (a-'), md*] the Nd- 
dopant ion concentration (iodan3) and T the 
tcmperaturc (a. The Nd* concentrations used m 
this W y  ut 4.6 x loa0 and 4 2  x lP i o d a 3  
for the -770 and LHo-8 samples, rcspechly. 
Therefore the coxresponding 1054-nm absorptions 
at22%(295 Qdueto &Nd* are7.6 x 10-4 and 
7.0 x lo4 an-', rtspactivCy. 

No attanpt was madc to corm% for scatter 
losses m these optical quality glasScS because the 
Sprfaots WQt highly polishcd and prcparcd using 
t h t ~ p o l i s h i n g ~ ~ ~ ~  
mts of scattcrlosscs on highlypolishcdpiazs of 
phorphstelaserglassesha~becarcportadpnvi- 
o p s l y r r s i n g a n m ~ t p h c r e s u l ~ c t c r ( 8 ] ;  
tht nsults show smfacc 1- o f w  thaa s x 10-5 
per curface and bulk glasses losses 4 0 "  an-l 
(dddctionlimit). 

3.1. Optical t n e a s u ~ m  

1053 nm that camsponds to the 'F3r41~1p laser 
transition. 
Fig. 2 shows the mcarmred transrmssl * bnspecba 

for LC3-770 doped with various Fe impnritY con- 
C U I ~ ~ ~ S  but without Ndw; k'+ WILS oabeti- 
tutcd as tha raracarth dopant. Bcumsc of the lack 
of inw- by the Na" &sorption bands, 
these spectra show the m a .  absorpton bands 
dueto F$+ and F@+ betwcu~ about300-3OOonm. 
Thc band assignmats shown are basad on re- 
ported values for Fe €n phosphate glasscs 
[14,17,39,m "he abgarption below 400 nm k due 
to the tail o f ~ ~ r b r o r p t i o n  bands of Fe+ 
charge tfansfm sta!cs at about 195 and 240 11111 
(40,411. sjgctr p9 =kw the bands 

tivdy. 

at about 415,520 and 735 nm vg. 2(b)) to the 
FiH transitions 'A8-*E'A1, 'Z'j and 'z, respcC- 

Thensultsffomtransrmssl 'OlllnwmmmDtSon 
the Cu, Fc and rart earthdoped samples arc 
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summarizad in Table 1 as extinction coefficients at 
1053 nm. The extinction coefficients for the rare 

Dy 2 Sm 2 Pr > Ce. The extinction coefficients, E 

(an-'/ppmw), were calculated from the measured 
absorption coefficients, a (cm-I), by simply divid- 
ing by the impurity concentration (ppmw). It is 
straightforward to convert these reported extine 
tion coefficients to other common concentration 
units (e.g. ions/d, mom) from the known glass 
densities (2.83 and 2.59 g/cm3 at 20°C for LHG-8 
and LG-770, respectively). 

earths in LG-770 follow the observad trend: 

3.2. Non-radiative &wy rates 

The increase in the Ndv fluorescence decay rate 
CLC. quenching rate) due to the presence of the 

Table 1 (Hdppmw). The Quenching rate was 
computed from the measured f l w m c e  life 
times 

various metal ion impurities is summamd ' i n  

where r and Q are the Nds fluorescence l i f h e s  
for the doped and undoped samples, mpcctbly,  
p] is the impurity (acceptor) ion concentration, 
and kA is the decay rate per unit impurity-ion 
concentration. 'Ibe Nd concentration is fixsd. 

The Quenching rate by Cu is nearly 10-fold 
greater than Fe at ion concentrations of more than 
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300 ppmw 0.e. about 10 Wppmw Cu vs. 1 W 
ppmw Fe). The Fe quenching rate is about 40% 
lower in LHG-8 compared to LG-770; homer 
the Cu quenching rates arc nearly identical in both 
d==. 

The effect of the rare earth impurities on the 
Ndw non-radiative decay rate in LG-770 varies 
from about 0.064.9 Hz/ppmw (Table 1) and fol- 
lows the trend: D y Z  PrmSm>Ce. This trend 
approximately parallels that observed for the ab- 
sorption crossdon  of these ions (Table 1). 
LHG-8 samples doped with W showed about a 

ppmw at 4.2 x lP Nd i0dan3. 
twofold greater decay rate than LG-770 1.1 W 

4. Discussion 

4.1. Opticulabsorption by a( at 1053 nm 

The Cu2+ absorption at 1054 nm in- lin- 
early with Cudoping concentration giving an ex- 

m both LHG-8 and LG-770 (see Fig. 3). The 
mag&& of the Cuz+ extinction codkient is 
similar to that observed m other phosphate lascr 
gIasscs Uabk 2). In particular, Sa@ et al. [271 
q o r t  a value of 2 7  x cm-'/ppmw measured 
for LG-750 pnzpad in an & melting atmosphca. 
Thc composition of U3-750 is nportad to be 
nearly identical to LHG-8 [q. Hac we assume Cu 
is pnseat only as Cuz+ based on the work of Bae 
and Weinberg [13] who report lW? c$+ m funy 

tinction m a t  of about 2 7  x 10-3 a-'tppmw 

c q d i i a t a d  d t s  prepad in air using quartz 
Qodbfcs and containing lCss than so?? CUO. All 
tlacmdts m o u r r t u d y ~ ~ p s i n g q u a r b  
auciilcs and & and thus dsQthisaittria Note 

mcta*osp~cantainingCUdpnparedun- 
der neutral conditions (N3 haw dnction &- 
dmcr at 1053 nm about 20?4 k than mdts 
prcpfmd m 05 Pabk 2). mi8 mggerts some 
oonvlerson (-Wh) of Cu2+ to Cu+ under these 

p;Jrtinccon codkicnts for Cu impnritits at 
ppmw coaoclltfllfons in other glass forming rys- 
temshavcbeenreported.Ehrt~rcpn-tsavaluc 
of about 7 x lo4 an-*/ppmw m a fluomphos- 

that Ct d. PqnpOrt that& Of LG-750 

conditions. 
4.2. O p W  absorption by Fe 

In contrast to c$+, the extinction coetkimt 
for Fe at 1053 nm is concentration dqxndcnt be- 
lowaboutu)oppmw(F.i.i.4). Weproposethatthis 
concentration dependence is due to a shift m the 
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redox equilibrium between Fe? and FG+ at low 
doping levels. It is well known that Fe in glasses is 
distributed between Fc?+ and F@ and that this 
distribution depends on the miox state of the 
glass. In a study of barium aluminophosphate 
glasses, Zirkclbad~ and Briickner [14] estimate the 
distriiution to be abut 23% Fez+mo/o p@ and 
2% Fc?t75?? F@ for their glasses when melted 
in air and as mpcctkly. This distriiution is for 
a Fe doping level of 1 mol'!!&. They also dctcsminad 
the distriition of FG+ between octahedral and 
tetrahedral coordination by measuring the inb-  
s i t i c s o f t h c ~  * * bands for these two Sites 
near 1050 and 2100 nm, rcspdvdy. 

The Fc 1053-nm extinction codliciat reported 
hac is also dependent on thc glass although 
this etfta is much rmaa~r  than the doping con- 

In ws the FC CX- 

tinction COcffidQts di&s by about a factor of two 
between LHW and m-770 samples for Fc con- 
CQLtnfiOllll of 300 ppnw or gnata. The corngo- 
sitions of LHW and U3-770 di&r mainly m the 
group 11 modifks they am* BaO and Mgo, 
mqxctMy. Thus it is possii thesc modificm 

silicate glasses (see for example [1SS4Z43]. It is also 

CQLfrafiOll 

alter thc oxygen fugacity sufkintly to change the 

possile that the slightly difrkent melt tempera- 

Fe"/pe" ratio; nsch &eds a r ~  d l - h ~ m  in 
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tures used to prepare our glasses cause this Mer- 

were melted and refinad at 1200/1375"C and 11001 
125OoC, respectively. Standard melt thermody- 
namics favor FG+ formation at higher tempera- 
tures [20,21,43,44] that could account for the 
higher F$+ in the LG-770 sample. 
A comparison of the Fe extinction coefficients 

at 1053 nm determined from the optical trans- 
mission measurements and via laser calorimeter is 
given in Fig. 5. Absolute calibration of the calo- 
rimeter is dilk-ult but dative changes in absorp- 
tion caa be readily mtasurad. "herdore m Fig. 5 
we compare the relative changc m sample ab- 
sorption measwed via the calorimeter with that 
determined by direct transrmssl *onmcamcmmts 
on both LHG-8 and LG-770 samples. Data from 
these two measuremtnt tedlniques agltc to within 
the crzor limits shown (l?ii 5). 

am. Spccificauy the LHG-8 and LG-770 samples 
To more fully analyze our data, we chose to fit 

the m d  Fe extindon coefficient at 1054 nm 
to a single parameter equation of the form 

EFC = Glbuu - exp(-IFel/[FeI,)), (6) 

where, ek, is the Fe extinction coeflicient, e-, the 
limiting extinction coefiamt at Fe concentrations 
of lo00 ppmw and @?e], the Fe doping concen- 
tration (ppmw). The parameter, [Fek, is a char- 
aderistic doping density for the system and is the 
single fitting parameter. The best fit to the data for 
both LG-770 and LHG-8 samples give 
FcI,=l70 ppm. The measurad are 
1.79 x lo-' and 1.06 x lo4 cm-*/ppm for LG-770 
and LHG-8, nspactively (see Fig. 4). 

The data in Fig. 2 show therc is little change 
with concentration m the F@ distribution be- 

nation. Inst& the dominant reason for the drop 
in 1053 nm absorption appears to be due to the 
rdstriiution m Fe between the 2+ and 3+ states. 
The change in the ratio of Feme?+ can be mea- 
sured from the change m mtcnsity ratios for bands 
associated with 3+ and 2+ ions. 

The change m the Fe?+/Fe ratio at low dop- 
ing~ was vcritiad not only by mcaming the de- 
crease m Fe?+ but also the corresponding inatasc 
in F@ using the chmkm&c * .  bandat415nm. 
These data arc ploUulin Fw 6 as normaked FG+ 
and F@ extinction codkients, for various Fe 
doping levtls, The Wttincton COCffiCiCIlts arc both 
constant above about 300 ppmws however WOW 
300 ppmw the extinction c d i i c h t  for the 415 run 
bands (W+) inawes whueas the valut for the 
105Onmband(FiZ+)dcueasa ThcdatainF.i& 6 
(VC m t  to ~UU&ZUC the inacasc in FiWs how- 
ever, the absolute magnitude of the maease 
should be vicwlad with caution because of the lack 
of a numuicnl band fitting analysis. 

nbe obscmd change of the Fc%Ek?+ ratio 
without a c m m p d m g  changtindtingc4m- 
ditions (iie the oxygen prcswrc over the melt) is 
unusual but not witlaout pnxdam. acbov d d. 
[49 has reported similar behavior for Fe m silicate 
-*at low doping levlcls (<SO0 ppmw Fe 

trations the F e m e  ratio is determined by the 

twear &CS Of tctrahadral a d  octahbdral cootdi- 

doping). cfiebov that at high FC C O ~ -  
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stnddutal association @e. correlation) between the 
F$+ and Fe* ions because of their dose prox- 
imity. However, he proposes that at low concen- 
tration the ions become spatially separated and are 
no longer correlated and consequently, the F$+/ 
F e ~ a t i o  changes due to Iodized site (stmc€ural) 
daangcs. If Gkbov's physical dtsaiptiw. is cor- 
rcc&thcnthethra&mk * *  F b F e i u ~ t o m k  
distance for this changc corresponds to the average 
spatial separation at the - iron con- 
ccutration dctamiaad via Eq. (6). This sep 
aration is about 55 A for Fe,- 170 ppmw. 

Inatclat4dstudy,BaeandWeinbetg[13]report 
changes in the CuWCu+ ratio with total Cu con- 
ccatration even though the melt CllvirOLLmcLlt re- 
mains unchangad. Likc Gltbov, they atso suggest 
this is due to structural (site aocommodation) 
tffccts. 

. .  

4.3. Optical absorption by Dy, Sm, Pr and Ce 

TheeJainctioncoefficlcn tsnportedhaefotDy 
and sm m u3-770 arc similar to the vahxs le- 
ported by Toratani [281 fot a germani- 
phosphate glass (Table 2). S i y  the value for 
Pr is only about 1&WA lowex than Sm and Dy, 
nqxchly. Thc extinction coefkicnt for Ce is 
about 50-1WA lowex than the other rare earths 
for these samples melted in 1WA 02. The small 

extindon coeflicents are simply representative of 
the fact that only the tails of the characteristic 
absorption bands for these rare earths extend to 
1053 nm [4q. 

4.4. Analysis of measured quenching rates 

The measured quenching rates are analyzed 
using the FEirster-Dexter theory for dipolar energy 
transfer [7,9,10] that was discussed in Section 1. 

m d  quantity kA[A] from Eq. (5) and thus 
The! Quantity kDA given by m. (3) k C q U d  to the 

The data in Fig. 1 show that the impurity ab- 
sorption, &(v), is approximately constant over 
the fraquency region of the donor emission bands 
and thus, this term can be moved outside the in- 
tesral 

when iL is the mean absorption over the emission 
band and is proportional to EA [A], the acceptor 
extinction codl6cicnt at the emission band maxi- 
mum. Eq. (8) can now be written m the useful form 

kA = @A, (9) 

where B is a constant for a ked Nd concentration 
and a given glass composition 

Note that we have replacad qR& with q'[A][D], 
where [o] is the Nd (donor) concentration. The Nd 
concentration used m this study, 4 x loa0 ions/ 
a' while the impurity doping densities are 
4 . 3  x loa0 i0llda.n'. In words, Eq. (9) states that 
the measurad decay rate, on a pcr-ion basis, should 
vary dimctly with the impurity (acceptor) extinc- 
tion codlicicnt for samples containing a fixad Nd 
doping level. In the case of a*+, the extinction 
miikient is nearly constant for all Cute doping 
concentrations in both LHG-8 and LG-770 sam- 
ples (pig. 3). Similarly the Nd decay rate per Unit 
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Cu doping density (Le. Wppmw) is also nearly 
constant (Fig. 7) as predicted by Eq. (9). 

In contrast to Cu2+, the Fe extinction coefficient 
depends on the concentration as shown in Fig. 4 
and discussad in Sadion 4.2. Therefore, based on 
Eq. (9), one expects the decay rate, kk, to vary 
with the concentration in the same fashion as eR; 
this is found to be the case (Fig. 8). The line shown 
in Fig. 8 is calculated by the expression 

k c  = B&k, (11) 
where e k  is the extinction coefficient at 1053 nm 
for Fe given by Eq. (6) and /I is 7.8 kH~/cm-~ as 
determined from the m d  kp, and ~ p c  at Fe 
doping concentrations of lo00 ppmw. 

The quenching rate for the rare earths follows 
approximately the same trend as the extinction 
coefficients. Note however that whereas the ex- 
tinction codficients differ by more than 10-100 
between the rare earths and Fe and Cu, respai 
tively, the corresponding difference in quenching 
rates is about an order-of-magnitude less 
Uable 1). 

5. Condusions 

The Fe extinction mffiaent at 1054 nm in two 
ma-phosphate laser glasses dea#ises by more 
than 10-fold from about 1.1 and 1.8 x lo-' an-'/ 
ppmw to less than 1 x 10-5 an-*/ppmw with a 
change m Fe doping concentration from lo00 to 
30 ppmw. In umtrast, the extinction CoCfficltLl tfor 
Cu remains constant at about 2.7 x lo-' an-'/ 
ppmw over the same doping range. The quenching 
rates for these two ions follow the same behavior 
as thechangeinextiectioncoefticients aspredidad 
by F6rstcr-Data theory for dipolar energy 
transfer. 

The unusual behavior of Fe is shown to be 
caused by a change m the F&Fe'+ ratio even 
though the melt conditions remain constant. This 
change is proposed to be caused by structural ef- 
facts on the Fadox distriiution similar to that 
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reported by Glebov et al. [4s] in silicates at low Fe 
doping concentrations. 

The extinction coefficients at 1053 nm of the 
rare earths Dy, Sm, Pr and Ce are 10-100 times 
kss than Fe and Cu at lo00 ppmw doping levels 
and follow the trend Dy 2 Sm ta Pr > Ce. The 
quenching rates follow the same trend but are only 
about 2-10 times less than Fe and Cu, respectively. 
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5.5 Platinum Particle Detection in Phosphate Laser Glasses 

5.5.1 Source of Platinum Particles 
Platinum and platinum alloys have been used successfully as container materials in the glass 

melting industry since the 1940’s to produce very highquality, homogeneous optical glasses. 
Although relatively inert, platinum still produces some level of contamination in glasses. This 
contamination is in the form of either microscopic platinum particles (inclusions) andor low levels 
(ppb to ppm) of ionic (dissolved) platinum. In most applications, the level of contamination is 
sufficiently low that the optical performance of the glass is not effected. However, with the advent 
of high-peak-power lasers, it was discovered that platinum inclusions produd h c t w  sites when 
irradiated above a certain fluence threshold (Fig. 5.5.1) r5.5.1-31. Since that time, significant effort 
has focused on trying to reduce or eliminate inclusions in both laser glasses and other laser optical 
components. 

The two major laser glass manufacturem in the world (Schott Glass Technologies, Inc., Duryea, 
PA and Hoya Corporation, Fremont, CA) have each developed proprietary melting processes that 
largely eliminate Pt inclusions from laser glasses. The basic physics and chemistry underlying 
these processes were jointly investigated by LLNL and the two glass companies and the results 
from this work have been published elsewhere [5.5.4-71. In brief, it has been shown that pt inclusions 
can be eliminated by using oxidizing process conditions that dissolve the inclusions in the glass 
matrix; platinum present in the dissolved (ionic) state presents no damage threat. Phosphate glasses 
are the best compositional choice for making Pt-inclusion-free glass because phosphates have much 
greater platinum solubility than either silicate or fluorophosphate glasses. By using an oxidizing 
gas environment and other proprietary process conditions, the platinum inclusion concentrations in 
phosphate glasses can be r e d u d  from the typical range of 1@ to loa/,, to less than 102/m3. Most 
laser glass optics contain less than about 15 liters of glass and thus are essentially free of platinum 
inclusions. % r  i I 1 )  

An important part of the success of the 
of a quality mnmi tool to detect the few 
of the inclusions am less than 5 to 20 pn and themfore they are too small to be seen visually with 
the unaided eye. + I  In addition, the glass parts are too large for inspection utilizing conventional 
microscopy. Thus LLNL has developed a series of platinum particle inspection systems that use a 
commercial high-@-power laser to automatically scan the entire laser glass optic. When the 
laser beam irradiates a Pt-inclusion it causes localized fracture (that we call “damage”) that on 
subsequent shots grows to a size where it is easily detezted by visual examination. These system, 
which am the subject of this chapter, are fully automated and compatible for use in a production 
environment 155.81. 
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Figure 5.5.1 Photograph of a 315 x 615 mm2 laser glass disk showing fracture sites from laser 
induced damage of Pt inclusions. The drawing is a schematic representation of the 
typical damage morphology. 
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In the sections that follow, we first give a brief discussion of the damage mechanism of Pt 
inclusions subject to high fluence laser light followed by a description the R-particle scanning and 
inspection systems that are in use at the manufacturing facilities. These systems have recently been 
upgraded in preparation for the continuous laser glass production campaigns required to build future 
high-peak-power fusion laser systems; a full description is given of the upgrades. 

These damage systems are designed to test an entire large laser optic under the fluence 
conditions it will see in application. The successful use of these systems in a production plant 
environment has established a trend for customers purchasing not only laser glass but also other 
optical components to be used in high power laser applications. For example, laser scanning systems, 
such as those described here, are also used for testing multi-layer dielectric coatings installed on 
high-peak-power lasers systems. 

55.2 Basis for Platinum Particle Detection: Laser Induced Damage 
Key to the detection of Pt particles in glass is the fact they damage when irradiated at a given 

laser fluence. This "destructive" detection technique is the basis for the inspection process we use 
today, thus details of the damage mechanism are briefly reviewed. 
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Figure 5.5.2 Optical photographs at two different magnifications of a typical damage site 
showing the characteristic radial fracture and polar lobes discussed in Fig. 5.5.1. 
The highly fractured spherical "rubble zone" surrounds the location of the origi- 
nal inclusion. 
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Most platinum damage sites are distinguished by a series of radial fractures that form a circular 
pattern perpendicular to the beam direction. In addition, two minor fracture lobes are often observed 
extending above and below the radial fracture plane. This damage morphology is shown in the 
schematic drawing given in Fig. 5.5.1 and the fracture pattern is clearly visible in the photographs 
shown in Fig. 5.5.2. The damage occurs at laser fluences above about 2.5 J/cm2 at a pulse length of 
1 ns. 

To verify that the damaging inclusions are indeed platinum, glass samples have been core- 
drilled from a number of damage sites in the laser disks. The cores were then cleaved at the plane of 
the damage fracture and analyzed by energy dispersive x-ray (EDX) using a scanning electron 
microscopy (SEM). Figure 5.5.3 shows typical SEM back-scattered electron (BSE) images of one 
such sample at two different levels of magnification showing the typical glass conchoidal fracture 
pattern of the laser damage site. At the center of the photograph is a high-atomic-number particle 
that can be clearly seen by the white image it produces in the high-magnification BSE photograph. 
The EDX analysis of several such particles verified that they are platinum. 
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Figure 5.5.3 SEM back-scatter electron images at two different magnifications of a cleaved 
damage site. The remaining kernel from the original platinum inclusion is the 
small white particle that can be seen near the center of the lower photograph. 



Studies of laser damage caused by platinum inclusions can be broken into two categories: 
(a) theoreticaVmodeling studies[5.5.9-13] and (b) damage threshold measurements [5.5.2,14-171. 
The first combined study of damage measurements and modeling was done by Gonzales and Milam 
[5.5.18] and Pitts [5.5.19] as part of an analysis of damage in the laser glass of the 100 kJ Nova 
laser system at the Lawrence Livermore National Laboratory (LLNL)[5.5.20]. 

Gonzales and Milam measured the platinum damage threshold and then repeatedly irradiated 
the inclusions to determine the rate of damage growth. Undamaged glass samples containing 
platinum inclusions were cut from phosphate glass amplifier plates. The major dimensions of the 
inclusions ranged from 4 to 75 pm. These samples were irradiated at normal incidence with 1 . W p m  
pulses for durations of 1.3,9, or 50 ns. 

Gonzales and Milam defined the damage threshold as the appearance of one or more fractures 
extending a few micrometers into the glass surrounding the inclusion. These initial fractures had 
shapes that were peculiar to individual inclusions. After a few irradiations at fluences above threshold, 
the damage usually evolved into a circular, planar fracture oriented perpendicular to the incident 
beam. This damage morphology is the same as that observed on operating laser systems (Figs. 
5.5.1 and 2). 

In most experiments, repeated irradiation of an inclusion caused damage growth to sizes 
larger than 250 pm; note that 250 pm is the maximum size defect allowed in optical materials used 
on the LLNL laser system. This is clearly shown in Fig. 5.5.4 from Gonzales and Milam. Here the 
inclusion survived three irradiations at fluences up to 2.4 J/cm2 and was first damaged during the 

Figure 5.5.4 Photographs showing growth in damage around a 75-pm inclusion (initial size) 
during 12 irradiations by 1-ns, 1.064-pm pulses [5.5.18]. 
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fourth shot at 3.8 J/cm2. Damage grew rapidly during subsequent shots at higher fluences, eventually 
reaching a size much larger than 250 pm. Note that damage ceases to grow if the fluence drops 
below the initial damage threshold (Le. 2.5 J/cm2). 

Gonzales and Milam found the damage threshold to be independent of platinum inclusion 
size at all three test pulse durations used in their study. This observation is explained by finite- 
element heat transfer calculations by Pitts who shows that at short pulse lengths the laser energy 
which is absorbed at the surface of the platinum inclusion has insufficient time to diffuse into the 
particle, thereby causing a thin skin of platinum to vaporize. Pitts postulates that this rapid ablation 
of material produces a shock wave that propagates through the inclusion and is transmitted to the 
glass. The combined stresses produced by the shock wave and the vaprized platinum causes localized 
glass fracture. 

1 1 1 1 1 1-1 1 1 1 

- 
n*ra- 

Figure 5.5.5 (a) Model repmentation used by Pitts[5.5.19] to simulate transient temperature 
distributions in a platinum inclusion irradiated from the top with a laser pulse; 
(b) calculated temperature contours at 1 and 10 ns for a 5-pxn-radius platinum 
inclusion embedded in a phosphate glass and irradiated with a 1-ns laser pulse 
having a fluence of 3.7 J/cm2. 

. F  ; )&" 

The finite-element modi1 us& to represent the physical system is shown schematically in 
Fig. 5.5.5. The inclusion was modeled as a spherical particle; a variable fmite-element mesh size 
was used to increase the computational accuracy in the regions of greatest change Also shown in 
Fig. 5.5.5 are the thermal profiles predicted for a platinum inclusion irradiated with a 1-ns pulse of 
1 M4-p laser light at a fluence of 3.7 J/cm2. The thermal profiles shown are for two time periods: 
1 ns (immediately at the end of the pulse) and 10 ns (9 ns after the end of the pulse). The profile at 
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10 ns shows the cooling that occurs at the inclusion surface as a result of radiation plus thermal 
conduction into the platinum; there is negligible heat conduction into the surrounding glass due to 
its low thermal diffusivity compared to Pt. Peak temperatures at the end of the pulse are high 
(greater than lO,OOOK), suggesting significant vaporization of platinum with associated plasma 
formation at the inclusion surface. 

Table 5.5.1 summarizes the calculated maximum platinum surface temperatures and 
corresponding pressures of vaporized platinum for laser shots at various fluences. The pressures 
are obviously sufficient to propagate fractures. It is proposed that damage will occur if the platinum 
surface temperature exceeds the n o d  boiling point of platinum (Le. T > 4100K). This is somewhat 
of an oversimplification because the platinum is in a constrained volume. Nevertheless, it is clear 
that for relatively small temperature increases above the platinum boiling point, the pressures will 
become exceedingly large and produce fractures. Note that apart from this assumption about the 
onset of damage, the model has no free parameters 

'hble 55.1 Model predictions of platinum inclusion surface temperature and pressure at various 
incident laser fluences [5.5.19] 

Maximum platinum Maximum platinum 
Incident fluence Absorbed fluence Pulse width temperature vapor pressure 

( J/cm2) (J/cm*) (ns) (K) (10II Pa) 

37 10 1 1.3 x 105 2.8 

18 5 1 7.6 x 104 1.5 
3.7 1 1 1.5 x 100 0.5 
1.8 0.5 1 6.5 x 103 <<OS 

1.5 0.4 1 5.3 x 103 <<os 
3.7 1 10 4.5 x 103 - 

The high temperatures predicted by the model calculations are confmed experimentally (at 
least qualitatively) by the strong plasma light emission that always accompanies R-inclusion damage. 
Also, the plasma emission supports the contention that damage is initiated by the high pressms 
produced by platinum vaporization rather than by simply solid state thermal expansion differences. 

The results of model calculations are compared with measured Pt inclusion damage thresholds 
in Fig. 5.5.6. The agreement is generally quite good although the model predicts a toJ dependence 
with pulse length whereas experimentally a P dependence is observed. The model also predicts 
the damage threshold will be independent of particle size (for inclusions greater than 1 p) over 
the 1-50 ns region; this also agrees with Gonzales and Milam's experimental results [5.5.181. 
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If inclusions are eliminated from the bulk laser glass, the damage threshold is limited only by 
the quality of the surface finish. The fluence limit due to surface damage is also shown in Fig 5.5.6 
where the surface damage threshold is plotted versus pulse length for laser glass as well as fused 
silica. The surface damage threshold for finely polished glass samples follows a P4 pulse length 
dependence. Note that by eliminating Pt inclusions the fluence limit in laser glass increases 10-fold. 
This clearly illustrates the critical importance of producing Pt free glasses for laser applications. 

Figure 5.5.6 Platinum inclusion damage thresholds vs. pulse length measured by Gonzales 
and Milam and predicted by Pitts; also shown, for comparison, axe measured surface 
damage thresholds for finely polished laser glass and fused silica. 

As might be expected, the platinum damage threshold is largely independent of glass type. 
Campbell et al[5.5.6] have summan& ' the results from platinum damage threshold measurements 
carried out on various glass compositions [5.5.2,15-181; these data show good agreement with the 
measurements by Gonzales and Milam and the model predictions by Pitts. 

In summary, studies of platinum inclusion damage have lead to four key conclusions important 
to the design and operation of the inclusion inspection systems: (1) the damage is caused by the 
high stresses produced by platinum vaporization and is accompanied by visible-light emission; (2) 
the damage threshold is independent of particle size for inclusions larger than 1 pm over the range 
of laser pulse widths of interest for most high-peak-power laser applications (1-50 ns); (3) the 
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damage thresholds are roughly independent of glass type; and (4) the measured damage threshold 
for Pt inclusions in phosphate laser glass scales by the relation: 

D, = 2.5 t? (5.5.1) 

where D, is the damage threshold (J/cm2) and tp the laser pulsewidth (ns). 

Finally, we note that dielectric inclusions (e.g., refractory ceramic particles) also damage 
when subjected to high fluence laser irradiation. The damage thresholds at 1064 nm for ceramic 
inclusions depends on the material composition but, as a general rule, damage initiates at fluences 
about 2-3 times greater than Pt inclusions and appear to scale. approximately as the square root of 
the laser pulse length. Like Pt, the damage from these inclusions grow with subsequent shots. 

5 5 3  Description of the Pt-inclusion Inspection System 
Current Pt-inclusion inspection systems use a commercial Q-switched Nd-YAG laser (Spectra 

Physics, Inc. Model GCR 290-30) and a custom x-y stage (Newport Instruments Inc.) to 
automatically scan the entire volume of glass for the presence of damage producing inclusions 
(Fig. 5.5.7). The laser operates at a 30 Hz repetition rate producing 10-ns output pulses, each having 

- Clean enclosure 

Figure 5.5.7 Photograph showing the physical layout of the LLNL platinum inclusion 
inspection system; note the laser glass plate mounted on the large x-y stage 
enclosed within the curtained, class 100 cleanhood. 
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a maximum energy of about 1.0 J. The output from the laser is a collimated 1 3-mm-diameter beam 
that is fed to an energy attenuator consisting of a half-wave plate and thin-film polarizer (Fig. 5.5.8). 
The attenuator is used to control the beam energy delivered to the sample by simply rotating the 
half-wave plate. The attenuator has the advantage of allowing one to vary the beam energy without 
adjusting the laser operating conditions, thereby providing greater overall system stability. 

(a) Class 100 clean enclosures 
Polarizer Half-waveplate 

Figure 5.5.8 Schematic drawing of the (a) optical and (b) control system layouts of the 
platinum inclusion damage test system. 

The beam is directed towards the sample using a series of dielectriccoated mirrors and focusing 
optics consisting of a positive-negative lens combination with an effective focal length of 16 m. 
The focusing optics produce an approximately 2 mm diameter gaussian-shaped far-field spot at the 
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sample plane. The length of the beam waist at the focal plane is much greater than the sample 
thickness so that the fluence remains constant throughout the sample volume. A helium-neon laser 
is co-aligned with the Nd-YAG laser to assist in beam path alignment and sample positioning. 

A beamsplitter, located between the focusing optics and the test sample, sends a portion of the 
beam to a CCD camera (Cohu model 4800) and an energy meter (Molectron Joulemeter model 
EPM 1OOO) that monitor the energy and beam profile of each pulse. The CCD camera is part of a 
commercially available beam profile system (Coherent Instruments); a typical beam profile is shown 
in Fig. 5.5.9. The beam profile system is used to trigger the laser through a pulse generator (Stanford 
Research Systems) that operates at 30 Hz. The laser beam characteristics are continuously monitored 
by the beam profiler and automatically compared to pre-set pass-fail characteristics. If the measured 
beam characteristics fail, the beam profiler sends an alarm to the control system. The control system 
then initiates a beam interrogation sequence that either corrects the scan parameters or terminates 
the run. 

Figure 5.5.9 (a) Test beam spatial profiles through the peak intensity in both x and y 
directions; the beams are near-gaussian. (b) Contour plot showing the spatial 
energy distribution in the far-field spot in 1 J/cm2 contour intervals. The shaded 
region denotes the beam size where the fluence exceeds the minimum test 
requirement of 7 J/cm2; also shown is the single shot step increment for scans 
in the x and y directions. 
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The x-y stage (Newport, Inc. Model MD4) has a range of movement of up to 1-m in either 
dimension and can scan meter-size pieces of glass weighing up to 200 kg. The stage moves the 
sample continuously in front of the laser beam and the scan speed can be varied to produce either 
single or multiple shots through the sample. 'Qpically, we use scan rates that give between 5 to 10 
shots through the entire volume. The stage, the laser and the optical train are contained in class 100 
clean enclosures to minimize possible damage to the optics and/or test sample from dust or other 
contamination. 

The laser, stage and associated beam diagnostics are controlled by a computer (Dell-PC) and 
standard GPIB controller (National Instruments) (Fig. 5.5.8b). The stage motion is controlled using 
a plug-in card (Newport Instruments model MM2000) and motor driver. In addition, a joystick 
allows manual positioning. The control system continuously archives the key test parameters (beam 

dimensions, peak fluence, energy, beam location and scan rate) on a hard disk. 

A coded safety interlock system controls room access while the system is in operation; any 
inadvertent or unauthorized entry trips the interlock and de-activates the laser system. The room 
interlock controller is interfaced to the computer through a data acquisition card (National 
Instruments). 

55.4 Inclusion Test SpeciFcation and Procedures 
The test specifications must, of course, fit the intended application of the glass. Therefore the 

specifications given here should be considered as guidelines. Current laser glass manufacturing 
specifications require the average inclusion density to be 2 or less within the clear aperture of a 
single laser glass plate containing approximately 15 liters of glass (Le., 0.13Aiter); this average 
applies toa lot-size of 10 slabs. Generally, up to five inclusions are allowed in any one glass plate 
as long as the average for the lot stays within the 0.13 inclusionfliter specification (Table 5.5.2). 

The reason for the allowable variation in inclusion density is a matter of economic and 
engineering practicality. To quire  zero inclusions in all parts, particularly for an order of several 
hundred to several thousand plates, may result in enormous yield losses and prohibitive costs. In 
addition, a few small inclusions do not necessarily render an optic unusable. In general damage 
due to small inclusions often stops growing after reaching some maximum size; this maximum is 
usually attained within 50-60 high-fluence shots. As long as this size remains below a Limit acceptable 
for the application (e.g. about 250 pm) then the slab meets specification. Note however that the 
total number of inclusions in the laser glass must remain low to avoid transmission losses due to 
scattering. 
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Table 5.5.2. Summary of typical Pt-inclusion specifications for laser glass used in fusion research 
lasers. 

Sample damage test conditions: Wavelength: 1053 to 1064 nm 
Incidence angle: - 90" 
Fluence: - > 7 J/cmZ 
Pulsewidth: 8 ns 
No. of shots: 100 
< 0.1 to 0.2 per liter 
25 mm 

1 damage spot 0.50 mm (largest dimension) and 
remainders 0.25 mm (largest dimension) 

Inclusion density: 
Minimum distance between inclusions: 
Maximum number of inclusions: 0.35 per liter ' 

Inclusion damage size after testing: 

In certain cases it may be necessary to quire zero inclusions in the laser glass part, particularly 
small optics to be used in high-fluence applications (e.g., laser rods). In such cases the glass 
manufacturers can often cut the part from the raw glass blank without including any inclusions. 
This fust requires that the location of the inclusions be identified using the laser scanning system. 

Also, in some cases, statistical testing may be adequate. For example, the Laboratory for 
Laser Energetics (LLE) at the University of Rochester, has used statistical testing of R-inclusions 
in their laser rods (up to 370 mm length x 90 mm diameter) with good success. 

During testing the glass is first cleaned with standard liquid glass cleaner and then either 
manually or mechanically loaded onto the stage. The control system starts the laser either upon 
operator command or at a pre-set time. The control system automatically initiates a beam 
characterization sequence that sets the stage velocity to match the desired test conditions (Le. shots- 
per-site). The sample is then irradiated at near-normal incidence with up to 10 shots per site at a 
fluence level between 7 and 14 J/cm*. At this fluence, any platinum inclusions in the glass will 
produce optically visible damage sites. This fluence corresponds to about twice the damage threshold 
for platinum inclusions in glass assuming a l ens  pulse-width (see Equation 5.5.1). A test scan may 
take only a few moments for a small glass piece or up to 8 hours for larger pieces. Because the 
system is automated, it can operate unattended and archives the data as the scan proceeds; it also 

shuts down the laser at the end of the test. 

Following the scan, the part is removed and taken to a separate visual inspection station 
where it is mounted on a black felt base. The room is darkened and a visual inspection is perfom4 
by illuminating the Sample from the side with several intense fiber-optic, white-light sources. Vkual 
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inspection generally takes about one hour for an 80 x 46 x 4.5 cm3 glass plate. Automated damage 
mapping system are presently under development and offer the promise of greatly reducing the 
time required for post-damage inspection. 

When damage sites are found they are marked and sized using optical microscopy (40x). In 
some cases an additional 90-shot test is performed on each damage site [5.5.6,8]. The purpose of 
the 90-shot test is to grow the damage to its maximum dimension. The 90-shot test usually takes 
only a few minutes. After the 90-shot test, the damage sites are re-measured for growth. If the 
damage site is still within specifications (e.g. Table 5.5.2) the part is accepted. 

545.5 Past System Operational Experience and Current Status 
Pt inspection systems, such as those described here, have been in operation at the two major 

laser glass manufacturers (Schott Glass Technologies and Hoya Corporation) since 1986. They 
have proven reliable, with less than 5% down time, and have become an integral part of the glass 
manufacturing process. These inspection systems have been used to qualify the laser glass that is 
currently in use on all the large high-peak-lasers around the world (Nova and Beamlet lasers [LLNL], 

Phebus [CEA, France], Omega Upgrade &LE, Univ. of Rochester], and Gekko XII wniv. of Osaka, 

Japml). 

Presently, the US Department of Energy and the French Commissariat a 1’Energie Atomique 
(CEA) are each designing and constructing fusion ignition laser systems with output energies of 
nearly 2 x 106 J and powers of nearly 5 x 1014 W. These laser systems will each require 3000-4000 
large plates of Nddoped phosphate glass. In preparation for this manufacturing campaign, LLNL 
has installed the second generation Pt-inspection systems described in this chapter at each of the 
laser glass companies. These new systems have been used in test melting campaigns and proven to 
be as reliable as the earlier systems while at the same time being much easier to operate. 

Laser glass is not the only optical material r e q W  to have a high damage threshold. As a 
consequence, scanning systems have recently been built or are under construction for testing other 
optical materials such as fused silica and multi-layer dielectric coatings (e.g., high reflectivity mirrors 
and thin frlm polarizrs). Such systems also may prove useful for the detection of inclusions (either 
metallic or dielectric) in other high-value glass articles not necessarily intended for high-peak- 
power laser applications. 
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about 100 Ib. schott had produced 250 of 
the slabs by the begiiing of April using 
thecontinuanmeHprocess,HltriChis20 
times faster than the previous one-slab-af- 
a-timelx%tchmettingtechnology. 

demomtmtes that NlFs remaining techni- 

Late last summer, NIF management came 
under US Deparbnent of Energy sautiny 
because of a reported $3O(hniUm cost 
wemm and a schedule dehy of at least 
one year. Technorogical ooncems raised by 
unofficial sources inducded target fatnica- 
tion. diagnostics. and gfass clevekrpment 
and delivery. 60th NIF glass vendors had 

cal challenges an3 rapidly being solved.' 

demonstrated last year that continuous 
glass melt was possible. but at the time 
they were unable to achiew all of the 
p r o $ d S ~ ~ t i O n s .  

A m j o r o m c m  was traces ofhydroxyl 
group contamhation ill the Cec'+ ~ 

due to moistm in the atmosphere and raw 
:materials. lnttial attempts to remow the ' 

mdstutrEtdegradedoherglrzssproperties, 
but cooperative reseam by UNL, Schott, 
and Hoyaduringthe last six months has 
OveccOme thw3 probhms, 8ccocdjng lo the 
UNL statement. FoHowlng the current suc- 
cessful demonstration of the new technolo- 
gybyschott,both-~areexpectedto 
begh produdion campaigns using the con- 
tinuousmetl process early next year. 
~ t c o s t s f o r c o n m U o u s i n e ! t  
technology were shared equally by U L  
and CEA.--HJ-B 

- 
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SDL Tests Raman 
Amplif icrr 
Researchas fiom SDLInC. 
of San Jose, Calif.. and 
AT&T Labs-Researoh of 
Red Bank NJ.. have re- 
ported thatthdr fidd tests 
show that distributed 
RamRn amplification im- 
provesthepafonmanceof 
l O . o b / S ~ ~ e n g t h  w- 
aion multiplex transmis- 
sion. They used 40 Inn of 
fnstallad older-vintage tlber 
to demonstrate that SDUs 
RL3ORamanpumpmod- 
des can be lnmrporatcd 
wotzdsthgtnrrstrielnet- 
works without damaglng 
the fiber or connedors. 
The researchers esti- 

mate that, at optimum 
pump power levels of 650 
mW. the 1743 average 
channel Q-value would en- 
abktraasmisaioawcrup 
to seven 120-km spans. 
rather than three wtth- 
out Raman amplification. 
pump powers of up 63 950 
mW did not damage the 
fiber. 

Space-Bared Laser Boosts Power 
An Apd 24 test of the megawatt-claas hy- 
drogen-fluoride chemical laser known as 
Alpha increased the output of the devlce 
by apprmdmately 25 m t  and improved 

-vas built its beam cP - * ! 
by TRW Space and Electronics Group 
of Redondo Beach, Callf., in 1989 as a 
test bed for the US Ballistic Missile De- 
fense orpanizatian's Space-Based Lascr 
P m m -  

(the drcular, gold fixt&re at their fett), 
which msmct the size of its lasing cavity. 
Brooks McKinney, manager of medh rela- 
tions at the company, said the next stcp 

in the fechnology maturatontcsts is to optimize the c h d d  flow rates ofthelaser 

- -  - 

Tecfinicians removed Alpha23 clippers 

to lmpmve its -fuel mfleege." 

Syntbrof ron Produces Femtomoad Pulses 
A team at Lawrenee Berkeley National Laboratory's Advanced Light Source in 
Berkeley. Callf.. reported ln the March 24 issue of sedence that it had produced 300- 
fs x-ray pulses with the facility's 1.5-GeV synchrotron. Improved designs should pro- 
duct LWfs putseS for M y  probfng the atomk-scalc structural m i c s  of con- 
denmimatter. 

The researchus hjected af-wnd pulse Qorn aTksapphire'aser Snb areso- 
nantlytunedwigglermagnetwitha30-ps electron bunch Bendmago& separated 
the x-sap from the energy modulation produced ih the electrons. ,, 

maaS am underway to decrease the distance between the magnets, a move that is 
to ykld 100-fs pulses. Replacing the bend magnet8 with a0 undulator should 

incnase the flux to 107 photons per second for studies 1id-n H m -  ; w n h d  x-ray dif- 

Sckott Turns Out 61ass for Ignition Fadlfty 
FoIlawingmonthsofcoopaathrc 
research with Eo- Corp. of 
Frcmont. W.. W o t t  OIUe 

pa.. has achieved ConUnuous 

for Lawrence Llvermore Ra- 
tional Laboratory's National 
Ignition Facility in Llvenaorc. 

duce the dab6 20 times faster 

news for the W U o n  project. 

mintstratlve. budgetary and 
tcchntcal problems. 
Tht NatlonaI Ignition F a d @  

Technologits Inc. of Duryea. 

producuon of laser g b s  slabs 

W. The poces~ ahauld pro- 

-bY-mdw-f&od 

which has beenplagud by ad- 

will requfre moG than 3500 of the neodymtum-doped phosphate &ass slabs. The de- 
velopment costs of the produdion process have been shared with the -t 
a L'Energie Atomique of France. which also will use the glass ~n its Laser Megajoule 
Pr0l-t- 
44 PHOTONICS SPEClRA 

Bell Labs Extends 
3-Tb/s Iransmission 
EdI Labs ln Murray Hill. 
NJ.. he8 annomwl sue 
ceEsiulw-trans- 
m i s d i 0 ~  at trlple-terabit 
speeds:lhe 
displayed transmission of 
82- at40 Gb/s 
ovrtf - loo-lrm spans 
of parent Lucent Tcch- 
uox*es Ipc..s mewave 
flber. ! 

The qxperiment em- 
ployed 40 channels in the 

band. Both dense wave- 
ltngth dfvision multiplur- 
i n g a n d ~ u t e d R a m a n  

were u, ed to techniques produce 
3.28-'Ib/s tmnsmbslon. 

! JUNE 2OOO 

C-band,and 42 in the L 



tncew by an 6- I 
York Stock Ex- 
I, 1,114 
Volume on the 

75 million shares . 
llion in the pre- 
3YSE composite 
)6; the SfkP 600 

6.81; the Nasdaq 
97 to 713.74; and 

Exchange 
rose 0.24 to 
x, the dollar 

, up from 98.65 

~ ~ - - ~ ~  
William Hogan, left a scientist at Lawrence Livennore Bottero, center, and Fremont Mayor Bill Ball discuss a 
National Lsboratoly, Hoya Senior vice President Gerald proposed $1.1 billion superlaser. 

Hova is hoDina smerlaser - - I - ~  ~~ - --,- - - -  --- - -  -I .-  

will ’fire up glass business 
~DaVklRB&OWi& 
STmm 

F!REMOhT 

I The last time they were stoked 
up for melting glaoswas when Lawrence 
LbemreNatlonslLaboratoryhad 
hiredHoyatomalrefiltersforthe 
world‘s largest k, the Nova. 

Fremonbbased Hoya offidals now 
hope the lab’s latest propasal, a $1.1 bil- 
lion superlaser for conducting indoor 
thermonuclear tests, wil l  give them a 
reasonto reignite those fumaces. 

gatn about $770 mUlion dollars in con- 
tracts for buiwng end equipping the 
federal National Ignition Fadllty. 

Department of Energy secretary 
Hazel O’Learyiserpectedto decide by 
lateAugustorearlySeptemberwhether 
to fund the NIF, which would create in- 
door radioactive blasts equal to about 10 
pounds of Qnamite. 

With undergcounh nudear testing on 
its way to becoming a practice of the 
past in the United States, supporters 
argue the super-laser will be needed to 
keep nuclearbdentista’ skills sharp. 

TO Msger the blasts, scientists from 

tense beams of heat energy at tiny pel- 
lets composed of hydrogen isotopes, 

N a remote section of Hoya Op 

lies a row of fumaces, cold and 
ignored for nearly seven years. 

tics Inc.’s CBVMOUS glass factory 

US. industrg- celifomia and Wash- 
lngtonfirnrs Inparticulnr-l?andsto 

Lawrence Ltwrmore Would raget h- 

Hoya worker Vendo Ahram checks optical glass for ’quality. 

deuterium and tritium. 
When hit, isotopes in the pellets 

would fuse, creating blasts of energy 
similar to the type given off by the sun 
or atom bombs. 

Lab officials consider the project cru- 
dal to their wllnriyal in the posbhld 
War era, and they haw mountedan ag- 
m t v e  public relations effort on ita be- 
half. 

A focal point of that effort is the lab’s 

estimate that‘failure to approve the su- 
’per-laser will reault in about 1,OOO lost 

On the other hand, approval would 
protect those jobs whue creating another 
800 privatesect0 r manufactwing jobs, 
400 construction indushy jobs, 230 jobs 
at the LIvermore lab pllis 90 at other na- 
tional laboratories, said William Hogan, 

Please see Hays C 2  

over the next VtYm. 



Hoya: Company is 
counting on laser 
Continued from G1 
a key lab scientist involved with 
the project. 

Hogan and other lab officials 
also have been working hard to 
pacify anti-nuclear activists who 
fear approval of the laser will 
continue the lab’s involvement in 
weapons research. Lab officials 
continually stress that the laser 
cannot be used to design or build 
bombs. 

But with construction of an- 
other $3 billion t~ $6 billion fa- 
cility, the superlaser could be 
used to generate nuclear fusion 
energy for civilian use, Hogan 
added. 

N- the size of a f o o k  
arena, the NIF would be buklt at 
either Lawrence Livermore labo- 
ratory or the NeVaaa Test Si 
hear Las Vegas between 1997 
and 2002. The fWl decision on 
the site isn’t expected before 
1996. 

Regardless of its loation, lab 
scientists would ov&rsee the pro- 
ject, and they would turn to sev- 
eral Bay Area companies to help 
build it, including Hoya and Tin- 
sley Laboratories of Richmond. 

Tinsley, best known for pro- 
viding lenses for the Keck Obser- 
vatory in Hawaii and the Hubble 
Space Telescope, stands to gain 
about $3 million to $6 million in 
contracts, esid Robert h M 0 ,  
president and chief executive Of- 
ficer. 

“It is  an important program 
for us because, again, this is the 
kind of pmgram that contributes 
not only in the way of immediate 
business but also in improved 
technology on which to base fu- 
ture business opportunities,” he 
said. 

Hoya, the US. glass Nters 
arm of Hop  Corp., a $1.2 billion 
Japanese firm, could snare about 
$26 million in contracts from the 
project, said Gerald Bottero, a 
senior vice president at the firm. 

That’s about half of the esti- 
mated $60 million that would be 
budgeted for the type of optical 
glass the company makes, which 
would be used to cany and inten- 
si@ the laser’s energy. 

While the impact on Tinsley’s 
work force would be negligible, 
Hoya’s Remont staff could more 
than double from 30 to 70 
people. 

Initially, Hoya would receive 
about $3 million to $6 million 
from the ignition fadlity project 
to develop a technique for con- 
tinuously melting glass. 
J% continuously melting glass, 

the company would greatly in- 
crease output and trim the cost 
of manufactwing about 3,200 
glass pen& for the pmject - 
half would be made by Hoya and 
half by one other firm. 

If Hoya or other firms re- 
searching continuous melting 
can perfect the process, they 
would begin actual production in 
about two years. 

If not, the project would go 
forward using techniques for 
melting glass that have been 
around since the late 19609. The 
higher production costs would be 
covered from a $120 million pro- 
ject contingency fund, said 
Hogan. 

To handle the job, BoWro 
said Hoya would have to ship a 
furnace to Fremont from Japan 
and might also fire up the plant’s 

vMed environmental restrictions 
don’t prohibit it. 

l o ~ d o ~ t  funraces - p r ~ -  

State: Troubles create 
investing opportunities 

:arnings: I Ti 
ltinued from C1 
APC lost money replacing the ship during 

‘For the remainder of 1994, we exy 
lest seasonal improvements in cargo mh 
h of our international markets, but pressur 
huing on international rates,” Lillie said. 
3owever, Lillie said export cargo volumes 
ected to be lower as AF’C earlier this year 1 
laced by Sea-Land Service Inc. in yearly 1 
3 to become the preferred carrier for U.S. I 

Y cargo. 
W, the “basic company fundamentals 
nd,” said Bob Schulz, associate director 
Standard & Poor’s Ratings Group. ‘We sc 
)le outlook.” 
[n other earnings reports: 
b Triad @&ems Corp. of Livermore repor 
ord thirdquarter revenues of $41.4 f l o r  
percent increase Over the same period I 
rand the fourth consecutive quarter of reo 
?s for the company. 

RS. 

m e  Niss 
our finar 



published weeWy for emp/oyees of Lawrence Livermore National laboratoty Vol. 26, No. 4 , 

Institutes open doors 
to collaborative research 

LLNL has five Universityhb institutes 
that operate under the auspices of the 
Univmity Relations Progtam (URP). The 
objective of these institutes is to impmve 
access to DOES unique facilities, contribute 
to science education swngthen existing 
LLNL programs,  develop new initiatives and 
enhance access of Lab researchers to both 
UC and the larger university community. 

As acting director of the Univdty 
Relations Progranz I would like to give you 
an oveaview of the history, goals and 
research directions of these institutes. 
Newshe will be running atticles discussing 

, 
1 

l h p d  a f d  n f r d  dhd  thth‘ 

Hoya steps up NIF glass production 
~ ~ ~~ ~ 

PUBLIC AFFAIRS OFFICE 

A major technological milestone in optical 
glass melting has .been achieved by Hoya 
Corporation USA, a laser glass manufacturer in 
Fremont. Hoya is using a novel continuous glass 
melting system (approximately 150 feet long and 
two stones high) to produce 20 tons of high quali- 

ty laser glass per month. 
The laser glass will be used in the National 

Ignition Facility, 
To date the system has produoed more than 600 

neodymiumdopexi laser atnplifier glass slabs for the 
NIF and 125 slabs for the Laser Megajoule p m  

See GLASS, page 8 

FSC analysis may seal ‘angel I /  s fate 
By Sheri Byrd 
NWSLINE STAFF WRITER 

The re-arrest on 
Jan.. 16 of Efien 
Saldivar, the self-pro- 
claimed “Angel . .of 
Death” and alleged 
killer of the terminally 
ill at a Glendale hospi- 
tal, could not have hap 
pened without the assis- 
tance of the Lab’s - nsicr ’ ~ c e B  ’ t 
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GLASS percent. It is anticipated that between Hoya 
Continuedfrom page I and Schott, approximately 1,500 slabs will be 

produced annually. The combined amount 
ject 0, a Fmch govem- needed for NIF and LMJ is about 8,000 laser 

construction near Bordeaux, ‘We appreciate the opportunity to work 
France. with LLNL and the French Government on 

Each laser glass slab, these very importaut projects,” said Gerald 
Bottero, president and chief executive offi- 
cer of Hoya Corporation USA. ‘We’ve 

which measures 790 mm by 
440 mm and is 45 mmthick, is 
carefully h e  annealed and worked with this special glass since 1973 
extensively tested and inspect- and we commend our employees for their 

dedication and commitment to perfecting ed in Hoya corporation’s new 
32,000 squarefoot laser glass 
manufacturing facility in Hoya was founded in 1941 as Japan’s first 
FEmont. The glass produced specialty manufactum of optical glass. The 
by Hoya’s continuous melting company is the world‘s leading supplier of 
system has successfully molded aspheric lenses for cameras, VCRs 
achieved al l  of the stringent and DVD players, and operates a state-of- 

the-art melting facility in Akishima, Japan. 
for wand LMJ. In particular, In addition, Hoya offers glass magnetic 
the glass contains essentially disks, semiconductor photomask blanks, 
no microscopic platinum pad- eyeglasses, contact lenses and a variety of 
cles that could cause laser- other products through 46 subsidiaries in 22 

ment facility cmntly under Slabs. 

this technology.” 

glass specifications required 

induced damage within the counma. 
at ws Lynn Yankiling, a quality assurance inspector at Hoya, examines the most recent Hoya is headqwteml in Tokyo, Japan. 

operating flm. addition, batch of laser glass. The glass slabs will be used in the‘National Ignition Facility. The National Ignition Facility, currently 
the ‘‘wakr” (OH) content in the under construction, is one of the corner- 
glass is less than uK)ppm thus stones of the DOE’S Stockpile 
minimidng Nd fluorescence cant. Our goal was for Hoya to produce 500 glass slabs Stewardship Program. NIF will use the 
quenching. F d y ,  the optical homogeneity surpasses during IQelting +p - w v e  world‘s largest laser to heat fusion fuel to thermo- 

nuclear ignition. the trausmitted wavehnt specification by about a fac- exceeded that by 50 pacent.” 
tor of two. Hoya’s cutrent continuous glass melting cam- The experiments will help scientists sustain 

- - H ~ ~ ~ ’ ~  in this area is outstanding,” we began in J ~ ~ ,  end as in confidence in the nuclear weapons stockpile 
Moses, NIF project manager. “Along with the glass Febmaq. Be%inning this summer, Haya will begin to without actual testing. NIF will also produce 
slabs S ~ M  G- ~echnoiogies, roughly the nmaiaing glass to additional benefits in basic science and fusion 
half of the total glass slabs needed for NIF have been their 50 percent share of the ampmer slabs required energy- Further information can be found at 
llmduyd This fechnol*cal i ichkym is sienifi- for N q  and Ly. scbott{is to pmpe the up7 50 http://www.~-gov/if -- - - e - -  
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EL Commissioner 
e stunned Bay 
u1s on Friday by 

Eddie DeBartolo 
$t at least a year. 
ns control of the 
49ers. 
snuffed out the 

gumption that De- 
bebackinchar e 

ruary.or the 
beginning I of 
March. 

'1 d o n ' t  

w arc who 
h a v e  b e e n  
~aylog that, but 
it d m  not in- 
'dude me." Tag- 
llabue sald. 

"I t h k  for 
the foresemble 
future, which 

st the 1999 season, 
-sister (Denise De- 

ytheendofFe % - 

knbylf who the' 

Mble. Is *Y or to running be 

AI% exccutlve said 
pltnotr aincon- 
m for at 7 east two 

. d o s e  comments 

J a d  the NFL'is 
m the 2003 Super san Frandsco be- 
certainty over the 
49ers stadlum . he mentioned Oak- 

of the possible alter- 

re already relin- 
a par's Super Bowl 

+tcrs to support a 
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#K)3 game. Super 
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DEDIGATIOtN CEREMONY 
7 

weapons. ' dkloped only t&u$l ~ o s e  colaab- 
At tbe heart of the new laser HOYa opened the plant wlth a tra- orallon among Hoya, Livermore Lab 

system wlll be about 3,000 panes of dllloqal Japanese ceremony that and the French 'Commissariat 
violet-hued laser glass that d l  be featured a blesstng by a Shinto al'EncrgkAtogqw:" 
produced by the Japanese optics Priest - and a Prayer for Peace be- In addition to provi 
company at its' new .nemont .fat- 

Bullt at a cost of $12 d o n ,  it 
dl nati~*. 
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commit, but the mood of my c,yk 
leagues is ~ c l y s ~ t i c a l . "  , 

and of the components of a NATO 
g r m d  force that would cnforcc,a 

Warner. &o added that he had 
been ur@g the admfnfirtratlon for 

' W e  hakc made lul endm in- 
vestment in, Ebnia,- he-WcL % 

put our people at risk and-bring to 

made-there." ' 

'discussed the immecllatcproblem of 
how to persuade the two warring 

wceks'to make sU* gi~c&0b3ltlKItnt. 

dohui.ng destabillzcd ~ m p r i n  

halt the creeping 

d u v c x l  motu uie r&on w~Klthin 
' W t  hours in the event of a deci- 
sion .- to out air strikes. 

McCatn said he was not im- 
pres+ with the bombing proposals. 
themselves. 

ot convinced that the kind 
of afrsMkes that arc 
plated would convince M oseyic to 
sign ceas$be," he said. "They are 
not strong enough or sustained 

on Milosevic's milltary capability." 

7 
enO* to mct signifiqaut damage 

kO&. 

Laser: Factory to-bring i 5 jobs, most for area re 
ContinuedfromNEWSl 
collaboration. both the French and 
American governmenti arc -for the 
new @ass hctory. Under.-t& tams of 

mmts. the plant must be disrqaatled- 
Men work on the.lascr systems is com- 
pleted. 
That, said Smolley, wJll @e 10 years. 

He said the deal is worth more than 
$50 mUlIon to Hop. 

HOP'S m a t  with the two m- 

The plant is already pa- off for Re- 
mont howcyer. The fhc#ory,will provide 
45 jobs, largely to area residlnts. 

W e  ignttiug the wor1d's:flrst con- 
trolled fusion reaction may be the Holy 
Grail ChpbeIl and tlle other scientists 
at Livermore Lab a& wxldng, the NIF 
laser system will be used primarily to 
maintain the nation's nudear weapons 
stockpile. It is a€act Campbell reaey ac- 

'%usion 'is part o f ' s d d s h i p . "  he 
bnowledges. 

said, referring to the 'Stockpile Steward- 
ship and Management Pr- which is 
desigeed to make sure America's agtng 
arsenal of nuclear warheads can still ex- 
plode on command: The Enugg Depart- 
ment says NIF will play a central in that 
effort. 

N U C ~ ~  weapons alsb accountlor the 
French government's interest in fusion, 
according to Michel Andre. Andre heads 
the Laser Megajoule Project, the French 
version of the NIF, which is being built in 

Bordeaux, . .g 
bell said there ls 

"We will learn from them," ,he' 
"Of course. we would have liked to 
ignited at the same ttme.' 

Moon: Phenomenon has occurred few times this century f 
ContinuedfromNFWS-1 ' phenomenon that has rarely oc- huQ and tell you it's no big 

m e d  this century. The last dcal.It'sjustthemoon." 
co*puon Of the French pro; double-blue-moon year oc- It is 'an artificial construct." nunciation Of 'la lune* CuTTed in 1980 and the next whtch .is to say: The blue 
0 t h ~ ~  Cite the Maine FarmU'S  come in 2016 moon is merely the intersection 
Almanac* which "the Now. with this being the @ual of two Separate ways of keeping 
second full moon in One month year of the mtuennum. it ts tlme - the solar way and the 
blue. quite appropriate that 1999 lunar way. Western culture fol- Yet, when a question in the calendar based on how 

e Trivial pursuit Earth to mow  is a blue- moon?" the sun. Each month 
the answer they gave stuck: A has .30 or 31 days. The moon's 
blue moon is the second full phases last 2% days. February. 
moon in one month. with its 28 days in non-leap 

Blue moons arc not turfbly h a s ' m w . . "  pears, is the only month short 
uncommon. One wlll show up 'If you ask astronamers enough to be full-moon free!. 
every two years and nine about the blue moon." says Bing So nothing cosmic explodes 
months. Quack, assistant chattllan of intheuntversejustbecausethe 

That two blue moons should the Morrhn Plan- in: moon's phases are pnve-rging 
appear in one year, tb9"gh. is a San Francisco, YhV with the western coylt of,the 

months. But there are some 
blood vessels that can burst 
here on Earth over this phe- 
nomenon. Blue moons have. in 
full lunar tradition, caused a 
minor hoo-haw in moon circles. 

' 'I always refer to'those as 
double moons." insists Roger 
stein. the man who's led the 
Walk When the Moon is Full" 
program at the Lowry Nature 
Center near Mhneapolis, Mlnn., 
for the last 20 years. He is an 
expert on full moons, and he 
zlas even named his own set of 
full moons, based on the ani- 
mals and plants that people see 

the Minnesota moon,. He's got 
the 'Great Horned 9pJ1 Moon." 

when they walk in the light of 

the "Moon of the Maple 
the 'Moon.of the Morel 
room." the 'Moon of the L 

I 



Tqllabue. whose comments were made 
to medla gathered for Super Bod XXXnI 
on Sunday, also a d  the NFL Is likely to 
mow the 2003 Super Bowl from San F'ran- 
daco because of uncertainty over the pro- 
posed 49ers stadium project. And he men- 

cnarge or the 49ua by the end of February 

1 
Another NFL execuUvc said DeBartolo Please seeTilglhkrr. NEWS-12 

MISSION IS CLEAR 

'- Heart of 
'-to take s 

SFIOICIII H8md (left) d Hop Japan and Gerry Bottero d 
Hoya Cow. USA Inspect a pane of h e r  atass FrMav 

Fraud sui 
take aim i 
Peoples0 
Pleasanton-based sohare fi 
accused of 'improper accoui 
ByAdWJF.Hamm 
WNESS WRmR 

PLEASANTON - Two New 
York law firms Friday Ned sep- 
arate class-action lawsuits 
against PcopleSoft. claiming the 
world's second-largest software 
maker fraudulently reported In- 
flated financial statements the 
past three years. 

The lawsult threats cap a 
rough week for PeopleSoft Its 
stock dropped 12 percent 
Friday to 19 13/16 on reports 
Its license fees revenue grew 
only 2.8 percent. It was the 
second most active stack In U.S. 
tradlng. Earlier. it hit a low of 
18% 

PwpIeSott also conducted its 
Brstcver layoff Thursday. drop- 
ping 430 empluyees. or 6 per- 
cent of lta workforce. in a 
reorganization move. An esti- 
mated 200 of those employees 
were from Its Pleasanton head- 
quarters office. 

The lawsuits. flied by Gardy 
& SqulUerl and Faruql & Faruqi 
law flnns, were not unexpected. 
according to analyst companies 

dallze in this sort of thing," said 
an analyst who asked not to be 
named. 

The Fan14 & Faruql lawsuit 
clalm~ peopi tso~s f i n a n d  
statements "reflected improper 
accounUng for research and de- 
vclopment costs in connection 
with cutain acquisitions." 

Wa~ngPeopleSoR 
I l l e r e  arc law nrms that spe- 

The law flnn Gar. 

"certain of its (unnz 
cers and directors 1 

tions of federal securi 
The suit w s  th~ 

issued "materially 
mlsleadlng statem 
garding PeopleSoft 
1997 and 1998 fln 
sults" that led to lnfl. 
prlces. Both lawsuits 
In United States Dlstrr 
Northern Dlstrfct of C; 

comment on the lawsu 
PeopleSoft shar 

plunged 43 percent LI 
year on Investor con 
slowing demand in i 
billlon market for bus1 
ware would ulmp s 
maker of sofhvare to I 
nances, personnel and 
saw its llcense revenuc 
ware sales, increase 
percent, a sfgnal that 
has weakened from 
quarters. 

The 3 percent Ilceni 
was alarming. Liens 
lifeblood of a softws 
pany." sald 'Ed McC. 
analyst at CIBC Oppe 
who rates the stock "ho 

rate sofhRare makers 
rebounding quickly thb 
cause b u s h m  are 
their spending on SOC 

marc0 charges Peop 

~ ~ ~ p i ~ s o f t  omcials 

Analysts warmd th; 

Please see Suits, I 

White House softel 
stance on witnesst 

ad- 
C "but 
L not g 

T r c l  WASHINGTON - The Whlte I - - 

B y h B a m a  
NEwyoRKnMEs 

House wlll probably forgo wit- 



convict and rmo% the presi- 
dent. 

Democratlc senators said 
earlier this wcek that Cllnlon's 
legal team was split on whether 
to try to flnlsh the trlal qulckly 
or push for cxtenshr discovery 
to search for additional evl- 
dence favorable to the presl- 
dent. 

But Whlte House aides A d  
Friday that the lawyers had now 
a g r d  to place priority on 
wrapping up as soon as pos; 
sible. Cllnton Is eager to push 
ahead with a raft of domestic 
policy Inltiatlw. Already on 
Monday he faces the prospect 
that attention to the unvelling of 
hls annual budget proposal wlll 
be swamped by that directed to 
Lewlnsky's deposition. 

Lewlnsky is to be interviewed 
bqinnlng at 9 a.m. at the May- 
Dower Hotel, sald Judy Smlth. 
h a  spokeswoman. Aides to the 
'Senate Rules Committee. which 
Is overseeing per diem expenses 
for the witnesses, sald Friday 
that they had bo t a round- 

from Los Angela for 6250. 
On Frlday, the Senate sent a 

subpoena to Lewinsky and the 
hR0 other wltnessu, whose tesu- 

-many the Senate demanded In a 
party-llne vote Wednesday. They 
arc Sidney Blumenthal. a senlor 
White House communlcations 
I stratcglst. and Vernon Jordan, 

Jordan ls to be lntervlewed 
T u e s d a y :  B l u m e n t h a l .  
Wednesday. Unlike Lewlnsky. 

-.both men will be deposed at the 
Capltol. ~n a secure room 
mually wd for secret briefings 
011 na~ond secur~ty matters'or 
dlscusslon of ethlcs issues. 

The House managers and the 
whlte House lawyers will have 
'our hours each to question 
each of the witnesses. meanlng 
'hat none of the deposltions 
-;houhi run mom than dght 
murs. Two senators, a Demo- 
rat *a RepubU . wlll pre- 
M e  ovrr e a ~ h  deW%on. 
. **. rwm Y JUcdy +p .be 
*Q!Jbftrded. olortgh. *ce 
ip to s k  senators. slx Seaate 

ddcrshlp des ,  two Senate 
cmnsds. two court re- 

-north and one videocamera 
p a t o r  wlll be preeent. 
..Joe Lockhart. the presi- 

UeuW press secretary, sald 
hkhy that Whlte H o w  lawyers 

we they testify. "The House 
magers." Lockhart said, "saw 
t approprlate to sit down and 
me a cup of coffee with Monlca 

Although the depositions will 
,e conducted behind closed 
IDors. they will be vldeotaped. 
md some Republicans are 

that the tapes be re- 3 to the publlc. a step op- 
d by the Whltc House. 
T h e  knee-Jerk reactlon that 

-ese must be made public sug- 
rtr that our bellef that thLs is 

ma@ on the president has 
m e  merlt.' Lockhart sald. 

-hip plane W e t  T or Lewlnsky 

8 law and Clinton COnfldant. 

-ught meet wlth witnessw be- 

-ewlllSky.- 

lout tlylng to itlakt polltical 

. ~ ~ _I .... 
in a NAl'U torce of more than 20.060 whether we should commit troops. They Bergc 

cIpwLwJ.HlNau--suII 
Executives examine a piece of neodplum-doped laser ampllflcatlon glass Friday at Hoya 
Laser Glass Facility In Fremont. From left are Mike Campbell of Lawrence Uvermore Lab, 
and Hlroshl SuzuW, Shoichl Harada, Gerry Bottero and Kunlo Takeuchl, all of Hoya. 

Laser: Work on NlF pieces 
expected to start next week 
continued from NEWS-1 

The NIF wUI be the world's 
largest optlcal Instrument It 

rate lasers on a Uny target 
mea the size of a BB. By doing 
so, sclentlsts hope to create 
the first controlled fusion re- 
actlon - Just Uke those that 
occur In the sun and in ther- 
monuclear weapons. 

The new laser glass facility 
represents an expansion of an 
exlstlng factory operated here 
by Hoya's optlcs division. 
Construction started in 1997 
and process testing began 
earller this month. Workers at 
the facillty are already cxperi- 
mentlng with prototypes and 
actual work on the NIF project 
WCU begln hurt week accord- 
ing to Hoya spokeswoman 
Julie Storms. 

The laser system will re- 
qulre about 3,000 glass 
panes. Each one weighs more 
than 100 pounds and Is cap 
able of amplifying laser energy 
by 14 percent. Productlon 
Manager Mark Smollcy hopus 
to turn out as many as 10 
panes per day once the plant 
reaches peak capaclty. 

The process - beginn! 
with powdered &e- an? 
ending with finely pollshed 
panes of violet-hued laser 
bass - will be carrled out at 
the Fremont facility. 

It is a procau Ulat.Camp 
bell caUcd 'radically dlflercnt' 
and one that was developed 
only &rot& dose collabora- 
tion among How Livennore 
Lab and the French cotnrms- 
sarlat a I'Energle Atomique. 

ked. Haya IS one of the few 

IS deS@ed to fOCUS 192 sep- 

'Laser @ass Is very Speclal- 

companles in the world that 
can make this type of tech- 
nology," Campbell explained. 
"They have risen to the chal- 
lenge." ' 

In addltion to providing 
technical collaboration.. the 
French and American govern- 
ments are paying for the new 
glass factory. Under the turns 
of Hoya's agreement wlth the 
two governments, the plant 
must be dlsmantled when 
work on the laser systems is 
completed. 

That, sald Smolley. wtU 
take 10 years. He sald the deal 
is worth more than $50 mil- 
lion to Hoya. 

But, m n  with the @!I of the 
bulldlng, Campbell said the 
proJect carrles a 'certain 
attiount of handal risk for 
the Japan- opWconipany. 
It must be able to meet*tbe 
production demands estab- 
lished by Livermore Lab. 

The plant Is already paying 
off for Frcmont, however; The 
factory will provldc 45 jobs. 
largcly 16 area d d q t s .  

may be the Holy Grail that 
Campbell and the other scten- 
tlsts at Llvumore' Lab are 
seeking, the NIF laser system 
will be used prlmarlly to 
maintaln the nation's nuclear 
weapons stwkplle. It Is a fact 
that Campbell readily ac- 
knowledges. 

'Fusion Is part of steward- 
ship," he sald, referring to the 
%tockplle Stewardship and 
Management Program," which 
Is desped  to make sure 
Americas aglng arsenal of nu- 

plode on command. The 

&st controlled wY&ule ston reaction wPr'd's 

clear warheads CBI~ still 01- 

Energy Department says NIF 
will play a central role In that 
effort. 

Nuclear weapons also ac- 
count for the French own-  
ment's interest in L i o n .  
according to Mlchel Andre. 
Andre heads the Laser Mega- 
Joule ProJect. the French ver- 
sion of the NIF, whlch 1s being 
bullt in Bordeaux. 

The French laser system is 
slightly larger than the NIF. 

*We are a little more 
careJul." Andre said. '(But) 
the goal is the same." 

The Amerlcan project wlll 
be completed well before the 
French faculty, and Campbell 
said there Is llttle doubt hls 
team will have the llrst crack 
at achtcving fusion. 
.Andre ackwvl@gyi U s ,  

But said he wlll be mtent to' 
place second in W race 

We will learn from them," 
he said. "Of course, we would 
have liked to have Ignited at 
the same me."  

Although the NIF law 
@em will not be compkted 
until 2003. the lab would N e  
to begin test-fir(ng the lasers 
In octo$er 2001. 

Campbell hopes to conduct 
the ttrat full-scale attempts at 
tgnitlng a fuslon reaction in 
2005 or 2006. 

While earlier attempts to 
start a controlled fuslon re- 
action us- smaller laser sys- 
tems have lalled, Andre and 
Campbell said thls m e  wlll 
be difiertot 
Hoya opened the plant with 

a tracUtlonal Japanese m e -  
mony that featured a blcsshg 
by a Shinto prkst - and a 
prayer for peace between all 
nations. 

qplnst America. 

Tagliabue: 
not guaran 
Continued from NEWS-1 
Uoned Oakland as one .or% 
posslble alternate sltes. 

The 49ers already relin- 
qulshed this year's Super Bowl 
as a bargaining chip to get San 
Francisco voters to support a 
$100 mllllon bond Issue to con- 
struct a new stadium and ac- 
quire the 2003 game. Super 
Bowl XXXVII. 

"We have to make a decision 
this year on that Super Bowl." 
Tagllabue sald. "I'm going to 
@lk to the mayor (San Fran: 
cisco Mayor Wlle Brown), and 
depending on where we come 
out. 1 would expect a number of 
cltles to be contendlng for that 
we. 

"San Dlego Is the front- 
m e r .  but I would assume 

lnto the chase." 
Last year's Super Bowl was 

In San Diego, but this year's 
game and the next three wlll 
take place In cttles in either the 
Wtm or Central m e  zone. 
The NFL wants to play the 2003 
game in the West, and &le San 
Dlego might be a loglcal site, 
some owners did not like the 
codguration of Qualcomm Sta- 
dium. 

Oakland, with only 62,500 
seats, does not meet the NFL 
Super Bowl mlnlmum of 
70.000. but temporary stands 
could be erected. Raiders senior 
assistant Bruce Men confirmed 
the team would, be interested In 
hostlng the 2003 Super Bowl. 

"We should be there rlght 
now." he a d .  'Thls year's 
Super Bowl was supposed to be 
In the Bay Area." 

But Allen also expressed res- 
ervat lOnS.  

'I 
?ne 
thW 
Istic. 
are some issues that people 
have that need to be resolved 
flrst. 111 leave It at that" 

One possible Wqe would be 
Raiders lawsults pending 
against both the league and the 
clty of Oakland. The NFL may 
not want to award'the Super 
Bowl to a franchise that 1s 
taklng It to court. 

%me city omclals, howcvu. 
are enthustastlc about the 

Other dtlw - LOS Angela and 
pOSSibly Oakland - Would get 

chance to h?st the game in 
2003. 

We are already involved in 
maklng sure that w ak the clty 
that IS in the running for it. 
said Oakland Clty Council pres- 
ident lgnaclo De La mente, 
chalrman of the Collseum Au- 
thority. 1 think it will be a great 
thing for Oakland." 

ferences between the team and 
the city. 'Kwe have not agreed 
on anythlng in the past. thls Will 

be La mate downplayed dif- 
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Joe M. Cimino 
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s c h o t t  Glass Technologies is-one of 
only two suppliers of laser g b s s  to NIP? 
and LMp, the wrld’s most powerful 
laser fynems. The dze and rapid pace 
of construction of these pmjeck are 
responsible for the dewbpmnt of 
advanced hser glass manufacturing at 
SGT. This laser glass spedalii has beell 
dedicated for the past several years to 
developing !the facilities and the 
melting, fortping, annealing, finishing 
and QA/QC processes for NIF and UnJ 
laser glass proiecu. 

In order to produce the roughly 8,000 
meter long plates of laser glass in 
  car dance with the very tight 

e. .m- deadlines set by NIF and LMJ, con- 
tinu- glass melting and fm ing  are 
-ry. Ea& hser glass plate contains 
mo&hhan IS Tiers of glass having an 
optid honiogeryity of +/- 1 x 1 W. The 
SGT laser glass ‘hanufacttiring fadlii 
has the capacity tii. produce M 

3 ,  

% 

and casting. S C T  is also 
pmcesfng M absorben[ 
glass needed for edge 
cladding, which pieem 
the glass plate from self- - 
lasing and depleting the f 
optical energy stored in the glass. plates) near Paris, Fmnce for the 

application of edge dadding glass a M  
After final inspection and packing, the final optical finishing. The finished plates 
plates are then shipped to ZYGO are then shipped to LLNL and CEA for 
Corporatkm @IF plates), Middlefidd, final deanlng and assembly into the 
Connecticut USA and tu REOSC (LMJ laser amplifiers 

Melting and Forming - 
Finishing - 

CoarseAMSllhgLehr Cut 

P#k tir 
Shlp 

i 
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F r o m  M a s e r s  t o  

Th physical principles on hid 
lasers are based have been known 
since the 19305. Hawlever, the 
fabrication of a useful device did not 
occur until the development of the 
MASER in the mkrowave region of the 
specbum in the eady 1950s. The 
acronym stands for Microwave 
Amplification by Stimulated Emission of 
Radiation. 

In 1958, Schawlow and Townes 
suggested that stimulated emission 
devices would be extended into the 
infrared and vislble spectra. Maiman 
was the first to operate at these shorter 
wavelengths with the Nby laser at 
0.69 pan (1960). One year later, in 
1961, Javan, Bennett and Henjott built 
the f i  operational gas laser. ' 

The same year, Hias Snitzer became the 
first to generate laser action in glass. He 
built the first glass laser which operated 
at 1.06 prn and used neodymium as 

L a s e r s  
c 
t 

A visual comparison of the laser glass ellipttcal disks and plates that have been melted for 
varlour LCNL laser systems constructed over the last 25 years. 

the lasantjon. He literally had to do 
everything hirnsek from constructing 
the laser hardware, making the 
flashlamp source, making the laser 
glass, and then getting the whole 
system to work - an amazing feat! His 
first laser used a very small piece of 
laser glass; in k t ,  it was just a fiber. 
Maybe tMs was the first indkation of 
just how difficult hser glass is to 
manufacture. 

laser glass. Most of them supplied glass 
just for scientists, because lasers were 
still mainly a curiosity rather than a 
commercial producL Evaluathg a 
parbkular laser glass was quite diffkvlt 
in those days. A reseaKher had to order 
a glass; have it manufactured to a given 
size and specification (or even make it 
himself), then Jnstqll it in a laser to 
determine its liertom\ance. This was a 
laborlous, timeconsuming process. 

In the "early" days of glass lasers, Inthefirstter*.-- I "--~?ltechnology, 
virtually every major optical glass R & D expenditure greatly exteeded 
manufacturer was involved In making the cornmenial returns. A common 

Prof. Elias Snitzer, a scientlst at Livermore, CA, succeeded in 
Rutgers University, Plscataway, NI, Is maklng major advances in the 
one of the pioneers In the fleld of development of laser glasses for 
laser glass research. It was he who nudear fuston research. The two 
established the basis on which other scientists were awarded the 1999 
scientists, such as Dr. John H. Otto Schott Research Award for 
Campbell, Unlverslty of California, their exemplary work R Or. john H. Campbell 

Lawrence Uvermore Nqtional Laboratory, 



Atmosphere formation: Capsule blow-off lgnltfon of the 
the laser heats the and compression fuel plasma 

fuel-capsule surface of the hydrogen fuel 

Thermonuclear 
fuslon burn 

! 

humorws designation for MASER was 
Money Acquisition Scheme for 
Expewhe Research. But there was no 
stopping the onward march of laser 
techndogy. There was a wOckCwkle 

to explore the materials, power 
lewis and confguratbru possible. 

Telecommunications by 
Laser Beams 

As time progressed, kKn became 
increasingly Important as signal carriers 
for telecommunication, since they could 
transport much more information than 
Hertr' electromagnetic wares. Uias 
Snltwr led ploneering research in thii 

'partkular field. He conducted early 
work th ,waveguide mode propagation 
h gas fibers. In another far-reaching 
dixovwy that preceded today3 com- 
munication devices by 30 years, he 
co-devdoped the first f i h q t i c  laser 
amplifier using neodymium glass. He 
was cdnventor of the erbium glass 
laser operating in the infrared at 1.5 
m l m ,  whlch has become as impor- 
tant for fiber optic telecomrnunkations 
as the erbiumdoped fiber amplifier 
(EDFA). 

By selective use of WaVelengtsrJ between 
the sowe and receiver h fiber 1' - transmission, a hrge number of 
Wependcnt communication channels 
can be ampl i i .  Over 100 separate 
channels each with a bandwidth greater 
than 10 Gigahertz have been 
demomtmted for a communications 
system. In dense HEFJelength division 
multiplexing, EWAs are projected ta 
exceed U S  1 billion world.wide in just 
five for one laser application. 

\ 

In 1997 m e r  was appointed Professor 
Emeritus at Rutgerr and is active to this 
day, particularly in reseaKh areas 
relating to rare earth doped glasses and 
glass fibers. 

Search for Fusion Energy 

The second major application of laser 
glass io the search for Won energy as a 
power source for Wre generations. 
Unfortunately, the conditions needed to 
hitiate fusion are daunting: the nudear 
fuel, consisting of Isotopes of hydrogen, 
must be heated to temperatures in 
excess of l#,o0O,o0O'c and 
maintained at that temperature long 
enough far the nudear fuel to ignite 
and bum. The problem of achieving 
fudon energy then boils down to 
developing a method to simultaneously 
heat the fuel and confine it long enough 
forktoteact 

One of the ways thii can be done is 
5 Inertial Confinement Fusion (ICF), in 

h i g h - i n i  laser beams that 
simulta&ly heat as well as 
confine the nuclear fuel. john 
Nuckdls (Lawrence u\Rmore 
National Laboratory. Liver- 
more, CA (LLNQ was the first 
t op ropoK~IcF  conccptof 
usinglaserstodrivefusian 

whi* the fuel is compressed using 

reactions. Thit was in 1961, 
the same year that Professor 
Snitzer demonstrated the 

first glass laser. Early researchers at W L  
used lasers powered by synthetic Nbk. 
However, as the systems grew larger 
and more powerful, ruby lasen became 
impractical. 

The use of glass lasers for ICF research 
became popular in the early 1970s. The 
researchem at W L  m real'& that if 
there were to be a successful fusion 
program it would require the 
parmership of laser phyriasts, optical 
glass manufacturers, and laser hardware 
builders. Two well-known optkal glass 
companies became the key players in 
the development of h e r  glass for fusion 
energy Schott Glass Techndogies 
(Duryea, Pennsyhrania) and Hop 
Corporation (Tokyo, Japan). This 
partnership with the optical glass 
indostry, that ;UNL started nearly 
25 years ago, b still intact today. 

! 



Photograph of a Nova amplifier 
showing the waii of fiashlamps 
and sllver refkctors that surround 
the two loser glas$ disks. 

Y today, 
by this 

This process IC u i c d  -*nn&d 

and glasses nmtulactured ! 
technology are in use in all the hlgh- 
power fusion lasers throughout the 
world (France, Japan, Britain, China, 
Russia and the US.). But to date none 

The first question fadng glass chemists 
and laser physicists relates to the type 
of glass best suited for laser fusion 
applications. Laser glass R 6c 0 began 
to shift away from the search for a 
broad range of glasses and focused 
instead on specific glass types. 8y the 
m i a s  it was r e a l i i  that phosphate 
glasses (as opposed to the more 
common s i l i i  glasses) were the best 
overall glass type for use in laser fusion 
applications. 

During that period, John Campbell 
pied the laser ghss group at UNL 
His research has resulted in major im- 
pmvements in the law damage resist- 
ance of optical glasses and coatings to 
intense laser light in the near-UV, 
visible, and near-IR spectra. 

The year 1985 marked a low point in 
the development and praductfon of 
laser glass. Platinum indusions were 
found in the laser ghss manufactured 
for the Nova Laser. These inclusions, 
only a few microns in slze (about the 
size of a human blood d), exploded 
when Rlumhrated at  high Intensity and 
soon made the 1- glass unusable. 
There were substantial fears that this 
problem, which at that point had been 
unsdved for more than 20 years, 
would spell the end to the laser fusion' 
program. 

Thank to remarkable collaboration 
between Campbe& research team a t  
L U J l  khott and Hoya, a process was 
developed that enabled platinum 
inclusions to be dissolved in the glass 
durlng its manufacture. They also 

Laser glass 
,,.: P. -.; 
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becorn- evident that thrs p v i d e s  an 
opportunity for improving out work 
environment in ways that will benefit 

&e DIRECTOR’S OFPICE, pagi 8 - 

the day. -DOE headqwr 

the Bldg. I23 a d h u m  beginning at 1 p:m.; ~ u c t i m  tq 
all cmployets aEc ill* to attend. Tht day’s 

All && for day h k C  p h  h -by S m B  
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Breakthrough for manufacture of N1F glass Richards01 
changes tc 
NIF manag 
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be handled widsin the tatalprojed cost -DOE 
~ ~ r t s p o n s b l e f o r t h e p a j s c t ~  
also too slow inclarifying this infonnationandbdag- 
ingittotheattattionofsgliorofficiats. 

In August, the acting assistant scumxy far 
~ ~ a n d S e c r c t s r y R i c b a r d s o n  tUi& 
on the extemt ofthe project's problems. 

The review also found that the NIP project 
managmatheadquartersandinOaklandhadbeen 
assigned additional duties that pvented thcm 
ftoni excrciaiug proper oversight and sopervision 
ova! the project 

Since &a project's problems have d a d ,  
several ofthc most d o r  LLNL and DOE man- 
agas involved with the project have.either left or 
have been reassigned mtcdly  to dijkent psi- 
ti= that have significantly lcss or no MF-man- 
agement nspansib~ty. In addition, comctive 
action has been taken with respect to other 
employees. 

The Energy Department is considering 
0ptionsforaddmsiqtheNIFacostaudsc~ule 

which option be wan& to pursue, the offioGofthe 
Deputy Administrator for Defense Programs, with 
hput from LML, win put forward a detaikd 
rebtlselining plan which will include a budget and 
Fey project milestones. The nbaselining plan is 
due,to Congress by Jlme 1, although Seuuary 
Richardson has said he hopes to have it completed 
in advance of that deadline. 

issues. once serretary Richardson has dctannined 

I, cantaminadon m the glass dep@d the other glass 

rccsearch spccificallyaimedat~cantamina- 
tion. sc ott's cmrcnt melting campaign is the first 

i;;lpra. ite&dogy, 
B o r h  VQHiOrs wm begiapKxIuCticm c8mpaigns 

~ t M s ~ o l o g y i n e a r l y 2 o o 1 .  

pqcrdw..Btrt over the past aiX montha, LLNL, 
Schott and.Hoya have carriq out coopwaive 

'mccear.-l demonstration of this research and 

' NIF is one of the cornerstones of the 
Department of Energy's Stockpile Stewardship 
Progtam. It wiIl use the world's largest laser to 
heat fusion fuel to thermo-nuclwu ignition. The 
experiments will help scientiats sustain confi- 
dence in the nuclear weapons stockpiie without 
actual testing. NIF will also produce additional 

, 
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6.0 OJTICS TECHNOLOGY DEVELOPMENT 

1 

his past year, the fouryear optics technology T development e4fortwasessentiallycompIeted to 
demonstrate the feasibiity of the new technologies, 
equipment, and man- pmcesses to meek the 
National Ignition Facility cost, performance, and 

Inamp~slabdevelopment,~weresucr#ssful 
s c h e d u l e ~ e ! n b .  

laser glass meltinguunpaigns at schott Glass 
T a l o g i e s  (€ull size) and H o p  Corporation U$A 
(halfSk)rrsingthecontinuousmeltingtechnologies 
p~forNIF.Thesecampaipproducedlaserglass 
naeeting most of the NIP technical lp?cEcations, 
irrludfng platinum inclusions, absorption at 400 run 
and 1053 nm, refractive mdex stabiiv, bubbles, and 
striae. schottand H o p  used these results to confirm 

used in 1999 for the pilot production, as well as to make 
~ o f ~ ~ ~ o f t h e ~ & m e l t e ! r s t o b e  

minor changes insome of the process par am^ 
N I F s i z e a m p l i f l e r s i a k s w e r e ~ b N I ? ~  

~ a t z z y g o ~ t i o n ~ t h e N I P p r r x l e s s d m  
equ@nentdesignedandinstalledunderthe~fion 
C Q n ~ a w a r d e d i n 1 9 9 7 . ' L h e ~ p l U d ~ o o n t r a c t  

b$LffInp~tiOilhthenainpilOtinFY99. 

Nniqualitypotassiurn-phosphabe mm 
anddeu~tedKDP@KDP)boulesweregrownwith 
constantfiltrationtoN1[psize.crystaLwerefabl.icated 
:mi tested onthe Beamlet laser hcility, a pmtotype 
mbeamline at Lawrence Livermoxe National 
Laboratory (LLNL), and shown to meet the NIP optical 
and fmqyency conversion spedications. The rapid- 
WWth pilot was started in April 1998 based on these 

development results. The pilot production 
cBmpaignproducedaNIP-siitxiplerboulethat 
should yield about 15 plates (remarkably about 8% 
(;f NIF fmn one boule), and KDP boules to yield 

wasawardedtoZygotobeginhitkgandtddngcritical 

In the xapid-aystalm devdopment effort, 

about 20 Pockele cell plates (about 10% of NIP). 

Following work in 1997 that identified the impor- 
tanceofpolishingcompoundcompitionandmini- 
mizing subsurface damage to achieve high damage 
thresholds at a w a v w  of 351 run, we fabricated 
fidl-size, highdamage-threshold focus lenses at 
EastmanKodakandTmleyLaboratok,Inc,The 

ning in the Large Area Testing facility. The pilot pm- 
duction contract for fused silica was awarded to 
Cominganscheduleandbudget. 

fabricatedandtestedatfullsize:thecolorseparation 

the kinohm phase plate (KPr 1. 
performance specifications in the absence of sol-gel 

ably high wavefront modulation foliowing application 
of (he d-gel antireflection (AR) coating. This modda- 
tionwastractxitononuniformitiesinthecoatingthick- 
ness, and has led to reevaluation of thebaseline 
design. It is now expected that anunooated BSG and 

Lasghergetb~attheUnivesityofRDChesterand 

tomeettheNlFdarnagethreshddusinganadvanced 

wave!frontspecifiicationfwah-- 
as weIlas the- spechal quimnmts. 
The ILPCOnfiguration of the Building 391W facility at 

LLNL was completed to create the glass proclessing 
c a p a b i l i t y i n t h e o p t i c s P ~ i n g D e v d ~ t  
Laboratozy. Virtually all of the full-scale cleaning and 
sol-gel mating equipment was also ordered for the 
facility. The aystal spin coata was d v e d ;  initial 
coating experiments on gla- ~*il=*y wrpeded the 
design specification of *S% unifomty. 

damage thresholds W= demonstrated by em- 

All three diffractive optic components for NIF were 

grating (a), the beam SamplinR m t i ~  W), and 
wrd met 

coatings.TheCSGandBSGbothproducedunanept- 

S ~ C S G w i l l b e U S e d o s l N I F .  
M p s i z e ~ W ~ c o a t e d a t ~ ~ ~ f o r  

s p t ! c & t - I 3 l y S b ~ p o ~ m h ~  

sirrglesaepprroaess.Imprweaents~~coafingP- 
a l s o p r o d u c e d ~ t i n g s t h a t ~ ~ ~ / r e f l e c t e d -  
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NIF-Size Laser Glass 
Continuous Melt 

Schott Glass Technologies was successful in melting 
and forming phosphatedoped LG-770 laser glass at 
full NIFsize in the first attempt ever to melt laser glass 
continuously at this size. This glass, shown in Figure 1, 
met many of the NE specifications, including plat- 
inum inclusions, bubbles, and absorption losses both 
at 400 run and 1053 nm. The refractive-index stability 
of the glass was also very good, which is needed to 
achieve high yields with good optical waveh.ont qual- 
ity. This run showed that most of the laser-glass melter 
units should not require any modification for the pilot 
production work in 1999. Some design issues were dis- 
covered during the cotme of the run, and additional 
experiments at schott and LLNL were done to guide 
appropriate responses. 'Ihe inteqxetation of this work 
was aided by a chemical engineering p'ocess model 
developed this past year at LLNLto h i e k e y  glass 
properties to manufacturing conditions. Modifications 
to the melter design and process conditions based on 
these experiments were implemented m late 1998 in 
preparation for the pilot production. 

Laser-Glass Formation at 
Approximately Half NE-Size 

Hoya completed its final s u b d e  development 
campaign, successfully producing phosphate laser 
glass at half-NIFlinearaperture size; the glass met all 
NU? specifications except for size. Homogeneity tests 
on sixty fineanneal& pieces of the Hop glass demon- 
strated that the Hoya meltex is capable of meeking the 

continuous melting process to achieve high yields. The 
processmodeldiscussed above was alsousedto ana- 
lyze the results oE'the Hop run, and identified madi- 
fied conditions that should further improve the glass 

finalize the design of Hoya's fdkize melter (designed 
and built as part of NIF optb fadlitizaton). The facili- 
tization effort was completed m 1998 In pnrparation for 
Hoya's pilot pductian in 1999. Fw 2 shows the 

Hoya's initial pilot production. 

NIFsgecifications,thusmdicatingthepotentialofthis 

quality.ThenEetsofthiscampaignwereusedto 

6 r s t ~ & , c o n ~ u ~ d ~ l a s e r g l a s s f r o m  

KDP Rapid Growth, Including 
Fabrication and Beamlet Testing 

The rapid-growth technology was demonstrated 
early in the year by growing two KDP boules to NIF 

size and one DKDP boule very close to hfIF size (see 
Figure 10 on p. 68). Pockels cell, doubler, and tripler 
crystals of NIF or Beamlet size were fabricated from 
these boules. These crystals demonstrated that the 
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Cvnli-nuous Gj ass IvMtiing Improves Laser 
G ~ G S  'fields. Schott Glass Tehnologies (Sn), m e a ,  
Pa, and Hoya Optics, Frernont, Calif., are now demo* 
straticontinuous laser glass melting capability, which is 
necessary to produce slabs at the rate and yield required 
for the National Ignition Pacility 0. 

At SGT, production of laser glass in the Pilot II Phase II 
run will begin m May. In Phase I, which has been cmplet- 
ed, about 250 NIFquality amplifier slabs were produced. 
hPhaseJX,* total is expected to be about 580 slabs. 

At Hop,  Phase I of Pilot II production has xt?ently 
begun Start-up problems ?rgpear to be under cantml, and 
quality glass is expcted6y the second half of June. 

InMhwWw testing of finished SGT amlrlifier slab. 

Efjects of 3 ~ e  in Ignition Targets. AS the tritium 
decays h a cryogenic target, the resulting 3He is likely to 
be concentrated in the central gas region of the capsule. 
Recent simulations have been done to develop a fielding 
strategy for NIP ignition taqps. Quite high concentra- 
tions of 3He in the M gas can be develow after four 
weeks, in a baseline target, there will be 0.2 mg/cm3 of 
3He in the gas, which is nombily 0.3 to 0.5 mg/cm3 of 
DT. In 1D simuhtions the 3H, has little impact on target 
performance, but in 2D and 3D simulations, the 3He 
delays ignition and incresses the Rayleigh-'bylor insta- 
bility growth. This tightens the specificatiarrs for surface 

one week old since being filled with clean W- We 
conclude that the DT fuel should be less than about 
OM week old in order to control the RayleigbTaylor 
instability growth. 

roughness significantly if the target is more than about 
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NIF Vacuum End Vessels Installed. s t i o n  of 
the first beamline of the National Ignition Facility (NIP) 
laser has begun. Following final completion and acqtawe 
of conventional construction work in the two laser bays, a 
team of industrial contractors led by M. A. Mostenson Co., 
one of the nation's 40 laxgest collstfllction companies, L 
assembhng the first beamline components of the NLF atop 
reinforced concrete support structures. This team won the 
NLF Laser assembly contra& that was based on a design 
package jointry produced by Lame Livennore Lab's 
Engineering Department and Parsons Engineering Group 
Inc., Pasadena The &ststages of the NIF laser assembly 
involves placing and aligning aII of the major opticaI €om- 
dations for the line repiaceable units: Laser Mirror 1, cavity 
spatial t3W petiscope, and transport spatial filter 
c~ts.Inadclitiion,contractorsminstallingallthe 

pxearnplifier suppott structures and optical foundations of 
theNIPinjectionk system The 6rstcompcmentsto be 
installed were a series of 5O-tcm steel support st~ctures, 
the TSF yacuum end vessels (see photograph above). 

Designs for High-Temperature Diagnostics 
Presented at Conference. The High-Temperatute 

videdanopporhmtty * fofallthoseinv0lvedinNEcore 
taget diagnostics& air their concepts. The core target 

that will be first used to diagnose the interac- 
tions. The optical, x-ray and neutzon dhgnostk designs 
werewellrepresented,allowingtheNIFusercoxununity 
to discuss them befoe fonnal conceptual design reviews 

DbgWStb ~ n f a e n c e  held -8 hjUne PLD- 

d i a g r a o s t i c s ~ S k d b y m a n y ~ ~ 8 ~ e t h W  

U C R L - T & 1 2 2  

are presented, and specifications and schedutes are placed 
under codigma~on controL Some designs for common 
packages, such 

coupled device 
(CCD) camera 
unit shown at 

streakandfram- 

wereshown 

be published in 
a dedicated 

of scienfjfic 

ing caI?eras, 

Thepaperswill 

kSUt?Qf &?l&J 
1 

The CCD camerapadEaoe Mended far use In x i a y  
Mauncr;: -*- Instnrmarls. 

-First Finished Amplifier Slabs Received. Zygo 
COWIZ~OII, Middl&dd8 CO- coplpleted the first W E -  
fierhabsfor thNatioMf lgrrition-y o. Zyg0v;ill 
Whthe3p72 am@ersIabs€or NIFutilizinglaser and 
claddingglass~~~?ltedatSchottGlassT~logies, 
Duryea,Pa, a r t d H o y a O p t i c s 8 ~ C a l i f .  In order to 

areepoxiedontoashapedlasergtassblrmkTheopticis 
then ground to finaldimens~olls and polished tomeet the 
N I F W a v e f m t r e q ~  . This capability is the culmi- 
nation of a fiveyear effort starting with a program to 
develop a process for fhbhing optics to NIP Specificatons 
and progressing to a pilot program of full-aperture 
demoxwations and productiormte OptimiZatioIl 

finiShanamplifierslab,c.laddingstripsof absorbingglass 
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