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NATIONAL BUREAU OF STANDARDS

The National Bureau of Standards' was established by an act of Congress on March 3, 1901.
The Bureau’s overall goal is to strengthen and advance the Nation's science and technology
and facilitate their effective application for public benefit. To this end, the Bureau conducts
research and provides: (1) a basis for the Nation's physical measurement system, (2) scientitic
and technological services tor industry and government, (3) a technical basis for equity in
trade, and (4) technical services to promote public safety. The Bureau’s technical work s per-
formed by the National Measurement Laboratory, the National Engineering Laboratory, and
the institute for Computer Sciences and Technology

THE NATIONAL MEASUREMENT LABORATORY provides the national system of
physical and chemical and materials measurement; coordinates the system with measurement
systems of other nations and furnishes essential services leading to accurate and umform
physical and chemical measurement throughout the Nation's scientitic community, industry,
and commerce: conducts materials research leading to improved methods of measurement,
standards, and data on the properties of maternals needed by industry, commerce, educational
institutions, and Government: provides advisory and resecarch services to other Government
agencies; develops, produces, and distributes Standard Reterence Matenals: and provides
calibration services. The Laboratory consists of the tollowing centers:

Absolute Physical Quantities’ — Radiation Research — Thermodynamics and
Molecular Science — Analytical Chemistry — Materials Science.

THE NATIONAL ENGINEERING LABORATORY provides technology and technical ser-
vices to the public and private sectors to address national needs and to solve national
problems; conducts research in engineering and applied science in support of these ettorts;
builds and maintains competence in the necessary disciplines required to carry out this
research and technical service; develops engineering data and measurement capabilities:
provides engineering measurement traceability services: develops test methods and proposes
engineering standards and code changes: develops and proposes new engineering practices;
and develops and improves mechanisms to transter results of its research to the ultimate user.
The Laboratory consists of the following centers:

Applied Mathematics — Electronics and Electrical Engineering” — Mechanical
Engineering and Process Technology’ — Building Technology — Fire Research —
Consumer Product Technology — Field Methods.

THE INSTITUTE FOR COMPUTER SCIENCES AND TECHNOLOGY conducts
research and provides scientific and technical services to aid Federal agencies in the selection,
acquisition, application, and use of computer technology to improve etfectiveness and
economy in Government operations in accordance with Public Law 89-306 (40 U.S.C. 759),
relevant Executive Orders, and other directives: carries out this mission by managing the
Federal Information Processing Standards Program, developing Federal ADP standards
guidelines, and managing Federal participation in ADP voluntary standardization activities:
provides scientific and technological advisory services and assistance to Federal agencies: and
provides the technical foundation for computer-related policies of the Federal Government.
The Institute consists of the following centers:

Programming Science and Technology — Computer Systems Engineering.

Headquarters and Laboratories at Gaithersburg, MD, unless otherwise noted:
mailing address Washington, DC 20234,
‘Some divisions within the center are located at Boulder, CO 80303,
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Foreword

The Proceedings contain the papers presented at the Tenth Anniversary Symposium on
Optical Materials for High Power Lasers held at the National Bureau of Standards in Boulder,
Colorado, on October 30-31, 1979. The Symposium was jointly sponsored by the National
Bureau of Standards, the American Society for Testing and Materials, the Office of Naval
Research, the Defense Advanced Research Projects Agency, and the Department of Energy. The
Symposium was attended by about 150 scientists from the United States, the United Kingdom,
France, Canada, West Germany and Denmark. It was divided into sessions devoted to the
following topics: Transparent QOptical Materials and the Measurement of Their Properties,
Mirrors and Surfaces, Thin Film Characteristics, Thin Film Damage, Considerations for High
Power Systems, and finally Theory and Breakdown. The Symposium Co-Chairmen were Dr. Harold
E. Bennett of the Naval Weapons Center, Dr. Alexander J. Glass of the Lawrence Livermore
Laboratory, Dr. Arthur H. Guenther of the Air Force Weapons Laboratory, and Dr. Brian E.
Newnam of the Los Alamos Scientific Laboratory. They also served as editors of this report.

The editors assume full responsibility for the summary, conclusions, and recommenda-
tions contained in the report, and for the summaries of discussion found at the end of each
paper. The manuscripts of the papers presented at the Symposium have been prepared by the
designated authors, and questions pertaining to their content should be addressed to those
authors. The interested reader is referred to the bibliography at the end of the summary
article for general references to the literature of laser damage studies. The Twelfth
Annual, Symposium on this topic will be held in Boulder, Colorado, from September 30 to
Octobef 1, 1980. A concerted effort will be made to ensure closer liaison between the
5¥acti§ioners of high peak power and the high average power community.

~«The principal topics to be considered as contributed papers in 1980 do not differ
drastically from those enumerated above. We expect to hear more about improved scaling
relations as a function of pulse duration, area, and wavelength, and to see a continuing
transfer of information from research activities to industrial practice. New sources at
shorter wavelengths continue to be developed, and a corresponding shift in emphasis to short
wavelength and repetitively pulsed damage problems is anticipated. Fabrication and test
procedures will continue to advance, particularly in the diamond-turned optics and thin film
areas.

The purpose of these symposia is to exchange information about optical materials for
high power lasers. The editors will welcome comment and criticism from all interested
readers relevant to this purpose, and particularly relative to our plans for the Twelfth
Annual Symposium.

//\ H.E. Bennett, A.J. Glass,
A.H. Guenther and B.E. Newnam
Co-Chairmen
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DISCLAIMER

Certain papers contributed to this publication have been prepared by other than NBS
authors. These papers have not been reviewed or edited by NBS; therefore, the National
Bureau of Standards accepts no responsiblility for comments or recommendations contained
therein.

Certain commercial equipment, instruments, and materials are identified In this pub~
lication in order to explain the experimental procedure adequately. Such identification in
no way implies approval, recommendation, or endorsement by the National Bureau of Standards,
nor does it imply that the equipment, instruments, or materlals identified are necessarily
the best available for the purpose.
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SYMPOSIUM WELCOME
Arthur H. Guenther
Air Force Weapons Laboratory
Kirtland AFB, New Mexico 87117

Last year at the Tenth Annual Boulder Damage Symposium, Alex Glass expressed his
hope that it might be the last. We made a vain attempt to call a close to these annual
gatherings because of two reasons. First, we thought that after ten years we should
have been able to solve the problem of laser damage and move on to new challenges,
but as we enter our second decade the continued attendance and interest accorded
these annual sojourns to Boulder indicate that laser damage is still a subject of import
to a large, varied and growing community. The second and perhaps subconsciously greater
reason for our predisposition to suggest a cessation was a result of the pressures of
other commitments for both Alex and myself. However, since you the participants would
have no talk of concluding this series we did the next best thing, which some of you
may have noticed from the published program, that is, enlisting the services and
aid of two additional individuals well known for their many contributions in the
laser damage area. They are from the two largest concerned organization in this tech-
nology, namely DOD and DOE, whose interests span the field from high average power,
generally CW, to high peak power, presently single pulse interaction regimes. Undoubtedly
somewhere in the future these diverse extremes will meet in the shorter wavelength, high
power, rep rate laser arena. These individuals, two gluttons for punishment, I mean
pillars of perseverance, are old timer Hal Bennett from the Michelson Laboratory at the
Naval Weapons Center and Brian Newnam, one of a more recent vintage, young enough to
have accomplished his doctoral research in laser damage, from the Los Alamos Scientific
Laboratory. Hopefully, this selection suggests a certain objectivity on Alex's and my
part, since we asked individuals from the enemy's camp--I mean sister laboratories.

Both being government organizations, we hope to be able to rely upon a certain donation
of necessary resources, primarily in the secretarial and communication areas which are
essential in the operation of any meeting such as this one.

This now enlarged steering committee would like to formally welcome you to the Tenth

Anniversary Damage Symposium. We are pleased to see many familiar faces, and again

would like to specifically welcome those of you who are new to these deliberations.

‘e would especially like to welcome our foreign participants who have through their
attendance added a truly international flavor to this meeting. However, we are dis-
appointed that other anticipated contributors from abroad could not come and present
their latest work. However, it is anticipated that in some cases their manuscripts

will be included in the conference proceedings.

e iliiy Zhment,

I would be remiss if I did not mention that due to a reorganization here at the
National Bureau of Standards we have a new team responsible for the sponsorship and
operation of the meeting proper as well as publication of the proceedings. Bob Kamper,
Chief, Electromagnetic Technology Division, has graciously offered the services of
Aaron Sanders, Group Leader, Optical Electronic Metrology Group, and his able
assistant, Mrs. Norma Lear, two individuals of long standing interest and association
with this meeting, to coordinate the Bureau's involvement. We welcome the opportunity
to work with two such cooperative and capable individuals, as we say farewell and
many thanks to Hal Boyne and his staff who so admirably aided us in the past.

Concerning this year's meeting, you will note from the program that an acceptable 4
basis for observed scaling relations of laser damage thresholds with a variety of {
parameters may be just around the corner. I believe this results from several factors.
In the first place, this year there are many more than the usual number of papers

which can be characterized as theoretical, and, in the main, they are supported by k
carefully obtained experimental data. In the second place, these more analytical reports
with their adjunct data are taken on real world samples, and thus are of immediate
interest to anyone interested in the response of optical elements in practical high

ix




power laser environments. Finally, the samples utilized in chese tests (with the

aid and input of material scientists) have been characterized better and more
completely. In the future, we expect that the real world response will be unraveled
even further as use of sophisticated and sensitive characterization methods become
more generally available. However, any quantum jumps in damage resistance I feel will
come from improvements in materials purity and more importantly in fabrication and
deposition procedures, such as in the areas of polishing, the introduction of chemical
vapor deposited materials and proper background gases in the deposition of thin films
or through continued progress in the area of forging of large size optical elements.
Certainly any improvements in damage threshold arising from developments in these areas
can only be realized in real applications through concurrent advancements in avoiding
environmental degradations introduced in the utilization of these 2lements in the
comparatively adverse environments associated with operating systems. On the other
hand, quantum jumps in our understanding of the damage mechanism will undoubtedly

come in part from work presently being performed at shorter wavelengths, with the
impact of rep-rated studies still largely in the future.

Thus we see the narrowing of our more fundamental interests to the arena of material
response and scaling primarily in those domains where the elements will be used and not
necessarily as keys to delineating the intrinsic response of pure dielectric or metallic
elements to high power coherent optical radiation. The intrinsic behavior of the inter-
action scenario will have to wait, if it ever comes, as one may never be able to convince
everyone that they have intrinisc breakdown data upon which to benchmark their theory,
and thus I tend to agree with Prof. Manenkov that there may never have been intrinsic
material breakdown and that all threshold data is impurity or imperfection dominated.
However, there is still plenty of good physics and chemistry in the laser damage field,
as we will see during this symposium,

We would 1ike to second John Detrio's invitation to the participants of this
meeting to aid in the establishment of a separate ASTH Committee on Lasers and Optics.
After all, this meeting and the reason for our being here was initiated and supplied
by the ASTM over a decade ago.

Recalling those early stages of the ASTM Committee's activities in this symposium,
it is with much sorrow and regret that we note the passing of one of the early mainstays
of the ASTM's activities and this conference. He was a man dedicated to the highest
professional and individual qualities, and as such has set a high standard for us
to emulate, Allan Carlson, President of Cleveland Crystal, passed from the scene
this August. Allan was one of the earliest members of the ASTM Subcommittee on
Laser Standards and chaired the group on crystals. He participated in this meeting
many times and contributed significantly to the development of crystalline materials
for large aperture, high power lasers. Both his personal qualities and his technical
contributions will be sorely missed.

In closing, I would Tike to acknowledge the continuing financial support of the
Defense Advanced Research Projects Agency, the Office of Naval Research, the National
Bureau of Standards, and the Department of Energy, and particularly to John Detrio and
the American Society of Test and Materials for professional sponsorship. I am sure
I speak for Drs. Bennett, Glass and Newnam in wishing you a warm welcome to this our
Tenth Anniversary Damage Symposium.




BOULDER DAMAGE SYMPOSIUM

In commemoration of our tenth anniversary meeting and in expectation of its
continuance, the organizers of this meeting decided that it would be appropriate to
establish a logo which could be used to highlight the symposium and its future
correspondence and publications. Thus a contest was held during this meeting, with
the ground rules that the logo must be simple, and easily recognizable as representing
the subject of the symposium. After a difficult time of evaluating over 30 entries, the
organizers of the conference selected the 10go you see decorating this our tenth
anniversary proceedings. It was submitted by Major J. R. Bettis (USAF) of the US Naval
Academy. Jerry is well known to the participants of this conference for his many
technical presentations and stimulating demeanor, He now has made a contribution of
another sort, one we are sure is as important and Tasting.




REMARKS TO ELEVENTH ANNUAL SYMPOSIUM
OPTICAL MATERIALS FOR HIGH POWER LASERS (SOMHPL)

Major Harry V. Winsor, USAF
Defense Advanced Research Projects Agency, Materials Sciences office
1400 Wilson Boulevard
Arlington, Virginia 22209

Welcome to this year's "Boulder Damage Symposium'" (BDS). Our topic
of laser damage to mirrors and window materials has expanded until it
now encompasses the making and using of all sorts of optical components
for high power (mostly pulsed) laser systems. Somehow, however, SOMHPL
is much harder to say than BDS!

DARPA remains interested in the progress shown at this meeting as
well as at closed topical meetings and it is my pleasure to give a
summary of the reasons for our continued interest.

Laser systems for space defense and various other military applications
have been one of DARPA's primary thrusts for more than 10 years. The
success of these programs depends on having suitable components to
handle and direct the laser beam so that it performs its intended
function. Most high power laser components require thin film coatings R
for reflection control, so a large amount of our research has been
devoted to achieving improved thin film behavior. Several specific thin
film efforts are worthy of note here:

Hydrogen Fluoride lasers emit light at around 2.8 um, which lies in
the center of the hydrogen band for most materials containing hydrogen. E
Removing all hydrogen from a thin film requires exacting care and specific
measures during film deposition. This is because the tolerable amount
of hydrogen may go below the equivalent of two monolayers of water!
This must be achieved with components which can be handled in a real
world containing humidity, fuel vapors, and other hydrocarbon vapors.
If we go into space, we must add molecular and atomic hydrogen bombard-
ment. Recent thin £ilm research reported at this meeting and elsewhere
promises to make substantial improvements in space tolerant films for HF
lasers.

[PRPRNERTICE SRS

Films are important to UV lasers as well. Here, since no CW UV
laser of high power has been built, the research problems center about
how one develops the ability to withstand repetitive pulses of laser
energy as high as 10 Joules/cmzlpulse. While the pheonomena of single
pulse damage have been investigated for many years, almost no work has
been done on the durability of repetitive pulsed coatings. I suspect
there are many surprises in store for thin film designers when this work
is performed -~ in fact several phenomena have been observed at the
present state of our researches:

One appears to be thermal fatigue of the mirror's metal substrate under
a loading less than 10% of the single shot damage threshold. Nominally
identical sample, with somewhat higher absorption, did not exhibit this
effect. It would appear that absorption measurements must be refined to
measure elther transient (bleachable) absorption, or the location of
absorption within the film to give us diagnostics sultable for making
orderly progress in overcoming these effects.

*xi§1




The other is that films on metal substrates may exhibit two thresholds:
one at initiation of damage and another for propagation of the damage.
With large components, it is possible that isolated sites may exhibit
initiation at fluxes well below a more uniform propagation threshold,
allowing the component to be used with isolated damage sites without
further concern. Under other conditions, the propagation threshold may
be well below the desired operational loading, necessitating perfect
control of the initiation threshold. The field of high power thin films
is now mature enough that these distinctions must be taken into account
in most further research and development.

With these problems, and the desire to exploit IR, UV and Visible
lasers for military and civilian applications, a new era of more basic
research appears to be upon us. DARPA will be steering its research
toward these more fundamental topics as soon as the rather more applied
tasks have been accomplished.

Passing on to the topic of mirrors, it is apparent that the problem
of selecting the correct substrate material has not yet been reduced to
a simple procedure, and it may never be. The heat exchange function
must not set requirements that affect the optical requirements the
mirror must meet. This is ever harder to accomplish as the system
designers seek to raise the power density in their beam trains. New
methods of removing heat rapidly and requiring lower coolant pump power
are needed. Lower pumping pressures are especially sought, since the
current generation of mirrors must be polished under pressure - not an
easy operation. The next generation may have to be polished under flow
conditions - an even harder proposition - unless better cooling methods
are devised.

Another example of the incompatibilities encountered in mirrors is
the choice of thermal conductivity for the substrate. Higher thermal
conductivity is a virtue, as long as the thermal expansion and elastic
modulus are not compensatingly worse. The substrate however will experience
no thermal distortion if its thermal expansion coefficient is zero.
This is obtainable - but it requires a much lower thermal conductivity,
which lowers the pulse damage threshold of the thin film, and consequently
the fatigue limit power threshold.

Still another example of conflicting requirements that do not
appear until the component is assembled and characterized is due to the
metallurgical condition of the substrate. Molybdenum suitable for high
performance heat exchangers does not appear to be polishable to UV
tolerances. The problems of making mirrors is becoming a multidisciplinary
problem of first order - a fact that was remarked upon last year, but is
now a far more immediate concern.

Windows have not received much attention at DARPA over the last
year, but may still be required for many proposed laser systems. Developments
that may help when windows are addressed again include the successful
forging of IR lenses to figure from KBr blanks. This technology appears
exciting for its promise of reducing polishing lead time significantly.
Current trials show that every lens produced meets IR specs, and it
appears that control to visible tolerances can be obtained with several
years more research.

xiv




Fiber optics and integrated optics may well need to borrow from the
many technologies, tricks and theories developed under laser damage and
power handling compcenent research, since power densities in optical
fibers are approaching component damage levels. Specific near term
problems will concern the insertion of maximum power at 1.45 um into
silicon waveguides. These problems arise when trying to use the fibers
for great distances without introducing repeaters.

In all the above efforts, and in general, it is apparent that the
cost of the optics must be reduced, and that the reliability and ability
to design to desired performance must increase. This is the task ahead
of us over the next several years as this field matures. I know that
this conference will continue to play an important role in improving
optical components technology and I hope you enjoy it as much as 1
will!l

XV




o g e '"‘“"1

Laser Induced Damage in Optical Materials

Tenth Anniversay ASTM Symposium
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Abstract

The Tenth Anniversary Symposium on Optical Materials for High Power Lasers
{Boulder Damage Symposium) was held at the National Bureau of Standards in
Boulder, Colorado, 30-31 Qctober 1979. The Symposium was held under the
auspices of ASTM Committee F-1, Subcommittee on Laser Standards, with the
joint sponsorship of NBS, the Defense Advanced Research Project Agency, the
3 Department of Energy, and the Office of Naval Research. About 150 scien-
tists attended the Symposium, including representatives of the United
Kingdom, France, Canada, Japan, West Germany and Denmark. The Symposium was
divided into sessions concerning Transparent Optical Materials and the
Measurement of Their Properties, Mirrors and Surfaces, Thin Film Character-
istics, Thin Film Damage, Considerations for High Power Systems, and finally
Theory and Breakdown. As in previous years, the emphasis of the papers
presented at the Symposium was directed toward new frontiers and new de-
velopments. Particular emphasis was given to materials for high power
apparatus. The wavelength range of prime interest was from 10.6 um to the
uv region. Highlights included surface characterization, thin film sub-
strate boundaries, and advances in fundamental laser-matter threshold
interactions and mechanisms. The scaling of damage thresholds with pulse
duration, focal area, and wavelength was discussed in detail. Harold E.
Bennett of the Naval Weapons Center, Alexander J. Glass of the Lawrence
Livermore Laboratory, Arthur H. Guenther of the Air Force Weapons Labora-
tory, and Brian E. Newnam of the Los Alamos Scientific Laboratory were co-
chairmen of the Symposium. The Twelfth Annual Symposium is scheduled for
30 September - 1 October 1980 at the National Bureau of Standards, Boulder,

Colorado.

Key Words: Laser damage; laser interaction; optical components; optical
fabrication; optical materials and properties; thin film
coatings.

1. Introduction

The Tenth Anniversary Symposium on Optical Materials for High Power Lasers (Boulder
Damage Symposium) was held, as in previous years, at the National Bureau of Standards in
Boulder, Colorado, 30-31 October 1979. The Symposium was held under the auspices of the
ASTM Committee F-1, Subcommittee on Laser Standards, with the joint sponsorship of NBS, the
Defense Advanced Research Projects Agency, the Department of Energy, and the Office of
Naval Research. Working sessions of the Committee F-1 Subcommittee on Lasers were held on
Monday, 29 October. About 150 scientists attended the Symposium, including representatives
of the United Kingdom, France, Canada, Japan, West Germany and Denmark. The Symposium was
divided into sessions concerning Transparent Optical Materials and the Measurement of Their
Properties, Mirrors and Surfaces, Thin Film Characteristics, Thin Film Damage, Considera-
tions for High Power Systems, and finally Theory and Breakdown. As in previous years,
several poster sessions were held. The general consensus of those presenting poster papers
and those viewing them was highly favorable. In all, over forty technical presentations
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were made. Harold E. Bennett of the Naval Weapons Center, Alexander J. Glass of the Law-
rence Livermore Laboratory, Arthur H. Guenther of the Air Force Weapons Laboratory, and
Brian E. Newnam of the Los Alamos Scientific Laboratory, were co-chairmen of the Symposium.
At this, our Tenth Anniversary Symposium, a logo was selected to highlight this series of
meetings as we embark on our second decade of damage studies. The purpose of these sym-
posia is to exchange information about optical materials for high power lasers. The authors
will welcome comments and criticism from all interested readers relevant to this purpose

and particularly relative to our plans for the Twelfth Annual Symposium, scheduled for

30 September - 1 October 1980, at the National Bureau of Standards, Boulder, Colorado.

2. Principal Conclusions

The field of laser-induced damage in optical material continues to attract consider-
able interest. The specific focus of the field, however, changes as problems are solved
and new applications emerge. It is obvious after a decade of research in the response of
optical materials to high power laser radiation and the impact it has had on laser system
design that a reassessment needs to be made. In simpler terms, somewhat simpie problems
have been overcome primarily through the applications of obvious solutions such as high-
purity starting materials, high-precision fabrication and the identification of damage
initiators through the use of existing instrumental methods. However, now that the cream
has been skimmed, we are left with the requirement to go back to first principles and make
tong-range plans to allow one to optimize optical material and system performance. As an
indication of this philosophy, Major Harry Windsor, Defense Advanced Research Projects
Agency, indicated that that agency was encouraging more fundamental work on material and
material/optical interactions than formerly was the case. Studies will undoubtedly become
more experimental in attempting to identify salient properties and features of the funda-
mental laser material interaction scenario and thus less applied. This is not to mean that
applied technology will not continue but the emphasis will most certainly change. It is
anticipated that the directly applied work will concentrate on real world components as
opposed to studying intrinsic damage mechanisms in an attempt to reduce costs and improve
component reliability. As far as the U.S. Government is concerned, increased emphasis will
be given to shorter wavelength systems, particularly those which can be repetitively pulsed,
an area in which there is scant data to date. There is no question that as one approaches
the uv, novel polishing procedures, more stringent coating tolerances, etc., will be
required.

At the Symposium, the presented papers concentrated on materials and measurement of
their properties, mirrors and optical surfaces, thin films and damage sensitivity, systems
considerations and, as usual, theory and breakdown phenomena. As expected, the majority of
papers again concerned the Achilles heel of thin films. It was there, together with new
revealing theoretical descriptions of the interaction process, that the greatest advances
were reported.




2.1 Materials and Measurements

In the area of materials and measurements, continuing attention is being given to the
area of press forging as a technique for the low cost manufacture of large, low-cost trans-
parent elements. The use of hot isostatic pressing (HIP) techniques is proving successful
in removing veils within the material. The optical performance of forged calcium fluoride
for infrared windows was not markedly improved by the HIP process, but elimination of veils
led to potential improvement in the short-pulse damage threshold over windows which contain
veils. Press forging of lithium fluoride and calcium fluoride has shown increased resis-
tance to humidity and, in the case of lithium fluoride, the highest surface damage thresh-
old of any ultraviolet crystal studied to date. In an additional study, two-stage forging
of lithium fluoride was found necessary to avoid veiling in that material. This process
increased the micro yield strength by a factor of 10 while producing 1ittle, if any, in-
crease in scattering.

Several new candidate laser materials were discussed including yttrium orthophosphate
(YPO4) proposed as a substitute for calcite. Beryllium fluoride (Ber) glasses as a low
index but hygroscopic material was proposed as a host for laser glasses. Indications from
reflectivity measurements were that its band gap is similar te that of 1ithium fluoride.
The lowest energy reflectance peak was located at 12.8 eV. This material should be usable
to 150 nm. Other materials discussed included YLF and KYF which have shown potential to be
grown to large-diameter crystals. Continued interest in chalcogenide glasses was also
evident. In an interesting study it was noticed there was an increase in absorption mea-
sured by a reflectivity change just prior to catastrophic damage which could serve as a
nondestructive prethreshold test for these materials.

Two papers concerned themselves with the performance of windows at 10.6 um. In one
case, absorbed CO2 laser radiation in a ZnSe window produced the expected thermal lensing;
however, the minimum focal spot size was not changed over that manifest under low-power
conditions. The other work of note concerned damage in alkali halides. It was revealed
that the electric field at which damage occurred on the surfaces of state-of-the-art crys-
tals of NaCl and KC1 was only one-half of the bulk damage value. There was considerable
agreement with previously reported Russian work that adsorbed water is the main initiator
in the surface damage process at 10.6 wm. Freshly cleaved NaCl samples exhibited an initial
damage threshold more than double that of polished surfaces. However, after less than one
week, only a 50 percent advantage was measured, presumably due to readsorption of moisture.

Improvements in materials require the development of more sensitive techniques to
measure properties of import and thus be able to assess progress. Two novel spectroscopic
applications were discussed which will play a major role in the development of optical
materials as well as become an adjunct to damage threshold experiments. The first method
concerns the use of photo-acoustic spectroscopy to identify damage-sensitive areas from
increased localized absorption both within the bulk of materials and for thin films, as
well. In this latter case one is required to determine both surface {film) and volume
(substrate) terms. The Bennett-Forman and modified two layer Rosencwaig-Gersho theories
had nearly identical results and were in good agreement with experimental data. The other




method concerned wavelength modulation spectroscopy. This technique was also shown to be a
very sensitive method to identify impurities on the surface or within a sample. Reproduci-
bility can be as high as a part in 10'6. One is able to identify particular constituents
and the type of chemical bonding. It also appears to be a powerful technique to study the

effect of adsorbed materials on surfaces; however, it has not yet been determined how

quantitative this technique will be.

In a somewhat related paper the total nonlinear indices, including electronic and
nuclear contributions, for 25 1iquids useful as index matching fluids, were calculated.
Values ranged from 10']3 esu for acetic acid to 10'1]
seen to decrease as the Abbe value (yd) increased.

for CSZ' The nonlinear index was

2.2 Mirrors and Surfaces

In the area of mirrors and surfaces, diamond turning has lead to great improvement in
the fabrication of precise metallic optics. Its extension to dielectrics such as Srfe and
CaFZ, however, appears to offer no real advantage in damage resistance (at the HF and DF
laser wavelengths) over normal polishing. The advantage comes in the speed of fabrication
and is thus a positive economic factor. However, a totally different surface finishing
technique, laser annealing of glasses, has resulted in improved damage thresholds. This is
a very exciting observation but not totally unexpected since flame polishing, acid etching
or any other process which tends to remove impurities as a method to improve surface damage
resistance is well-known. More work needs to be done in this area, such as the demonstra-
tion of an ability to maintain a surface figure of high tolerance. It could well be a
useful adjunct to diamond machining.

As an indication that we have progressed in the understanding of laser interaction
with materials, particularly in the case of metals, several papers dealt with both the
theory of repetitive interaction of laser pulses with copper and experimental verification
of the theoretical predictions. The onset of laser-induced slip of copper was shown to
occur at fluence levels of a few joules to tens of joules per square centimeter depending
on the pulse Tength. Damage was shown to be cumulative and could result in coating de-
gradation and increased scattering for mirrors under continued laser irradiation. The-
oretical predictions were shown to be in essential agreement with experimental results
obtained over very small areas. If one continued to pulse until melt damage, the experi-
mentally measured threshold agreed with a first principles calculation to better than one
percent. It was observed that slip threshold was inversely proportional to the melt thresh-
old. Micromachining is a technique that can produce nearly undistorted surfaces exhibiting
low slip and high melt thresholds. In related work on copper mirrors, the ion implantation
of aluminum followed by oxidation in air produced a stable oxide layer which was believed
to be a double layer of Cu0Q on the outside and probably CuAlO2 between the substrate and
outer layer. This surface was very resistant to further oxidation and maintained a very

high reflectivity in excess of 98 percent at 1.06 um.




2.3 Systems

Papers discussing engineering details relating to system design and performance were
heard. One interesting presentation concerned the selection of components in high average
power laser systems. These systems normally employ cooled mirrors and uncooled windows.
Using an exponential Strehl relation as an indicator of the figure of system performance,
expressions were developed to describe distortion in high power systems. It was concluded
that the windows frequently compensate for the distortions normally introduced by cooled
mirrors. Perhaps of more utility is the proposed application of Weibull statistics, which
is a distribution based upon critical flaws, to characterize the brittle fracture of IR
windows. The Weibull distribution is appropriate to these low ductility components and
allows scaling from small to large samples. This should be an important engineering tool
in systems design. Its application is an indicator of the growing maturity of the field.

2.4 Thin Film Characterization and Design

As is the usual case, the greatest number of presentations at the Symposium concerned
thin films, both their characterization and damage threshold. This is not surprising
considering that the damage threshold of thin films is routinely Tower than surface damage
thresholds and lower still than bulk breakdown limits. However, from this year's Symposium
it is obvious to note the increased sophistication with which this area is being attacked,
and real improvement both in performance and understanding of films that has been made. Of
considerable importance is the careful correlation of optical and physical properties with
process variables. In this regard, a correlation of these process variables with grain
size in T1'02 films was heard. It was shown that there was a ratio of 8 to 1 in damage
threshold when the grain size changed from 20 to 600 R. The smaller size grain film cor-
responds to a glassy coating exhibiting a lower refractive index film. Similar careful
work was performed on two other promising new coating materials, tantalum oxide and niobium
tantalium pentoxide. Another new material discussed at the conference was alpha-silicon
hydride, an amorphous silicon hydride which has a refractive index of about 3. These films
were all produced by rf sputtering.

In some cases, improvement {in damage threshold can be achieved through design. One
design trick is the use of overcoats. Although the particular mechanism which leads to an
improvement is not definitely established, the use of SiO2 overcoats on high reflectivity
coatings leads, on the average, to a 50 percent improvement in the pulsed laser damage
threshold. Reproducibility of improvement is reported to be about 30 percent.

Even before we have arrived at a satisfactory understanding and development of thin
film technology, very stringent coating requirements are being established. Not the Teast
of these are stringent tolerances and uniformities in phase sensitive optical coating for
use in cylindrical unstable resonators. These types of annular resonators are very sen-
sitive to polarization and one must design phase-shifting coatings to maintain proper
polarization such that one can operate in low-order models. The very idea that people are
considering these stringent coating specifications 1s an indication of our progress in the
field. However, it is still a very tough problem area.




Central to progress in thin films is the development of techniques to characterize
films not only from an optical standpoint but from a chemical and structural standpoint as
well. This year several ‘papers dealt with various aspects of this concern. The high
temperature properties of molybdenum reflectors was correlated with the substrate struc-
ture. Chemical vapor disposition of molybdenum was used to produce very high reflectivity,
better than super polished or sputtered molybdenum, achieving almost 99 percent reflec-
tivity at 10 um. By annealing at temperatures between 700 and 1000° C, the molybdenum film
was converted to a body centered cubic form, resulting in the very high reflectivity with
relatively large grain sizes.

Reflection spectroscopy was also used as a tool to identify contaminants in evaporated
films of ThF4, nS, InSe, and Si0. The presence of the contaminant could be assigned to
either the bulk or the surface of the material with a sensitivity as good or better than
calorimetric procedures. The obvious advantage of this technique is that measurements can
be made over a broad wavelength range. Two other techniques were useful in the mapping of
damage sensitive areas. These were spatially resolved photoacoustic spectroscopy and a new
microscopic technique called TIRM which stands for total internal reflection microscopy.
The latter may be used in conjunction with a Nomarsky microscope. Greatly improved sen-
sitivity in locating sites potentially susceptible to damage have been demonstrated by both
techniques.

The identification of water within materials at certain wavelengths continues to be an
area of considerable interest. We can not only determine the presence of water but deter-
mine its location, whether within a film layer, at an interface between layers or between
the film and substrate. This has proven to be very important when dealing with coatings at
the HF wavelengths. The presence of water in components used in the HF lasers is without
question the prime factor leading to a decreased damage resistance at that wavelength
compared to operation at the DF wavelength. Anytime a new material is proposed, such as
NaF, one of the first procedures will be to assess its affinity for water when used at
specific wavelengths.

We continue to see an increase in the growth of the use of advanced instrumental
techniques such as SEMS, SIMS, AES, ESCA (XPS) to analyze impurities and defects in thin
films. Most recently these techniques have been employed to study ThF4 films and locate
the usual impurities of ThOF2 and Th02.

2.5 Thin Film Damage

This years Symposium was highlighted by the reporting of large quantities of damage
thresholds for thin films., The data was of high quality and directly applicable not only
to revealing the mysteries of thin film damage but also as useful indicators in the selec-
tion of thin film materials for high power laser applications. The data spanned pulse
lengths from picoseconds to milliseconds from the ultraviolet to the infrared. Several
efforts were pointed towards the frequency dependence of damage in a variety of thin film
materials. The data reported at the meeting was used in several instances to support the
selection of a particular damage mechanism, most notably the impurity dominated model as




opposed to avalanche or multi-photon processes. This does not mean that these later pro-
cesses are ruled out as playing a role in the resultant morphology of catastrophic damage.
Oxide and fluorides were highlighted in the results and important differences in the re-
sponses of these classes of materials were identified.

Concerning pulse length scaling, none was observed in one report for pulses ranging
between 100 and 700 ps at 266 nm. However, the same authors and others at the meeting
often have found the normal t]/z scaling at longer nanosecond pulse iengths. Damage thresh-
old scaling with film thickness was used to support the impurity model. Attempts to scale
damage with film absorption met with mixed results; however, when the absorption was high,
there was correlation between damage sensitivity and film absorption. But, on high quality
films where absorption was low, variations of the damage threshold with film absorption
were not readily evident. Some interesting results or the damage sensitivity of films
subjected to 800 ns, 1 um laser puises were reported. At these relatively long pulse
lengths correlation between film absorption and damage threshold was also reported. The
ratio of the temperature at damage to the melting temperature of the substrate material was
nearly a constant. There was not much variation in the damage threshold at these rela-
tively Tong pulse lengths since most of the materials tested were refractory oxides.

To the trick of using overcoats to improve damage thresholds must now be added the use
of chemically graded index surfaces. In this process, material is leached from a glass to
reduce the index in a controlled manner. This obviates, in many applications, the need for
the application of damage-prone antireflection coatings. Damage thresholds have been
reported as high as 30-50 J/cm2 for 1 ns pulses at 1.06 um. Achieved reflectivities ranged
from 1/10 to 2/10 of a percent. These high damage values are obtained only after the
material is subjected to initial damage pulses at the 8-12 J/cm2 range. Normally, AR
coatings under the same conditions fail at about 4 J/cmz. These graded index surfaces are
porous; thus we will have to await full impact of the potentially larger scattering and
handling sensitivity which should be characteristic of this type of surface.

Historically, the session devoted to theory and breakdown phenomena has been among the
mcst agitated. In comparison, this year the participants were more attentive, primarily
for two reasons. First, some of the presentations were not very controversial and secondly,
theories were supported by careful experimental data as opposed to the conjecture previously
heard when there was inadequate data available.

In the first category, the individual theories due to Keldysh, Braunstein, and Basov
were compared based on their ability to accurately predict multi-photon absorption coef-
ficients. Keldysh appeared to be the preferred description in cases of import to this
meeting. An ancillary paper dealt with a comparison of multiphoton and avalanche processes
in damage. In that report, it was concluded that much more work needs to be done before
one can adequately describe the breakdown processes. Furthermore, one needs to understand
the interdependence of the two breakdown theories. An improvement in the description of
avalanche breakdown was also heard. This year the inclusion of the Holstein theory for
phonon-assisted absorption was included. The key feature of that theory, as opposed to the
intermediate collision model, is that the electron can absorb essentially all the photon




energy in a single event rather than in many small increments as for example in a series of
scattering processes. This approach is probably appropriate between 1 and 10 um, but at
shorter wavelengths a further evaluation is necessary.

Another interesting paper dealt with the subject of stimulated Brillouin scattering
(SBS) and its use as a limiter of nonlinear processes such as self-focusing within materials.
Methods of preventing feedback from SBS were also discussed.

The two most important analytical revelations at this meeting concerned the frequency
dependence of thin film damage based on an impurity model and a quantitative assessment of
focal volume effects in relation to recently reported Soviet work. Concerning the thin
film issue, early work on the role that meta111c~impurities play in damage of bulk dielec-
trics has been extended to dielectric impurities in optical thin films. Impurities were
assumed to be no larger than the thickness of the films. Based upon this restriction, Mie
scattering was involved to describe the absorption of the impurities invoked. From studies
of damage to a variety of materials, general agreement was obtained with the predictions of
the theory. Interestingly, the theory predicts that as one progresses to thinner films the
damage resistance increases. This may offer great benefit for ultraviolet coatings. In
the other prime theoretical work, a resolution of the difference between small focal spot
size and large focal spot size data for bulk damage was presented. Generally there is very
little spot-size dependence for large beams while there is a spot size effect for small
beams. This difference manifests itself in a different frequency scaling as well. This
data now adegquately describes some heretofore confusing results reported by Soviet workers.

3. Summary of Papers

The subject matter of the Tenth Anniversary (Eleventh) Symposium covered six broad
areas of interest to the high power laser community. These are (1) Transparent Optical
Materials and the Measurement of Their Properties, (2) Mirrors and Surfaces, (3) Thin Film
Characteristics, (4) Thin Film Damage, (5) Considerations for High Power Systems, and
finally (6) Theory and Breakdown. These Conference Proceedings are organized accordingly.
In this Section, a concise summary of each paper is provided. Closely related papers are
discussed together, whenever possible. The interested reader is referred to the complete
manuscript of any paper for further details. Our intention here is to provide the reader
with an overview of the Symposium and to identify the topics of current interest, and the
authors and sponsoring organization of the papers. Each topical area is introduced with a
brief statement of the underlying problems and the status of understanding within the area :
of interest as well as to highlight this year's presented papers. ’

3.1 Transparent Optical Materials and the Measurement of Their Properties

As is the usual case, this year's Symposium led off with papers dealing with trans-
parent optical materials, the measurement of their properties, and the correlation of these
properties with failure. The materials discussed were those most useful at the extremes of
the high power frequency regimes, namely the near ultraviolet and the infrared at 10.6 um.




The first set of papers reported the continuing advances being made in the press-forging of
optical materials, namely LiF, Can, and NaCl. Another paper concerned itself with the
accurate prediction of the physical response of ZnSe windows subjected to high power CO2
lasers.

Until this year, LiF has not been seriously considered as a practical window material
for uv lasers because of its lTow yield strength and low fracture energy. To overcome these
objections, J.F. Ready and H. Vora of the Honeywell Corporate Material Sciences Center have
produced polycrystalline LiF windows using a two-stage forging process. Use of the two-
step process was found necessary to avoid veiling in the bulk material at total thickness
reductions of up to 75 percent. Depending on the percent reduction and forging tempera-
ture, the optical inhomogeneity of the forged windows was greater than the single-crystal
starting material by a factor of between 30 to 750 percent, but the absolute values re-
mained in the 1070 range.

Although the visible absorption of one forged window did increase by a factor of two
between 458 and 514 nm, the laser damage resistance for short pulses was not affected.
Measurements (at the Lawrence Livermore Laboratory) at 1064 with FWHM 1-ns pulses yielded
rear surface and buik thresholds of 8 and ~ 20 J/cmz, respectively, which were the same as
for single-crystalline windows. Likewise, at 266 nm with 700-ps pulses, front-surface
thresholds of both forged and single-crystal samples were 14 J/cm”.

Their studies of the microyield behavior, i.e., plastic deformation at a small frac-
tion of the conventional yield strength, showed that the threshold for LiF single crystals
can be increased by an order of magnitude by press forging. Finally, no increase in either
grain size or optical scattering was observed when forged specimens were exposed to ambient
conditions for one year or to elevated humidity (94% at 39° C) for a period of five days.

One of the problems resulting from forging of crystalline windows to increase their
mechanical strength is the production of optical scattering sites in the bulk material,
commonly referred to as veils. Elimination of these veils from CaF2 was the object of a
study conducted by A.K. Hopkins of the Air Force Materials Laboratory, R.H. Anderson and
J.F. Ready of Honeywell and J.M. Bennett, P.C. Archibald and D.K. Burge of the Naval
Weapons Center. First, they determined that the veils did not contain entrapped gases.
This is consistent with the conclusions of previous electron micrograph examinations at
Honeywell where it was shown that veils are microvoids caused by the coalescence of vacan-
cies. With the object of collapsing these postulated voids, they heated previously forged
samples of CaF2 to 750° C (below the 800° C recrystallization temperature) in argon within
an autoclave for a period of ten hours, a process known as hot isostatic pressing (HIP).
This HIP process did significantly reduce the veil content without any increase in the
grain size (10 um). Interestingly, pits were observed on previously smooth surfaces as if
the veils migrated to the surface from the bulk.

HIP-processing appeared to slightly increase the optical absorption at 2.7 and 3.8 um.
Optical inhomogeneity also increased but remained in the range of 1 to 3 parts in 106. The
scattering in the visible was reduced by a factor of eight and it became more spatially

uniform. However, at 3.39 um, reduction of scattering was not generally observed.




Furthermore, the spatial variation of the scattering was not appreciably affected. No
obvious correlation was found between the high-scattering areas in the visible and infrared
either before or after HIP-processing. They concluded that the optical performance of
forged Can, as an infrared window, was not obviously improved by the HIP process, but
further, systematic parameter variations need to be explored before a final judgment can be
rendered.

For use in short-pulse laser applications, elimination of veils within the bulk can
only increase the damage threshold since microvoids are sites of enhanced electric field.
Such evidence was observed in alkali halides at 10.6 pum, as reported by Newnam and co-
workers at Los Alamos in a later paper.

Polycrystalline forged NaCl is being increasingly specified as the window material of
choice for high-power infrared lasers. The results of an experimental investigation on the
homogeneity of the mechanical, thermal and aptical properties throughout a given forging
were described by G.A. Graves, J.A, Detrio, D. McCullum and D.A. Dempsey of the University
of Dayton Research Institute. The test object of their study was a 32-cm diameter Polytran
(Harshaw) hot-forged disc from which more than 100 specimens were cut from prescribed
locations in three planes. Overall, the properties were found to be uniform throughout the
forging within the experimental 1imits of the measurement techniques employed.

Values of the average yield and ultimate mechanical strengths of 70 uniaxial flexural
test bars were 15 + 3 MPa and 23 + 6 MPa, respectively. The only significant variation
observed was between samples from different azimuthal locations. For the biaxial mechani-
cal strength, measured in a concentric ring structure, the average yield and ultimate
strengths were 18 * 2 and 26 + 4 MPa, respectively.

The total absorption (bulk + surfaces) was measured calorimetrically at 10.6, 9.27,
5.3, 3.8, 2.7 and 1.3 um on samples with surfaces polished by Harshaw and some of which
were subsequently treated by an HCl-etch. At each wavelength, the variation in the ab-
sorption coefficients 8 had a standard deviation of + 10 percent among the samples with an
exception at 3.8 um, where g was homogeneous to only + 40 percent. The magnitudes of g for
"polished only" samples at these wavelengths were approximately 3, 2, 0.3, 0.5, 2 and
1 x 1073 en™!.  The etch-treated samples had a moderately reduced absorption, but at 3.8 um
a large (nearly 50%) reduction was observed.

The average coefficient of thermal expansion for several samples was 42.8 * 0.9 X 10'6/°C,

and the average value of the specific heat was 0.2 cal/gm/°C over the temperature range

of -65 to 200° C. Finally, the microstructure was determined to be uniform with an average
grain size of 34 um, and the average Knoop hardness for four samples was 20 kgm/mm2 for a
50 gm load.

The object of a study, conducted by J.A. Detrio, J.A. Fox and J.M. 0'Hare of the
University of Dayton Research Institute, was to assess the accuracy of prediction of the
optical, thermal and mechanical responses of ZnSe windows subjected to high power CO2 laser
radiation. In particular, the temperature distribution, optical distortion and strain were
measured for three InSe specimens with absorption coefficients between 0.006 and 0.020 el
When the transmitted beam was focused, the focal plane was observed to shift toward the
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focusing mirror but without any significant change in the minimum beam diameter. The
largest shift was associated with the largest window absorption. However, the value of the
spot size was not accurately predicted by the thermal model. For laser powers of 230 and
705 W and beam diameters of 2.1 and 4.2 mm, the predicted and measured temperature rises at
the edge of the windows were in good agreement. The measured radial distribution of tem-
perature rise was lower than that predicted (60 to 70% at the center) however. The least
agreement of the thermal model was in predicting the strain in the window. This was a
result of the considerable uncertainty (30 to 100%) in the measured values due to the
gauges themselves.

Another diverse group of papers dealt more with the measurement of optical properties
for materials important in high power laser systems. These included the determination of
non-Tinear indices of refraction for several candidate index matching fluids, and the use

of wavelength modulation spectroscopy to measure very smail (~ 107 cm'1) absorption coef-
ficients in the infrared. This latter technique offers potentially greater detectability
for adsorbed as well as included impurities. Finally, the use of synchrotron radiation to Y
measure the photo-electron spectra in the valence band region of low index materials such ’
as Ber giasses was reported. ;
Nonlinear phase distortion lTeading to self-focusing is an especially critical issue v
whenever liquids are used for either cooling or index-matching the optical components of
high-power lasers. For 25 liquids, D.C. Brown, J.M., Rinefierd, S.D. Jacobs and J.A. Abate,
of the University of Rochester, computed the electronic, nuclear and total nonlinear re-
fractive indices. For the electronic portion, they used the equation of Boling, Glass and
Owyoung which requires measurements of only the linear index at the sodium "d" lines and
the Abbe value Yy4- For nine of the liquids, they computed the nuclear portion and the
total nonlinear index n; using the values of the Born-Oppenheimer coefficient Bo as pre-
viously reported by Hellwarth. Values n; ranged from 10']3 esu for acetic acid to ‘IO'n esu
for carbon disulphide. For these nine liquids a good correlation of decreasing nr with
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increasing Y4 Was observed.

The capability of wavelength modulation spectroscopy (WMS) to measure absorption
coefficients o at lTevels of 10'5 cm'] for a 1-cm sample Tength in the infrared from 2.5 to
12.0 um was described by R. Braunstein and R.K. Kim of the University of California at Los
Angeles and M. Braunstein of Hughes Research Laboratories. Previously, they had developed
this technique for use in the ultraviolet and visible regions. WMS is a measure of the
energy derivative of the absorption coefficient from which the absolute value of a is
obtained by integrating the observed derivative spectra. The constant of integration can
be determined by a supplementary laser calorimetric measurement at a fixed single wavelength.

The power of this technique was illustrated by absorption measurements of KBr and KC1
crystals in laboratory air and in dry N2 with a calorimetric measurement at 3.8 um (DF
laser) as the reference. From the details of the observed structure, identification of
volume and surface impurities was possible. The spectral distribution of the various KBr
and KC1 samples all had the same dominant features with slight differences attributed to
various surface contaminants and differences in crystallinity and growth procedures.
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Continuing the search and evaluation of new materials for high-power laser systems,
R.T. Williams, D.J. Nagel and P.H. Klein of the Naval Research Laboratory and M.J. Weber of
Lawrence Livermore Laboratory reported on their recent synchrotron radiation studies of
pure beryllium fluoride (Ber) glass. BeF2 glasses are of special interest because of
their very low nonlinear refractive indices. Due to its low linear index (e.g., n = 1.275
at 587.6 nm), Ber may also be a useful multilayer coating material if its highly hygro-
scopic properties can be shielded.

Measurements in ultra-high vacuum included the reflectance in the range 9 eV to 120 eV
and the photoelectron spectra in the valence-band region. A lowest-energy reflectance peak
was found at 12.8 eV, implying an exciton resonance at 13.1 eV, similar to Lif. The photo-
electron spectra for the bulk revealed a valence band which is roughly symmetrical and
about 5.8-eV wide (FWHM), with a tail of states extending out to 7 eV. These features are
consistent with previous measurements that the practical transmission Timit is 150 nm
(8.3 eV).

The final group of papers in this topical area dealt primarily with crystalline and
glassy materials ranging from the role iron impurities play in damage of infrared materials
to stress failure analysis in sapphire, and a variety of ir materials. Between the papers,
other reports detailed characteristics for LiYF4, KYF and YPO4 crystals. The first two
materials can act as hosts for rare-earths, while the phosphate was assessed for its poten-
tial use as a polarizer.

To reach the intrinsic damage threshold limit, a material must be free of deleterious
defects such as impurities and dislocations. OD.F. Edwards and B.E. Newnam of Los Alamos
Scientific Laboratory, and W.J. Fredericks of Oregon State University (0OSU) reported on
their efforts to isolate the significant impurities in KBr crystals that Timit the laser
damage threshold. Seven high purity samples of KBr were grown at OSU from starting material
purified by selective ion filters. The concentrations of OH, 02, halogen ions and heavy-
metal ions were restricted to less than 100 ppb and there were very few dislocations be-
cause of carefully controlled growth and annealing conditions. The two major impurities,
Rb* and Fe+, were in concentrations ranging from 5 to 9 ppm and 0.030 to 0.150 ppm, respec-
tively. From Tight scattering measurements with an Argon laser of the unshifted Rayleigh
peak (intrinsic + extrinsic contributions) relative to the shifted Brillouin peaks (in-
trinsic contributions, only), correlation was found with the Fe2+ concentration, but none
was found for the Rb+ concentration. Laser damage measurements at 1.06 um (27 ns pulse-
width, 90 um spot-size radius) obtained bulk thresholds ranging from 0.4 to 1.1 MV/cm.
Consistently higher thresholds were obtained for the crystals exposed to an oxygen atmo-
sphere (during growth) below the melting point. Correlation of the scattering measurements
and the damage thresholds must await repeat of the scattering measurements in which surface
scattering contributions are eliminated by index matching in a liquid.

T.M. Pollak, R.C. Folweiler, E.P, Chicklis and J.W. Baer of Sanders Associates and
A. Linz and D. Gabbe of Massachusetts Institute of Technology reviewed the optical proper-
ties and crystal-growth procedures for two fluoride-crystal families which exhibit a natural
rare-earth site, in particular LiYF4, (YLF) and KYF. These materials are characterized by




a low nonlinear refractive index (0.6 X 10']3 esu) and short wavelength cutoffs of 120 nm
and less than 200 nm, respectively. Over twenty laser transitions have been demonstrated
from 300 nm to 3.9 um for doped YLF, and Tm:YLF is currently being assessed for use as a
storage laser at 453 nm for laser fusion applications. In addition, Tb-doped YLF and KYF
have a large Verdet constant, e.g., ~ 0.4 min/Oe-cm at 633 nm, making them useful as Fara-
day rotator materials.

A top-seeded solution growth technique, related to that of Czochralski, was described
which has been optimized to allow growth of 10 cm diameter YLF with a low density of scat-
tering sites. Technical problems were also addressed in scaling to a 40-cm diameter.

Yttrium orthophosphate YPO4 (also referred to as xenotime) was evaluated as a potential
substitute for calcite polarizers in a paper presented by R. Allen, L. Esterowitz and
P.H. Klein of the Naval Research Laboratory, V.0. Nicolai of the Office of Naval Research
and W.K. Zwicker of Philips Laboratories. YPO4 is mechanically harder than calcite and
insoluble in water. However, it's birefringence of + 0.107 at 589 nm is only 62 percent of
that of CaCO3. The fact that YPO4 can be grown synthetically in the laboratory and its
relatively high damage resistance are compensating factors in its favor. Crystals, measur-
ing about 15 X 3 X 0.7 mm, were grown at Philips Laboratories by solution of yttrium oxide
in excess lead pyrophosphate which was slowly cooled. The region of transparency (80% or
higher transmittance) was determined to extend from 0.5 to 4.5 um with major absorption
bands at 2000 and 3000 cm™'.

The largest faces, being optically smooth, were suitable for measuring the surface
damage resistance. When irradiated with 17-ns (FWHM)} pulses at 1.06 um focused to a 0.25 mm
(FWHM) spot, no damage was observed unless accompanied by luminous discharge at the surface.
A threshold of 2.2 - 2.4 Gw/cm2 was obtained for both single-shot (1 - on - 1) and multiple-
shot (N - on - 1) irradiation. Identical measurements on calcite obtained a slightly lower
value of 2.0 - 2.4 Gw/cmz. Further work will be directed toward growing larger crystals
for practical application.

In predicting the likelihood of mechanical failure of optical components exposed to
high-power laser irradiation, attention has usually been directed to the limits set by
fracture under thermally-induced tensile stresses at the cold edges of centrally-heated
windows. Compressive stress, however, may cause earlier failure via plastic flow if suf-
ficiently high temperatures are reached. As reported by P. Miles, J. Gallagher and
R. Gentilman of Raytheon Missile Systems Division, such conditions occurred in their ex-
periments with C02-1aser irradiated sapphire crystals. Directing a 1.3-cm diameter beam of
relatively uniform intensity on a 5-cm diameter sapphire window, they obtained heat de-
position rates of between 'IO2 to 104 w/cm2 for exposure times between 0.5 and 10 seconds.
Due to the high absorption coefficient of sapphire at 10.6 um, the laser heating was con-
fined to the first few micrometers at the front surface. Two distinct effects, light
scattering and then a bright incandescence, preceded the surface fracture that occurred on
further heating or cool-down. The initiation time t of both effects was describable by the
equation Hzr = constant, where H is the average laser intensity and the constant is propor-
tional to the square of the temperature rise. These observations indicated the occurrence
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of plastic deformation of the heated region under the action of compressive and shear
1 strecses followed by tensile failure on cool-down.

To explain these phenomena, a detailed thermo-mechanical analysis was carried out
(using a temperature-dependent thermal conductivity) to predict the temperature and stress
conditions throughout the disc samples as a function of time, flux level and flux distribu-
tion. Compressive stresses in excess of 200,000 psi were calculated as having caused the
observed fracture. The overall conclusion was that compressive failure is likely to pre-
cede tensile fracture in most experiments where partially heated discs are used.

Infrared laser window materials of current interest, such as ZInSe, CaF2 and the alkali
halides, exhibit brittle fracture when heated by intense laser radiation. The mechanical
failure criteria and statistical techniques applicable in brittle materials were discussed
by J.A. Detrio and G.A. Graves of the University of Dayton Research Institute, and J.M.
Wimmer of the AiResearch Mfg. Co. The authors centered their discussion on the three
salient characteristics describing failure of brittle materials: (1) lack of appreciable
ductility prior to fracture, (2) initiation by flaws, and (3) statistical occurrence of
failure. Fractur. by tensile stress was cited as dominant, and the Weibull mathematical
function was shown to be useful to describe the distribution of critical flaws. The Weibull
distribution aiso explicitly allows scaling from small test specimens to larger window

sizes.

Flaws may be introduced in the manufacture, handling and in use of laser windows. An
interesting example of flaws generated during use is the heating of absorbing inclusions
which are not relevant to the mechanical strength until irradiated by the laser. Likewise,
absorption by dust particles on the surface can be the fatal flaw, causing localized stress.
Other factors which can cause early failure of brittle windows are slow crack growth caused
by a corrosive agent such as water, residual stresses introduced during the fabrication
process, cyclic loading and vibratory loads and mounting stresses. To improve the reli-
ability of a window in actual performance, it was suggested that an array of windows be
proof-tested to screen those parts containing critical flaws.

3.2 Mirrors and Surfaces

The papers dealing with mirrors and surfaces were divided between failure to metal
mirrors and dielectric surfaces. The first paper dealing with metal mirrors was concerned
with the response of each element when subjected to repetitive laser pulses. Papers along
these lines have been eagerly awaited by the Symposium participants. Other papers on metal
mirrors were centered on a first principal calculation of an ultimate melt failure criteria
and experimental verification, while the last paper dealt with the treatment of Cu surfaces
by Al implantation as a means of stabilizing high reflectivity by avoiding environmental
degradation.

Intergranular and intragranular slip in metal surfaces exposed to high-intensity,
pulsed laser radiation has been reported experimentally and explained qualitatively by
Porteus, et. al, at a previous symposium. Now H.M. Musal, Jr., of Lockheed Palo Alto
Research Laboratory has developed a quantitative theory predicting the flux level at which

14




slip will be observed with optical absorptance, thermal conductivity, density, specific
heat, modulus of elasticity, Poisson ratio, yield stress, coefficient of thermal expansion
and laser pulse fluence and duration as parameters. Numerical values for slip threshold
calculated for copper using this theory are in reasonably good agreement with previously
reported experimental results. One result of this new work is that the temperature rise at
which plastic yield will occur is very low, being approximately 20° K for pure copper under
short-pulse, large spot size Taser irradiation. Repetitive-pulse irradiation, where each
pulse raises the temperature by more than 40° K , is expected to cause progressive surface
degradation via slip bands, intergranular slip and fatigue cracking. A mechanism for
increased optical scattering and coating degradation caused by localized delamination or
cracking of the film under continued laser irradiation is suggested by this mechanism and
should be investigated further,

Laser damage thresholds observed experimentally are usually significantly lower than
those predicted theoretically from the material properties of the irradiated samples. Some
of this disagreement can be attributed to experimental uncertainty, but much of it arises
because the surface conditions of the samples differs from that assumed in the calculations.
A paper by J.0. Porteus, D.L. Decker, D.J. Grandjean, S.C. Seitel and W.N. Faith of Michel-
son Laboratory, Naval Weapons Center, reported the results of a study of the effect of
surface conditions on damage threshold in copper. They obtained excellent agreement with
thaory when using samples with the highest quality surface conditions. They reported that
the measured peak damage threshold for laser-induced melting of pure single-crystal copper
prepared in ultrahigh vacuum was 76.6 * 8.6 J/cm2 for a nominally 100 ns pulse length.

This value agrees almost exactly with a first-principles calculation of the melt threshold
of copper for this pulse shape. The quoted uncertainty in the measurement was 10 percent.
This agreement between theory and experiment is very reassuring since in typical damage
experiments agreement between theory and experiment to within a factor of 2 is generally
considered good.

Porteus, et al., further considered the effect of diamond turning and mechanical
polishing on the damage threshold of copper. They found, as expected, that the surface
distortion introduced by finishing reduced the melt threshold by as much as 20 percent even
for these carefully finished surfaces. However, the threshold for laser-induced slip,
which was only 16 J/cm2 for the single-crystal sample, increased to 44 J/cm2 for the sample
with the 20 percent decrease in melt threshold and was nearly inversely proportional to
melt threshold. This behavior is expected on theoretical grounds as a result of the
crystalline disorder at the surface produced by optical finishing. Center-turned diamond-
machined samples exhibited the least surface disorder, approaching the single-crystal
sample in both melt and slip thresholds. Laser-induced pitting also exhibited a low damage
threshold in commercially available copper, although it was several times that for laser-
induced slip. Under optimum conditions polishing can increase the threshold for pitting,
probably by "healing over" small defects with disordered material. A more reliable method
for raising the slip and pitting threshoid, however, is vapor deposition of the copper. No
slip was observed for these samples and the pitting and melting thresholds coincided.
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Silicon carbide substrates were used for the particular samples tested and the reduced melt
threshold observed (50 J/cmz) was attributed to tneir poor conductivity. The melt threshold
increased with increasing thickness of copper, and calculations indicate that if higher
conductance substrates were used, a significant improvement in damage threshold would have
been observed. Even with silicon carbide substrates, these vapor-deposited copper samples
showed the highest threshold for initial damage of any tested.

The development of environmentally stable copper mirrors for pulsed-laser applications
was reported by M. Oron, L.G. Svendsen and G. Sorensen of the Institute for Physics, Univer-
sity of Aarhus, Denmark. Fresh copper mirrors have good reflectivity and high damage
thresholds but oxidation lowers their damage resistance. By ion implanting electropolished
copper surfaces with aluminum at energies of 60-80 keV at dosages of 1-2 x 10]7 ions/cm2
and then annealing in air for several hours at 200° C for several days at 100° C, they
produced double layers, the outer one consisting of CuQ, the inner one probably CuAlO2 as
determined’ by secondary-ion mass spectroscopy and Rutherford backscattering. The reflec-
tance of these ion-implanted surfaces at a wavelength of 1.06 um remained at about 0.98,
whereas the reflectivity of copper surfaces which were not implanted dropped to 0.50-0.60
after a heavy tarnish layer was formed by oxidation in air at 200° C for 100-200 minutes.
The ion~-implanted samples, although initially grey in color, regained their red copper
color after annealing, whereas the area which was not jmplanted was tarnished. Significant
protection against oxidation was thus furnished by the ion implantation process followed by
surface oxidation. Laser annealing offers another avenue for modifying metal-surface
properties of ijon-implanted samples and should be explored further.

On the dielectric surface front (and rear), a report on extending diamond turning to
materials such as Can, MgF2 and SrF2 was heard. However, as might be expected, adsorbed
water played a role in controlling their utility at HF frequencies. A following paper
dealt with the assessment of diamond-turned dielectric surface topography and scattering
behavior. The last two papers also were concerned with surface preparation procedures, one
with cleaning, etching, etc., of NaCl and KC1 surfaces and the last with the use of a high
power 002 laser to "treat" fused silica surfaces. These last two papers quantified the
damage resistance of these new surface treatments. Undoubtedly more will be heard of these
innovations.

Inasmuch as diamond turning of metal optics has led to an improvement in the damage
resistance over polished elements, M.J. Soileau, J.0. Porteus and D.L. Decker, of the Naval
Weapons Center, reported on a detailed study of the efficacy of diamond turning dielectrics
such as Can, Mng and SrF2 for use as windows at 2.7 and 3.8 um. Damage testing was done
at these wavelengths using ~ 55-um spot diameters at the e'2 points employing a single-
mode pulsed laser of ~ 100 ns FWHM. Unlike earlier studies on diamond-turned KC1, a rela-
tively soft material where an improvement over polished surfaces was manifest, diamond
turned surfaces of SrFZ, CaF2 and polycrystalline MgF2 exhibited damage thresholds of the
same order as polished surfaces of these materials at HF/DF wavelengths. Failure for Can
and SrF2 appeared to be an electron avalanche initiated by defects and impurities for both
classes of surface finishing. Mng, on the other hand, apparently fails through the
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absorption by defects present throughout the material. Lower thresholds at HF frequencies
and a larger n-on-1 effect at this wavelength indicated that absorbed water has a signifi-
cant effect on surface damage thresholds. The best damage thresholds were usually obtained
for CaF2 with polycrystalline MgF2 very, very poor by comparison.

In a continuation of their efforts to assess the suitability of dfamond-turning for
the generation of optical-tolerance surfaces of dielectrics and semiconductors, D.L. Decker,

D.J. Grandjean and J.M. Bennett studied the optical and surface characteristics of diamond-
turned Ge, Can, Mng, Ser. KC1 and GaAs. The surfaces were generated on a new machine at
their organization, the Naval Weapons Center, and were characterized by an analysis of
scattered and absorbed 1ight, profilometry and various microscopic techniques. As an indi-
cator of surface quality, the TIS (total integrated scatter) at two different wavelengths
{0.647 and 3.39 um) were determined and compared to high-quality, conventionally polished
material. For Mng, CaF2 and SrF2 at 3.39 um the TIS of polished and and diamond-turned
surfaces was 0.006 and 0.01, 0.00004 and 0.00003 - 0.004, 0.0001 and 0.0001 - 0.0006,
respectively, indicative of quite good surfaces. It was noted that much of the residual
scattering in the diamond-turned samples arose from turning debris and that improved clean-
ing procedures are needed. The damage resistance of these samples was assessed in another
work at the Symposium.

In a very careful study, B.E. Newnam, A.V. Nowak and D.H. Gill of the Los Alamos
Scientific Laboratory evaluated the short-pulse (1.7 ns), 10.6 um damage to the surfaces
and bulk ¢f NaCl and KC1 window materials. As the Soviets have previously reported in
longer pulse width experiments, the limiting factor in surface thresholds is adsorbed
water. In particular, Kovalev and Faizullov had determined that a freshly HCl-etched NaCl
surface, while initially exhibiting a marked improvement in damage resistance, readsorbed a
water layer in under 20 minutes with a concurrent loss in damage resistance. This behavior
was also extended to cleaved surfaces in this study. The damage threshold of NaCl and KC1
is of considerable import to LASL since 8.5-cm thick windows up to 48 cm in diameter are
used in their CO2 laser-fusion program and represent not only a design constraint to their
systems but are as well a considerable capital investment.

The laser used for damage testing operated at 10.59 um (P20) in the TEM,, mode. Pulse
widths could be varied from 1 to 65 ns (FWHM). Experiments were conducted over 0.15 to
1.5-mm radius spot sizes in air at 600 Torr. Usually 40-60 sites were interrogated in a
1-on-1 irradiation sequence. Criteria for damage were permanent disruption or increased
light scatter. The rear surface damage threshold for NaCl was 7 J/cm2 compared to 4 J/cm2
for KC1.

Some other noteworthy conclusions from this work were (1) no spot-size dependence was
evident for beam radii from 0.14 to 1.5 mm; (2) a freshly cleaved NaCl surface exhibited a
front-surface damage threshold of 17.6 + 0.6 J/cm2 and after 10 days the resistance dropped
to 13.1 £ 1.5 J/cmz; (3) for recently grown high-quality samples the ratio of bulk-to-
exit surface thresholds (MV/cm) was almost two, while for the bulk-to-front surface the
ratio was somewhat less; and (4) the scaling of electric field breakdown proposed by Bettis,
House, Guenther and Austin of atomic density/(n2~1) was fit exactly, while the pulse width




dependence for the exit-surface damage from 1.7 to 65 ns followed t1/3

proposed t]/Z scaling.

rather than the

Any polishing or finishing procedure which cleans up surfaces, i.e., removes con-
taminates or heals geometrical defects, leads to improved damage resistance. Such tech-
niques as acid-etching, flame-polishing or low energy ion-planing at angles near grazing
incidence have all demonstrated this feature. Unfortunately, these techniques are diffi-
cult to control for the maintenance of surface figure and are expensive and time consuming.
Now another polishing technique has been added. Taking a lead from the laser annealing of
semiconductors, P.A. Temple, of the Naval Weapons Center and D. Milam and W.H. Lowdermilk,
of the Lawrence Livermore Laboratories, have made a preliminary investigation of the effi-
cacy of C02-1aser polishing of fused silica surfaces for improving the damage resistance of
such elements to pulsed 1.06 um Taser radiation. Preliminary results are most encouraging.
Their analysis shows that under controlled conditions of appropriate scanning rates the
absorbed 10.6 um CO2 radiation causes the removal of a uniform layer of fused silica and a
probable refusing of surface and subsurface regions, leading to a very low scatter, smooth
surface. Whereas normally polished SiO2 surfaces damage at Tevels from 10 to 20 J/cm2
using a 1 ns, 1.06 um laser, corresponding CO2 Taser polished Suprasil 11 fused quartz
surfaces damaged anywhere from 1 1/2 t0 2 1/2 times that level with many less initiating
sites evident.

A physical inspection indicated that the laser polished surfaces were depressed below
the mean surface level and that these regions were under a tensile stress. These obser-
vations lead to the obvious question -~ can one retain optical figure when employing CO2
laser polishing?

3.3 Thin Film Characteristics

As might be expected, the majority of papers presented at the Symposium were concerned
with thin films, the most damage-sensitive class of optical materials frequently employed
in high power laser systems. Because of the number of papers devoted to optical coatings,
we have separated them into sections on thin film characterization and thin film damage
studies. The properties of coatings continues to be of crucial interest to the high power
laser community. Coating absorption is typically orders of magnitude larger than would be
predicted from the absorption coefficients of the coating materials in bulk form, and this
year's Symposium contained several papers shedding new light on this puzzling situation.
Water in the film volume or at interfaces has been quantitatively identified as the source
of most of the absorption at HF wavelengths and several powerful experimental techniques
are reported for analyzing its presence. Happily, they all give results which are essen-
tially in agreement and provide a satisfying experimental redundancy.

There is relatively little data in the literature concerning the behavior of films at
elevated temperatures, and two papers addressed that question. The deposition of superior
films of molybdenum, a high temperature substrate material, was also reported. The appli-
cation of Photoacoustic Spectroscopy (PAS) to thin-film absorption, its spatial variation
and the possible relation to laser damage was discussed in three papers. In the final




paper in this section, a novel experimental technique for detecting surface defects and
laser-induced surface damage with greatly increased sensitivity was reported.

A theoretical analysis by Sparks at a previous Symposium concluded that contaminants
such as water were the principal cause of absorption in multilayer films. Experimental
verification of this conclusion and a technique for experimentally separating surface and
bulk absorption in single layer films has been presented at previous symposia. Now
T.M. Donovan and P.A. Temple of Michelson Laboratory, Naval Weapons Center, and S.C. Wu and
T.A. Tombrello of the California Institute of Technology have reported similar results for
two-layer films and have applied a novel nuclear resonant technique to the problem which
may be applicable to multilayers. They have shown that the hydrogen concentrations deter-
mined using this technique correlate very well with both bulk and surface absorption as
determined using the calorimetric technique on single line HF measurements at six wave-

Tengths between 2.7 and 2.9 um and with the spectral absorption of water at these wavelengths.
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The nuclear reaction 19F + 'H-> ""0+ "He + vy, which is very sensitive to the accelerating
voltage of ]9F, was used to profile throagﬁ the films and detect both the position and
concentration of H present. Comparing these results with the calorimetric results and with
the calculated absorption of water gives a redundant experiment leading conclusively to the
identification of most of the H being found as HZO‘ Measurements on various kinds of films
led them to conclude that, in NaF and ThF4 films, the water is uniformly distributed through
th: film, whereas in ASZSE3 and ZnS, it occurs primarily at interfaces. They succeeded in
reducing the water content of ThF4 films by a factor of 50 by encapsulating with InS. S1‘0x
and A1203 films showed both significant volume and interface absorption. As in the other
cases tested, the absorption values obtained using the nuclear resonance and calorimetric
techniques were in good agreement.

Key to reducing absorption by contaminants in multilayer dielectric films is an under-
standing of what the contaminant is and where it is located in the coating. Internal and
external reflectance spectroscopy provides a powerful tool for characterizing contaminants.
Its application to optical thin films was discussed by W.N. Hansen, L. Pearson and G. Hansen
of Utah State University and W.J. Anderson of the United States Air Force Academy. To
illustrate the technique, evaporated fiims of ThF4 (some capped with 2 um thick layers of
InS and ZnSe) and single layers of ZnS, ZnSe and SiOx were analyzed. The coatings were
deposited on both silver-coated microscope slides and on ZnSe and Ge internal reflection
plates. In some cases a thin 100 R siox layer was deposited between the silver and the ZnS
and ZnSe coatings to demonstrate the sensitivity of the technique in detecting or ignoring
surface layers.

By changing the angle of incidence and polarization ratio of the incident light for
both external and internal reflection, the high field intensity in the standing wave could
be positioned at an interface or within the bulk of the film. Multiple reflections also
enhanced the signal-to-background ratio. The films, bulk or interface absorption could
thus be enhanced thousands or millions of times as compared to transmission or reflection
measurements at normal incidence, and a position in the film could be selected. Hansen
has written a comprehensive paper in the Journal of the Optical Society describing this

procedure, and the present paper applies these results to optical films of current interest.
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A principal result was that all ThF4 films contained large amounts of water in the bulk
of the film. Even encapsulated films exhibited this behavior, and great care must be taken
to prevent its occurrence. In a paper by Donovan, et al., in which an entirely different
technique for monitoring water content in films was used, the same conclusion was reached.
Donovan, however, reported some encapsulated ThF4 films with relatively low water content,
so encapsulation may be effective. It is clearly difficult. Hansen, et al., make the point
that reflection spectroscopy is a very convenient method for easily monitoring the success
or failure of encapsulation. In the case of ZnS and ZnSe films, water was not found in
significant quantities in the films themselves, but existed primarily at the film/substrate
interface. These results are again in agreement with Donovan's result and also with those
of Temple, et al., reported at last year's Conference. The films also contained a small
amount of hydrocarbon contaminant at the film/substrate interface. The silicon monoxide
fiims contained some water, much less than ThF4 and much more than ZnS or ZnSe, and the
stoichiometry of the 51’0X films could be determined conveniently by this method. Finally,
the 100 & thick S1‘0x film could be either readily observed or not unobserved depending on
the experimental conditions used, illustrating a versatile selectivity and sensitivity for
this analytical procedure.

An analysis of some typical multilayer coatings containg ZnS and ThF4 using Scanning
Auger Microscopy (often called Auger Electron Spectroscopy or AES), X-ray Photoelectron
Spectroscopy (XPS), (often called Electron Spectroscopy of Chemical Analysis (ESCA)), and
Secondary-Ion Mass Spectroscopy (SIMS) was presented by T.W. Humpherys, R.L. Lusk and
K.C. Jungling of the Air Force Weapons Laboratory. Each film in this study was approxi-
mately 2000 R thick. SIMS data was taken during Ar+ sputtering with XPS and AES data taken
between sputtering sequences to afford coating profiles. Vacuum was in the low 10']0 Torr
range. Several prominent dust particles were found on the otherwise featureless surface and
were sputter-profiled. Sputtering into the ZnS film revealed additional defect sites, each
enclosed by a halo. The point defect and halo region remained intact as the ThF4 film was
penetrated. A substantial amount of oxygen was found in the ThF4 film outside the halo
area, suggesting the presence of water. Studies using other techniques support this con-
clusion. In the halo area, AES indicated a fluorine deficiency and oxygen enhancement.
Also, Zn and Na signatures were found as well as S. It was proposed that point defects in
the ThF4 film were composed of, or are a trap for, ZnS. A SIMS comparison on Balzers ThF4
and RAP grown ThF4 revealed more of the impurities Na, Al, Li and K in the RAP-grown film
than in the commercial evaporant material. Similar analyses were made on the starting
materials with similar results.

Films in storage were also analysed and found to deteriorate as a function of time.
Defect centers in this case appeared to be pores with a halo pattern similar to that of a
snowflake. Water may enter through such pores. Not all films studied exhibited numerous
impurity sites and halos. None of the films studied, however, were completely free from
point defects or impurity sites. Surface analysis techniques, such as AES, XFS and SIMS,
are thus extremely useful and are fast becoming an integral characterization technique
during the development and analysis of thin-film coatings. Continued use of such analysis
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techniques should provide a significant insight into the performance exhibited by many thin-
film coatings.

Most measurements of absorption in multilayer dielectric films are made at room tem-
perature. However, laser-induced heating may occur prior to damage, and the high tempera-
ture absorption of the films as well as that at room temperature is of importance in high
average power applications. H. Kiister and J. Ebert, of the Institut fir Angewandte Physik,
Universitdt Hannover, have devised a technique for measuring, to a first approximation, this
high-temperature absorption at 1.06 um by measuring the temperature of the coating for known
laser fluences using an optical pyrometer. The emittance of the samples as a function of
temperature was measured independently using an electric oven. They found that film be-
havior can be fit to an exponential increase in absorption with temperature. Using this
model, they have determined the absorption coefficients of A1203, Be0, Mg0, Hfoz, Zroz,
Nd203, CeOZ, TiO2 and SiOz films about 5000 R thick, deposigid on Suprasil I substrates.
They also compared the damage threshold for a long-pulse Nd~ glass laser having a pulse
width of 800 ns, with the observed high temperature absorption coefficients. Several
interesting results emerged. The damage threshold, to a good approximation, was inversely
proportional to the absorption coefficient at 600° C for all materials tested. By contrast,
the same plot made using ambient temperature absorption coefficients, the agreement between
theory and experiment was very poor. As an additional test, ZrOZ layers having different
absorption coefficients at 600° C were damage tested. Again the inverse relationship be-
tween damage threshold and absorption coefficient held. Damage occurred to all coatings at
surface temperatures of 625° C + 55°, regardless of the melting temperatures of the coating
materials, which varied from 1840° C to 2700° C. The authors concluded that the surface
temperature at which damage occurred was probably determined more by the relatively low

melting point of the substrate material than by the melting point of these coating materials.

Similar behavior has been observed for electrically pulsed, coated filaments, where the
coating material is ejected at a temperature corresponding to the filament rather than to
any thermal property of the coating material itself. There was some correlation between the
damage threshold of the oxide coatings tested and band edge for ultraviolet absorption,
although S1'02 and Be0 had anomalously high damage thresholds and A1203 had an anomalously
low threshold. Nevertheless, the probability is that the shorter the wavelength of the
ultraviolet absorption edge the higher the damage threshold will be at a wavelength of
1.06 um. This is not too surprising since shorter cut-off wavelengths generally correspond
to lower refractive indices.

Most reflectance and transmittance measurements are made at room temperature. An
instrument development reported by M.R. Jacobson and R.D. Lamoreaux of the Optical Sciences
Center, University of Arizona, makes it possible to measure reflectance on mirrors at tem-
peratures up to 700° C and the transmittance of windows heated to 500° C. The sample
chamber is evacuated to about 5 X 10'6 Torr to prevent sample degradation during testing.
This double-beam instrument affords relative reflectance or absolute transmittance and can
be used for measurement between 0.38 and 15 um. An unheated aluminum standard is employed
in the relative reflectance mode of operation. Heaters are used on the edges of the
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transmittance samples and on the back of the reflectance samples. Temperature is monitored
using thermocouples cemented to the heating blocks. A Leiss sodium chloride double-pass
double-prism monochromator equipped with a stepper motor disperses the 1ight, which is
detected using a thermocouple or a combination lead sulfide-silicon photodiode detector.

The output of the instrument is computerized for rapid data analysis. Scanning from 0.38 to
15 um takes about 20 minutes, and contains 340 data points. No estimate of accuracy was
given.

The most common mirror material used for high-power laser applications is molybdenum.
Frequently, in infrared applications molybdenum mirrors are used uncoated, so a high in-
frared reflectance is desirable and may lead to an increased damage threshold. G.E. Carver
and B.0. Seraphin of the Optical Sciences Center, University of Arizona, have demonstrated
that molybdenum deposited by one of two chemical vapor-deposition processes on fused silica
substrates and subsequently annealed at 750 - 1000 °C can have a reflectance at a wavelength
of 10 um of 0.987, which is 0.005 higher than the highest value reported for mechanically
polished molybdenum. The reflectance is stable under ambient conditions to within 1 percent
over the measurement period of 45 days. Total integrated scatter for the best of these
films was 1.2 X 10'3 at a wavelength of 0.63 um, which corresponds to an rms roughness of
18 R before and after annealing. The two CVD processes are the pyrolysis of Mo(CO)6 and
the reduction of MoC]s. Grain sizes obtained by the two processes were similar and ranged
from 0.03 to 0.5 um in diameter.

Photoacoustic spectroscopy (PAS) offers considerable promise as an alternate evaluation
technique for thin-film coated optical samples. The sensitivity of PAS is comparable to
that of calorimetry. However, interpretation of the experimental results in terms of a
theoretical model is not nearly as well understood for PAS as for calorimetry. In a pair of
papers, Nils C. Fernelius of the University of Dayton Research Insitute, compared the ex-
perimental results for both amplitude and phase measurements using PAS on an anti-reflection
coated ZnSe laser window with calorimetric results and with the theoretical predictions of
the Bennett-Forman (BF) theory and a modified Rosencwaig-Gersho (RG) theory. Unlike the BF
theory, the unmodified RG theory does not allow for surface absorption. Even though analysis
suggested that 93 percent of the absorption in this particular sample arose from bulk absorp-
tion and only 7 percent from surface absorption, the unmodified RG theory predicts only a
0.04° change in phase angle for frequency changes over a large frequency range, 1 Hz to
10 kHz, as compared to an observed 7° change over a smaller frequency range, 100 Hz to
1 kHz. Furthermore, the frequency dependence, which was experimentally varied as f']'04,
is predicted by the simple RG theory to vary as £1e5,

The BF theory can be reduced to the product of a term containing the dimensions of the
cell, type of gas, etc., and a term containing the sum of contributions from surface and
bulk absorption. The experimental phase-angle variation of 7° between 100 Hz and 1 kHz was
obtained for a ratio between surface and bulk absorption of only 0.03. Utilizing the cal-
orimetric results of an effective absorption coefficient B ce = 7.07 x 1073 cm'1, one pre-
dicts the 