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he 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 to assure international competitiveness and leader:gx% of U.S.
industry, science ard technotogy. NBS work involves development and transfer of measurements, standards and related
science and technology, in support of continually improving U.S. productivity, product quality and reliability, innovation
and underlying science and engineering. The Bureau’s technical work is performed by the National Measurement
Laboratory, the National Engineering Laboratory, the Institutc for Computer Sciences and Technology, and the Institute

for Materials Science and Enginecring.

The National Measurement Laboratory

Provides the national system of physical and chemical measurement;
coordinates the system with measurement systems of other nations and
furnishes essential services leading to accurate and uniform physical and
chemical measurement throughout the Nation’s scientific community,
industry, and commerce; provides advisory and research services to other
Government agencies; conducts physical and chemical research; develops,
produces, and distributes Standard Refcrence Materials; provides
calibratio.y services; and manages the National Standard Reference Data
System. The Laboratory consists of the following centers:

The National Erginecring Laboratory

® Basic Standards?

¢ Radiation Research
® Chemical Physics

¢ Analytical Chemistry

Provides technology and technical services 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 efforts; 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 transfer results of its research to the ultimate
user. The Laboratory consists of the following centers:

The Institute for Computer Sciences and Technology

¢ Applied Mathematics

¢ Electronics and Electrical
Engineering?

* Manufacturing Engineering

¢ Building Technology

¢ Fire Research

® Chemical Engineering?

Conducts research and provides scientific and technical services to aid
Federal agencies in the selection, acquisition, application, and use of
computer technology to improve effectiveness and economy in Government
operations in accordance with Public Law 89-306 (40 U.5.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
pr~vides the technical foundation for computer-related policies of the
Federal Government. The Institute consists of the following divisions:

The Institute for Materials Science and Engineering

¢ Information Systems Engineering

® Systems and Software
Technology

® Computer Security

¢ System and Network
Architecture

® Advanced Systems

Conducts research and provides measurements, data, standards, reference
materials, uﬂuamimive understanding and other technical information
fundamental to the processing, structure, properties and performance of
materials; addresses the scientific basis for new advanced materials
technologies; plans research around cross-cutting scientific themes such as
nondestructive evaluation and phase diagram development; oversees
Bureau-wide technical programs in nuclear reactor radiation research and
nondestructive evaluation; and broadly disseminates generic technical
information resulting from its programs. The Institute consists of the
following Divisions:

Ceramics

Fracture and Deformation®
Polymers

Metallurgy

Reactor Radiation

® & 0o @

'Headquarters and [ aboratories at Gaithersburg, MD, unless otherwise noted; mailing address
Gaithersburg, MD 20899.

Some Adivitinne whin (e center are locstai st Boulder, CO 80303.

Located at Boulder, CO, with some elements a1t Gaithersburg, MD
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Foreword

The Proceedings contain the papers presented at the Seventeenth Symposium on
Optical Materials for High-Power Lasers held at the National Bureau of Standards in
Boulder, Colorado, on October 28-30, 1985. 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 Project Agency, the Department
of Energy, and the Air Force Office of Scientific Research. The Symposium was attended
by over 215 scientists from the United States, Israel, India, the United Kingdom,
Japan, Federal Republic of Germany, and the Soviet Union. It was divided into sessions
devoted to the following topics: Materials and Measurements, Mirrors and Surfaces,
Thin Films, and finally, Fundamenc.al Mechanisms. The Symposium Co-Chairmen were
Dr. Harold E. Bennett of the Naval Weapons Center, Dr. Arthur H. Guenther of the Air
Force Weapons Laboratory, Dr. David Milam of the Lawrence Livermore National
Laboratory, and Dr. Brian E. Newnam of the Los Alamos National Laboratory. They also

served as editors of this report.

The editors assume full responsibility for the summary article which contains an
overview of the Symposium. 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 Eighteenth Annual Symposium on this topic will be held in
Boulder, Colorado, November 3-5, 1986. A concerted effort will be made to ensure

closer liaison between the practitioners of high-peak power and the high-average power

community.

The principal topics to be considered as contributed papers in 1986 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 be developed, 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 Eighteenth Annual Symposium.

H. E. Bennett, A. H. Guenther,
D. Milam, and B. E. Newnam
Co-uhaiimen
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! WY Certain papers contributed to this publication have been prepared by non-NBS
- authors. These papers have not been reviewed or edited by NBS; therefore, the National
VRIS
JSEs Bureau of Standards accepts no responsibility for comments or recommendations contained
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o
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> Certain commercial equipment, instruments, and materials are identified in this

Y quip

O
O publication in order to explain the experimental procedure adequately. Such
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Vf; idencification in no way implies approval, recommendation, or endorsement by the
\ih_ National Bureau of Standards, nor does it imply that the equipment, instruments, or
A ™
*l?\ materials identified are necessarily the best available for the purpose
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! H. E. Bennett
s ) Michelson Laboratory, Naval Weapons Center
l:.: China Lake CA 93555
B s
2 %07
N On behalf of co-chairmen Art Guenther, Brian Newnam, Dave Milam,
oL
v and myself, I welcome you to the Seventeenth Annual Symposium on Optical Materials for
‘“fﬁ High-Power Lasers. We have a record number of papers this year amd a record attendance
i -
jt also; it promises to be an excellent conference. We especially want to welcome our
o

T

many foreign guests, most of whom are contributing papers to the meeting. Many of them

ooz

have come a long way and it is a commentary on the quality of this meeting that

scientists from around the world will arrange to come here and share with us their

“id". ¥

4.‘

N

=
X
T b

insights into the difficult questions surrounding laser damage to materials. Some of

their contributions have been quite significant too. For example, Professor Manenkov

¥ of the Soviet Union started a whole new line of investigation witn his paper on NaCl
a;} damage limits a few years ago. Professor Yoshiharu Namba of Japan started us to
o thinking about float polishing, Dr. Achim Bubenzer and his colleagues from West Germany
'::: helped to clarify the science behind hard, diamondlike carbon coatings, and last year,
“:j Dr. Keith Lewis from Great Britain encouraged us to think that, using MBE techniques,
:;: thin films can be prepared which exhibit bulk properties instead of having several
{:;' orders-of-magnitude more absorption than bulk material and so on. I could easily name
many others from outside the United States who have contributed greatly to the well-

f‘ deserved reputation of this conference for being a must for anvone who is interested in
:4? laser damage to optical components. We are proud of the international cooperation
;:: shown here in attacking problems in fundamental science, which knows no boundaries. 1In
::’ this spirit let me caution those of you who are engaged in applied research and

9

b

development as well as more fundamental studies to avoid embarrassing our foreign

/s

guests and jeopardizing the excellent reputation of this conference by engaging in

o o o
A

inappropriate discussions in the halls. These are not cleared areas. Let us

concentrate our efforts in the next three days on understanding the fundamental

7,

';} problems associated with optical materials and laser damage to them. In this we can
S all work together.

25

.:j Optics is a fashionable field to work in now. I remember in the fifties that it

:ﬁ was suggested to me that research on optical properties of materials had no future,

o everything had been discovered which was of any useful interest, and only adding more
o decimal points to the optical constants remained to be done. The laser came along
;_a; about then and was regarded as a new and interesting curiosity; a solution looking for
| :: a problem. Since then it has been used to solve many problems. Surgery,

,:2: communications, data recording, laser welding, surface modification, and space

o applications are a few that come to mind. 1In all of them we are dealing with optical
./: trains which, although they may not transmit high energies, do have to handle high
:;: powers. Lasers have introduced a new dimension into optical systems which we may call

':: power optics. Electrical engineers have an analogous field, power engineering, where
:-_:: xii
Q

a‘ ""‘"ﬁ-" \.-'-su " Y “'-' "'\
h 50&

“w *‘ b
'”‘” " .c'l' ) ,u o .:‘i .cl‘ ‘.Q..,Q.‘.! :'o N n.'o.. " c‘lu"t Ittt ol S ‘h‘\ pAX sh‘ .‘" ..‘.t..'a.h..\.::“.:..




o2 2

o LA

D

e PR
¥

L L

(L ¥

L X
2 %’ b T R

.

b PR s A Y

XK

= -
al

- -
.JJ‘.JJ,I

they study how to handle the output of hydroelectric dams and other sources of power.
Electrical engineering also encompasses small-signal processing in the radio and
microwave fields. The analogous field in optical design deals with telescopes,
microscopes, cameras, etc. and is often referred to as classical optics. With the
advent of power optics, for which this conference is one of the main forums, we enter a

new kind of optical design, one in which the underlying physics is not well understood.

At first glance the problem seems simple enough. A high enough intensity of laser
energy causes either reversible or irreversible damage to the optical components
reflecting or transmitting the laser energy. But why do components damage and why do
darage thresholds of similar samples vary by as much as one or two orders-of-magnitude?
The absorption coefficients of the component substrate and coating obviously should be
related to the damage threshold, but frequently they are nct. Even so, what makes rhe
materials absorb? Figure 1 shows some of the mechanisms which have been studied as
causes of intrinsic absorption in low absorption dielectrics. Other mechanisms have
also been proposed, but these will suffice to demonstrate that even intrinsic
absorption is not necessarily simple. On the other hand, there is considerable
evidence that extrinsic effects dominate laser damage in low absorption regions, and
these may be even more complicated. Worse yet, absorption from extrinsic or intrinsic
effects may be completely unimportant. Structural effects may be the key, or the high-
field strengths involved in laser beams may cause dielectric breakdowns or non-linear
effects. Sub-picosecond pulses get us down to the time intervals characteristic of
atomic processes, with consequent changes in the rules, and one concludes that laser

damage is not so simple after all.

We have made many important advances over the years in our understanding of laser
damage. Most have been reported here first, and the back issues of the Conference
Proceedings are regarded by most of the community as a gold mine of information on the
subject. Many of the back issues can be obtained from the American Society for Testing
Materials, the professional sponsor for this conference. Some advances which come to
mind are the understanding of self focussing (which is not yet perfect), the effect of
scratches and veids on damage thresholds (also not complete), the asymmetry of laser
demage thresholds for the front and back surfaces of windows caused by standing-wave
fields, the development of experimental techniques to measure various key parameters.
We still do not understand the origin of surface absorption, but at least we can
measure it and scale damage thresholds for small spot-sizes to larger beam diameters
for some types of surfaces. To understand laser damage phenomena, diverse disciplines
such as crystal growth, thin film technology, surface finishing technology and others
are required, and some notable advances have been reported here in these fields. One I
remember was the achievement of absorption coefficients of 107* cm™! range at 10.6 um
wavelength for both KCl and ZnSe, orders-of-magnitude better than had been possible
previously. Many other examples of progress could be mentioned and some of these
fields are among the most well-represented at this year's Symposium. Thin film
technology, for example, is now consistently the subject of more than one quarter of

all the papers presented in these Symposia.
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Plenty of technical problems remain to be solved. One of the most puzzling is the
reason for the decrease in damage threshold seen for multiple pulses, and the general
behavior of components to rep-rate pulses. The subject of short-wavelength laser
components is a fascinating one and brings in all the physics of multiphoton processes
and the happy discovery that things are not as hopeless as they seemed at first. Many
other topics could be mentioned, and indeed are in the Conference Program which you all
have. This is the largest conference we have ever had, let us hope that it will also
be seen in future years as one of the best. Enjoy and profit by the 2 1/2 days that we

are about to embark on.

Let me close by mentioning some items of which you all should be aware. First,
save Tuesday evening. There will be a Wine and Cheese Tasting extravaganza that
evening, and I hope that you all can come, get to know each other on a more personal
basis, exchange ideas, and enjoy some fine wine and unusual cheesgs and goodies.

-

Let us take this opportunity to thank our professional sponsor of this conference,
the American Society for Testing Materials, often familiarly known as the ASTM, and
also our financial sponsors. They are (1) the Air Force Office of Scientific Research,
(2) the Office of Naval Research through the Naval Weapons Center, (3) Lawrence
Livermore National Laboratory, (4) Los Alamos National Laboratory, (5) The Defense
Advanced Research Projects Agency, and (6) the National Bureau of Standards. The
Bureau does a great deal to make this meeting possible, and we particularly acknowledge
the support of Robert A. Kamper, Director of the Boulder Laboratories of NBS, and Aaron
A. Sanders, Group Leader of the Electromagnetic Technology Division, who performs the
functions of Conference Coordinator and Fundraiser. His secretary, Ms. Susie Rivera
continues to perform an outstanding job in managing the conference manuscripts, sending
out notices, typing editors comments, and generally keeping the show on the road. She
is aided by several other secretaries here at the Bureau. Ann Mannos here at the
Bureau handles the finances. No set of acknowledgments would be complete without
reference to the outstanding work done by Pat Whited, Art Guenther's secretary, in
making this Symposium happen. Finally, and most importantly, my cochairmen Brian
Newnam, Dave Milam and I want you to join with us in thanking Art Guenther, who with
Alex Glass started these Symposia and who, in spite of his impossibly busy schedule as
Chief Scientist of the Air Force Weapons Laboratory, is still supplying much of the
motive force to keep it going. We hear that he is to be awarded the Distinguished
Senior Executive Award in Washington, D.C. and that it will be presented personally to

him by President Reagan. Let us all stand and give a round of applause.
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Laser-Induced Damage in Optical Materials
Seventeenth ASTM Symposium
October 28-30, 1985

"""The Seventeenth Annual Symposium on Optical Materials for High
Power Lasers (Boulder Damage Symposium) was held at the National
Bureau of Standards in Boulder, Colorado, October 28-30, 1985. 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 Department of
Energy, the Office of Naval Research, and the Air Force Office of
Scientific Research. Over 215 scientists aitended the Symposium,
including representatives from the United States, the United Kingdom,
Israel, India, Jap k?he Federal Republic of Germany, and the Soviet
Union. The Symposium”was divided into sessions concerning Materials
and Measurements. Mirrors and Surfaces, Thin Films, and Fundamental
Mechanisms. As in previous years, the emphasis of the papers
presented at the Symposium was directed toward new frontiers and new
developments. Particular emphasis was given to materials for high-

- .._power apparatus. The wavelength range of prime interest was from

T '.10.6 “#m to the wuv region. Highlights included surface
characterization, thin film-substrate boundaries, and advances in
fundamental laser-matter threshold interactions and mechanisms.
Harold E. Bennett of the Naval Weapons Center, Arthur H. Guenther of
the Air Force Weapons Laboratory, David Milam of the Lawrence
Livermore National Laboratory, and Brian E. Newnam of the Los Alamos
National Laboratory were co-chairmen of the Symposium. The
Eighteenth Annual Symposium is scheduled for November 3-5, 1986, at
the National Bureau of Standards, Boulder, Colorado. ’

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

7//
1. Introduction

The Seventeenth Annual 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, October 28-30, 1985. 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, the Office of Naval Research, and the Air Forcé Office of Scientific Research.
Over 215 scientists attended the Symposium, including representatives from the United
States, the United Kingdom, Israel, India, Japan, the Federal Republic of Germany., and
the Soviet Union. The Symposium was divided into sessions concerning Materials and
Measurements, Mirrors and Surfaces, Thin Films, and finally, Fundamental Mechanisms.
In all, approximately 70 technical presentations were made. Harold E. Bennett of the
Naval Weapons Center, Arthur H. Guenther of the Air Force Weapons laboratory, David
Milam of the Lawrence Livermore National Laboratory, and Brian E. Newnam of the Los
Alamos National Laboratory were co-chairmen of the Symposium. Alexander J. Glass of
KMS Fusion is Conference Treasurer and Aaron A. Sanders of the National Bureau of

Standards acts as Conference Coordinator.

R B f Y

¥ . .a L o'b “:. l:‘t.n .:'l L l,..l“'i‘:"“'l ‘..::::'. 06.:""l &l ‘.l K .':::‘:.. ‘\ "l‘n.l !

-
C.
o, 0'. ':.C'a




The purpose of these symposia is to exchange information about optical materials

,4:'~ for high-power lasers. The authors welcome comments and criticism from all interested
readers relevant to this purpose and particularly relative to our plans for the

Vel Eighteenth Annual Symposium, scheduled for November 3-5, 1986, at the National Bureau

o, of Standards, Boulder, Colorado.

2. Overview

) Our objective in this section is to give the reader a sense of the emphases and
PG ]
TGN general concerns ot this year's symposium. Although we do not review all of the
Ya'e
.:R{ excellent work presented, some of the highlights are touched upon briefly.

g

i

&
A

Materials and Measurements

"\

A

:ﬁ:- A sizeable fraction of this 21-paper session described damage testing facilities
':f:: with significant automation and computer manipulation of the test parameters.
‘tf"t Automated beam profiling received the most attention. For example, one paper reported
® computer-assisted profiling of the laser fluence from 193 nm to 10.6 um using

fluorescence in a thin slab of BK glass for the uv, solid-state video camera direct

> -

response for 0.45 to 1.06 um, and laser-induced emission from graphite films for

10.6 um. Another paper described highly automated, computer-controlled operation of

Wl CO, and HF lasers with pulse durations from 50 us to fractional cw times, collection of
{ ' laser power readings and beam profiles (automated pinhole scan), control of sample
vi:ﬁ: position (x,y,z), and sample temperature ranging from 77 to 370° K.

&E:

;‘ds A second group of three papers was stimulated by recent Lawrence Livermore

fQ‘ \ National Laboratory experience of reduced damage thresholds in laser glass discs caused
by platinum inclusions. These concerned characterization of the damage and its growth

13Q§ under repeated irradiation at 1064 nm, dependence on the laser pulsewidth, and

‘ﬁkg destructive inspection by rastering a laser beam over the 46-cm discs.

o

.i\f Of great interest to researchers in this field was the diagnostic system that
. featured two synchronized, picosecond dye lasers as multiwavelength probes to identify
: :§§ causes of multiple-pulse damage. The lasers were used both to cause damage and sample
l'}ﬁ accumulation of defects. Another experimental study identified bacterial growth in
|:}ﬁ starting aqueous solutions as the cause of increased absorption and lower bulk damage
dF{Q thresholds for KDP crystals. Irradiation with a uv lamp during crystal growth killed

g,.. the bacteria and resulted in dramatically higher damage resistance material.

3:5; Surfaces and Mirrors

o 0f the eleven papers in this session, three addressed methods of surface
..t: preparation to maximize the damage resistance. One study determined, not surprisingly,
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that 355-nm damage to surfaces of fused silica is very dependent on the polishing

S
‘afa

compound. Highest thresholds were attained by using yttrium oxide, followed by silicon

!\ carbide, and least with iron oxide. Spectral analysis of the surface plasmas always
N revealed elements of the polishing compound. In a systematic study of the role of
surface preparation on damage to Ge, alumina polish followed by an argon-ion sputter

, :,i: etch generally yielded the highest threshold. Diamond-turning was second-best, but

* this caused higher absorption in the top Ge layer due to mechanically induced changes

\'); in the work function.

"'

S

-t e
TR R,

Implantation of 150-keV Mo ions into polished Mo laser mirrors was found to
increase the reflectivity by surface smoothing. With an appropriate Mo fluence, a
nearly atomically smooth surface was attained. Other ions, such as 1-MeV Au anc 3-MeV

Ni, caused some surface roughening. A second paper reported successful use of an ion-

Py X

s,

\.j exchange p. .cess to toughen phosphate laser glass for high-average power applications.
:::: This process produced a compressive surface layer that raised the thermal shock
| )‘::'; resistance by a factor of five.
B ‘HJ.
‘ Several papers examined multiple-pulse effects. An important study of N-on-1
4;‘::; irradiation of single-crystal surfaces of Cu, Ni, and Al using a 1-pm laser revealed
e two damage mechanisms: 1) defect-related local melting at low pulse numbers and 2)
‘:::J plastic deformation at high pulse numbers. A second paper discovered multiple-shot
'-"" accumulation damage in GaAs irradiated by a l-um laser at levels 25% to 50% of the
g single-shot threshold. No predamage correlation with ion emission was found.
i
.:-\}:: The need for grazing-incidence, intracavity mirrors in free-electron laser

L8
{.

resonators motivated a study of the optical properties of a variety of metal surfaces.

)

Absorption was measured directly at 0.5 um and 10.6 um for angles up to 89°. Except

Oy

for the highest angles, where complications due to surface topography were manifest,

~
_T::: the measured absorption of freshly coated mirrors agreed with that predicted by
::.'_'; Fresnel's equations.
._-:_q‘
*._r")-
- Thin Films
o
15 C9
§ _~:: Thin film coatings are generally the weakest components of high-power laser
AL
:}_-.‘ systems and, because of their complex nature, they have been the most difficult to
" -; improve. 1In recent years, the amount of effort directed toward coating development has
.‘J' steadily increased, and at this year's Symposium just over 40% of the total number of
o papers presented concerned optical coatings. These 28 papers can be categorized in
;.‘. '_:: seven groups: 1) advanced coating diagnostics, 2) defect analysis and detection, 3) ‘
ig! :' methods to improve coating structure, 4) optimization of coating deposition parameters, |
e 5) survival in hostile environments, 6) performance of porous coatings, and 7) new
Tt
® reflector designs.
.V
)
')‘:z As an indication of the popularity of Raman spectroscopy as a diagnostic in thin
b film analysis, four papers described its application to measurements of laser-induced
B 3
Pl
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stress and strain, crystallinity, and phase changes in real-time with l-um spatial
resolution (better than Nomarsky microscopy). A fifth paper described how Raman
scattering can detect “emperature increases on $i0, and glass substrates and in TiO,
coatings by simultaneous measurement of Stokes and anti-Stokes intensities; higher
anti-Stokes intensities were seen above threshold; no effect occurred below threshold.
Yet another paper demonstrated how to increase the sensitivity of Raman analysis by
launching the probe laser as a guided wave within the thin film under investigation,

with the additional benefit of eliminating substrate interference.

X-ray photoelectron spectroscopy (XPS) was exploited in the analysis of the
interfacial structure of ion-beam-deposited Ti0,/Si0, coatings. Intermixing of these
materials was detected over a 7-nm range at the film boundaries, oxygen deficiency was
evident for films in contact with the Si substrate, and the outer free surface
apparently contained water vapor. Another paper described the use of MeV-ion beams
(alpha particles) to characterize multilayer dielectric reflectors. These were
employed in Rutherford Backscattering (RBS) to measure the composition as a function of
depth, detect laser damage-induced structural changes, and by particle-induced

x-ray emission (PIXE), to measure the presence of low-concentration impurities.

Under the topic of coating-defect detection and analysis, one paper described a
positive correlation between local He-Ne laser scatter and defect-iniriated laser
damage at 2.7 um for certain sample types. Another group described microscopic
observation of damage-initiating sites of ~1 um diameter at the boundary between an
antireflection coating and the substrate and a good correlation of substrate roughness

with the number of initiator sites.

Seven papers were concerned with coating microstructure, e.g. how to eliminate
columnar structure and decrease porosity., One group reported used of metal/dielectric
laminates of silver and thin TiO, coatings to prevent columnar microstructure, This
had the positive result of increased laser damage thresholds at 351 nm. Use of
stratified films was also found effective in controlling the microstructure of
(ZnS/ZnSe), films deposited by molecular-beam epitaxy. Remarkably, these films had the

same damage threshold as the uncoated substrates.

Co-evaporation of zirconia and silica films was reported to decrease porosity and
columnar structure. Furthermore, a second paper reported that the porosity of ZnS
films is correlated with the damage threshold at 10.6 um: denser films attained by
deposition at high substrate (Ge) temperature (200° C) had substrate-limited
thresholds!

Confirming the report by Decker, et al. at the 1984 Symposium, a second group
determined that the thermal conductivity of coatings can be much less than the bulk
value. The measured conductivity of an enhanced high reflector was found to be a

factor of 30 lower than predicted by use of bulk values. Especially for cw-laser
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applications, methods to alter coating structure to more nearly match that of bulk

N

354 material will greatly improve the thermal performance.

g . Five papers reported experimental studies to optimize the deposition parameters
“;t for particular coating processes and film materials. For example, ion-assisted

:Et deposition (IAD) was uniquely able tc produce durable films of MgF,, Si0,, and

\ﬂHE Al,0,/5i0, near room temperature on heavy-metal fluoride glasses.

.

ﬁ\g Valuable data on the effect of molecular fluoride on optics for excimer lasers, in
iﬂ j particular at 351 nm, was presented. (Regrettably, the manuscript of this paper was
igily not supplied for this proceedings.) Coatings were exposed to a XeF excimer gas mix
#.: containing 0.5% dry F, at 760 Torr. All coatings with Si0, layers failed quickly and

catastrophically, and after 48-hours exposure, the transmittance of bare Suprasil fused

{'

silica decreased by 7%. Multilayer reflectors of Al,0;/cryolite on $i0, exhibited good

Lalef /™

b4

resistance for F attack and had high damage resistance; similar performance was

»

»f: observed for Al,0,/MgF antireflection coatings on CaF,.
e

o The properties and obvious advantages of graded-index AR coatings made of porous
:'2; silica were presented by two groups. A new fabrication:nethod developed in Japan

,,:5 involves electron-beam codeposition of NaF and Si0, followed by dissolving the NaF with
ts water. These coatings feature 0.17% reflectance at 355 nm, surface roughness no

Ll greater than that of the substrate (11 A rms), and very high damage thresholds. A

{ second paper by Lawrence Livermore Laboratory scientists presented results of multiple-
:}Q shot tests at 351 nm at 25 to 100 Hz. Porous-silica AR coatings on fused silica had
o damage thresholds double those reported for films prepared by physical vavor deposition
‘{: processes.

‘\.

::) Finally, three papers presented theoretical designs for advanced coatings. One

: ] analyzed designs for multilayer dielectric coatings for phase control, while a second
b y maximized the theoretical reflectance of dielectric coatings set at grazing incidence

¢ for possible use in free-electron laser resonators. Extending even further into the
':Ee future was a proposed reflector design for free-electron lasers that will operate in

the extreme ultraviolet below 100 nm. Total external reflection at multiple, flat-
metal surfaces, e.g. Al and Si, was shown to be a feasible way to turn the light beam

by 180° with broadband reflectance exceeding 40% for wavelengths greater than 35 nm.

e

{0k ,‘le.'.'r{&l'f ®

Fundamental Mechanisms

L]

::E Of the eight papers in this session, two were experimental studies of the effects
::ﬁ of high-energy radiation on the absorption and laser damage of fused silica. First,

M E irradiation with 2-MeV electrons caused transient absorption at 250 nm which had two
:;‘ recovery paths as indicated by two time constants, 50 ns and 1 us. Second, defects
O induced by 1-MeV gamma rays reduced the pulsed-laser damage threshold at 532 nm by as
: :E much as 40% due to two-photon absorption, but little change in thresholds was measured
) 2 for 1064-nm laser pulses.
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Complementing the aforementioned experimental studies on the same topic, the
fracture mechanics of glass due to absorption at Pt inclusions were analyzed
theoretically. The author considered crack formation based on shock-wave propagation

when the temperature of the Pt exceeds the boiling point.

Observation of lower damage thresholds at moderate pulse-repetition frequencies
(PRF) is not yet well understood. In pursuit of an explanation, one experimental paper
reported the effect of <100 Hz prf on pulsed-C0O, laser damage to a number of infrared-
transmitting materials. For some of the materials, including Si, ZnS, and ZnSe, the
damage thresholds dropped monotonically for prf’s from 1 to 10 Hz and then remained
constant from 10 to 100 Hz. The authors believed that such behavior might be explained
by anomalously low thermal conductivity at the surface due to polishing-induced

structure changes or grain size.

For further information on the topics reported at this Symposium, the interested

reader should consult the individual manuscripts contained in this Proceedings.
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(' A Yersatile Laser Glass Inspection and Damage Testing Facility*
;%:\ J. E. Marion, G. J. Greiner, J. H. Campbell, P, H, Chaffee, J. S. Hildum,
J ,: J. Z. Grens, C. L. Weinzapfel, S. M, Winfree and D. Milam
g/
~‘ﬂ: Lawrence Livermore National Laboratory
3 :p University of California
¥ P.0. Box 5508, L-490
1 Livermore, California 94550
8.
Ny
N
.,: Most glass optical components for high power lasers are melted and homogenized in
) platinum-lined crucibles leadinag to the potential presence of microscopic platinum
> inclusions. In situations where large optics are exposed to high laser fluences, a
b significant problem can be created by an extremely low density of inclusions, as low as one
per component. Previously, direct visual examination or optical microscopv was used to
- inspect for these particles, limiting reliahle detection to inclusions greater than 10um
:? diameter., Unfortunately, much smaller inclusions can initiate damage in modern lasers
"-d operated at high fluences.
.o e s , . .
by A test facility is described which detects smal) opaque inclusions in large transparent
BT components by using a commercial Jaser which delivers high energy pulses to the test sample
. at moderate frequency in a small diameter heam. The sample is automatically scanned such
R that each point in the volume is irradiated with ten pulses at twice the inclusion damage
!:e threshold--an amount sufficient to cause visible damage at inclusion sites. This approach
¢ permits detection of opague inclusions in the parts per trillion and lower concentration
‘x: range. The specifics of the device design, and its performance are discussed in the context
.:4 of automatic inclusion inspection and mapping in large Taser optics.
'\‘1
( Key words: inspection techniques, laser glass, laser-induced damage, metallic inclusions,
e platinum
3 .\-
L '
o 1. Introduction
AlY Modern fusion research lasers and prOfosed defensive laser weapons use very large optics
::) which are exposed to high laser fluences.! If present, opaque microscopic inclusions cause
o unacceptable damage. A simple device for performing large scale inspection of optical components
r) for the presence of inclusions is described. Our present application requires a system capable

- of rapid and reliable inspection of Nd:phosphate glass samples for inclusions which absorb at
’ § 1.06 um, such as platinum and carbon. The samples include finished amplifier disks, ranaing in
S5 volume up to about 10 1iters, as well as numerous test samples. The size of the inclusions which
! must be located extend into the sub-micron region--a territory in which conventional optical

»
3

® microscopy is ineffective. Light scattering methods are unwieldy because hubbles, surface

- imperfections and dust are indistinguishable from inclusions even when the sample is of high

3 \ optical quality. Signals from these 1mperfect1ons cap swamp the signals of interest because the
' j} inclusion number density is quite low, in the 10-4/cm3 range.

’ 1

“: We adopt a destructive technique for locating inclusions as the only reliable method available,
N? A commercial Q-switched YAG laser (JK Model HY 750) gives a focussed beam 2 mm diameter on the
r sample which is scanned in X and Z directions by a commercial stage drive (Daedal Models 47215 LH
- and MLH, Fig. 1). In order to assure adequately large damage sites at each inclusion (to

S facilitate subsequent optical inspection) each site in the sample is irradiated at normal

L~ incidence with ten shots; each above 10 J/cm¢. This fluence corresponds to twice the damage
;:a threshold for platinum inclusions in glass at the 8 ns pulsewidths used here.2 1In prastice the
N device is capable of scanning a 46 cm aperture phosphate glass amplifier disk (7000 cm¥ volume)
e, in about four hours using ten shots per site. PReducing the number of shots proportionately

v > reduces the scan time. The optical examination of the damaged disk takes an additional hour or
° so depending on the number of damage sites which must be characterized and mapped.

'j- *Work performed under the auspices of the U.S. Department of Fnergy by Lawrence Livermore

. National Laboratory under Contract No. W-7405-ENG-48.
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Tigure 1., Schematic of the inspection test device, as described in the text.
2. Device Description

The device is Tocated in a class 1000 clean room in order to avoid dust contamination and
subsequent damage to the device optics as well as the test sample. The laser is quite stable
with better than 99% of the shots within 1% of the mean shot energy. The beam profile is
adequately uniform to insure that the sample is irradiated at the desired fiuence (Fia. 2). The
output energy is 800 mJ at 8 ns pulsewidth and 20 Hz PRF. The slightly diveraing 8 mm diameter
output beam is approximately collimated by a five meter lens and directed toward the sample by
high power dielectric-coated mirrors. 1t is then focussed by a two meter positive lens into a
mildly converging beam. A collinear HeNe alignment beam is introduced before the positive lens
to aid in sample positioning. A beam splitter (with the front surface anti-reflection coated) is
located after the two meter lens, and a calorimeter monitors the seccnd surface reflection as a
continuous check of laser performance. After the beam splitter, the laser beam, now 2 mm in
diameter, strikes the sample which is mounted on a X-Z motor driven stage.

The Taser and the stage drive are controlled by a laboratory cc—puter (Hewlett Packard
9816S), interfaced through a general purpose data acquisition control unit (HP 3421A), 1If dust
or damage occurs upstream, leading to a degradation in the laser energy, the test is interrupted
by the computer monitoring the calorimeter. Automatic shut off of the laser and stage drive can
also occur it the sample reaches position 1imit triggers, or if there is a high laser cooling
water temperature.

The use of the computer also offers the possibility of real time inclusion mapping. When
irradiated, the damaging inclusions give a distinct optical signal associated with plasma
emission. This signal can be readily detected by focussing onto a photodiode array. This
information is combined with X-Z position coordinates to give an inclusion map. Although the
detection system has been demonstrated,3 it is not yet sufficiently reliable to replace optical
inspection. Incorporation of this mapping option will reduce the inspection time by an order of
magnitude because only one shot at each site will be required. The post mortem optical
inspection will also be eliminated along with its inherent operator subjectivity.
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Figure 2. Beam profiles obtained from microdensitometer traces of the photographed beam.

The beam shape is reasonably Gaussian.
3. Device Applications

We believe that this facility offers a unique capability in materials damage assessment.
Prior damage testing has generally fallen into one of two categories. Previously, small (mm2
or smaller) beams at high fluences were used to test several spots on the sample, in conjunction
with a statistical treatment of the data.? The limitations of that method in situations where
the damaging entities have a very low spatial density are obvious. A second approach uses a
research tool such as the Nova laser to give high fluences over an entire area in single shots,
but at very low repetition rate.®> Aside from the expense of the latter method, our new device
is faster and less cumbersome. Large optics can now be quickly and reljably inspected for
inclusion volume concentrations in the %arts per quadrillion range (1015) (i.e., several one
micron diameter inclusions in a 7000 cm” optical component.)

A further advantage of this testing device is its ability to rapidly perform multiple shot
damage characterization on inclusions that have been carefully analyzed prior to testing. Damage
growth rate data on single inclusions subjected to ten thousand shots or more can be obtained
readily, helping to relieve the paucity of information in that area.

Finally, it has not escaped the attention of the authors that this device has useful
applications in other fields of materials science and chemistry, for example, in any application
in which small concentrations of microscopic contaminants must be detected. In principle, any
laser wavelength may be used where the samples are reasonably transparent. The primary
requirement is that the microscopic inclusions or defects have a higher absorption than the
surrounding matrix at the laser wavelength,

4, Summary

Our requirement for rapid inspection of large optics for the presence of microscopic
inclusions has led us to construct a simple damage device using a Q-switched YAG laser and a
computer controlled X-Z motor driven stage. Each point in the volume of the test sample receives
ten pulses at twice the damage threshold, permitting straightforward post mortem visual
determination of inclusion spatial density. An automatic detection scheme, in development, will
permit automatic mapping.

In addition to automated inspection, straightforward damage growth characterization to high

shot numbers is being pursued. This information is of interest for assessing optical component
reliability both for fusion research lasers as well as defensive laser weapon systems.
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" Apparatus has been assembled for mostly-automatic laser switching and damage
measurements in which dynamic events are followed in real time. Lasers, optical
elements, and detectors are available for operation at 2.8 ym and at 10.6 um. Sample

“l o exposure time is variable from 50 ps to cw. Sample positioning in X:Y:Z is controllable

ﬂjil to 0.2 ym. Testing can be done with static beam position or with a scanning beam.

\(: Samples can be tested at ambient temperature, or from near 77°K to 370°K.

o Software provides for test control, data processing, and graphic, hard copy output.

ASAN Beam profiling can be done automatically at the sample position, and the profile fit to

ALVAN a Gaussian of the same 1/e2 width. Sample data acquisition is sequenced by the computer

o after an enable pulse is given at the discretion of the experimenter. The computer

WS records and processes the incoming data, presents intermediate data display, completes

- data manipulation, and compares processed measurement data with internally available

‘:a' prediction models in graphic form. Representative output for a thin film nonlinear

o optical material is shown.

P

o

b4 Key words: automated testing; dynamic real time testing; laser-induced damage; laser-

N induced switching.
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O 1. Introduction

X
x

.
o

It has been our objective to assemble versatile apparatus to make accurate and reproducible
measurements in real time of fast, dynamic processes occurring under intense laser irradiation. We
wished to examine laser-induced switching and damage in nonlinear materials, and in a more general
sense, do damage characterization of any thin film material/substrate pair. For these purposes, we

v
[

Y

L]
:i- define "nonlinear material" as one for which its optical properties change abruptly at some fixed
A condition, surh as at a phase transition occurring at a given temperature.
-
o Pres, ; projected capabilities are summarized in tables 1 and 2. Hardware is reviewed in
‘A3 section . 5t in a generalized form, after which specific embodiments are discussed. The
.,._ procedural . guenr ', during which the experimenter interacts with the coordinating software, is
: N covered in sectior 3. Data samples are shown at various stages of processing, as is representative
“;4 output for switching and damage events.
2
o,
ft 2. Hardware
NS
o The apparatus and instrumentation are shown in general form in figures 1 and 2. The block
7, labeled Beam Handling in figure 1 is a convenient way of describing a collection of items
.o distributed throughout the optical path which direct and shape the beam. These typically include
‘n;- mirrors, lenses, windows, beamsplitters, and apertures. These optical components are usually
> positioned during setup and alignment, and do not interface with the computer. The Pulse Selection
‘::, components are also distributed at convenient locations; included are a shutter, Tight chopper, and
vt scan mirror (if used). The chopper is often placed at the internal focal plane of a beam expander,
° which thus allows for fast rise times and short pulse lengths. The power meter shown in two
~ positions is used during the calibration of the detectors. A pinhole (of appropriate size) can be
W
o
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placed at the position of the sample for beam profiling of a stationary beam. Two pinholes
separated by a known distance are used to measure scan speed.

The available hardware is listed in more detail in table 3. Schematics for a stationary spot
experiment at 2.8 um, and for a scanned spot test at 10.6 um are shown in figures 3 and 4
respectively. Figures 5 and 6 are photographs of the actual apparatus, in the same order. Figure
7 shows the overall test instrumentation configured for a single short pulse; the lock in
amplifiers are used only for repetitive pulses, as in long exposures. Figure 8 and 9 show the
timing electronics for long exposures (50% duty cycle at 20 kHz) and for the scanning test,
respectively. The timing sequence for a scanning laser pulse is given in figure 10 as an example.
The timing sequence for a single short pulse is similar to figure 10, but without the scanner or
variable delay sequence (pulse trains at locations 3-7 only). The timing sequence for long
exposure is even simpler; the chopper is free running and the manually triggered shutter is open
long enough to include many cycles of the 50% duty cycle chopper. The laser isolator feature has
proved to be essential to prevent feedback causing modulation of the laser output power when &
scanning beam is involved; its effect is shown in figure 11.

3. Experimental procedure and representative results

An outline of the experimental sequence is shown n figure 12. The mathematical quantities
will be defined in context.

The spatial distribution of the laser beam at the location of the sample is determined by
stepping an appropriately sized pinhole across the beam in a number of steps while measuring the
power transmitted by the pinnole. This is done automatically by the controller at the same time
that a graph of relative power versus position is plotted on the printer. Figure 13 is a typical
Taser beam profil: map with a theoretical Gaussian fit to the same 1/e? diameter (also generated by
the computer). Circular symmetry is assumed, aithough symmetry is easily monitored with an IR
image nlate or by additional profiles.

The apparatus is calibrated with no sample in the system using power meter and programmable
argitizer. Calibration is done at or near_operating power conditions. The ratio of the average
power to the transmitted detector system Pr(power at meter position 2) to the average power to the
incident detector P (power at meter position 1) is measured at the beginning of the experiment by
recording the power in front of the incident detector system and then in front of the transmitted
detector system several times to arrive at an average of the beamsplitter ratio

B=5T/$I.

The error on this measurement does not affect the final results, as it will be absorbed into the
responsivity calculation.

The incident detector is calibrated with the power meter in front of the transmitted detector
system (position 2); the chopper is turned off and held open to read the transmitted cw power.
Next, the chopper is turned on and 22 pulses from the incident detector are averaged by the
programmable digitizer. Using the digital cursors, the average voltage V; from the incident
detector differential amplifier is measured. This is repeated several times. The responsivity (in
V/W) of the incident detector system is then calculated from

where G = gain on the detector differential amplifier.
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The transmitted detector system is calibrated from the incident detector:

Vr_ ViGqRg .

RT—‘

To calibrate for long exposures, the procedure is the same except the 50% duty cycle chopper
is not stopped for power measurements. Also the outputs of the lock-in amplifiers are treated as
the detector outnuts.

Data is acquired after a sample has been inserted into the system. [t is assumed that pulse
length, digitize rate, power level, and amplifier gain setting have been selected. An enable pulse
from the computer starts the sequence and the sample is irradiated. 0Data is taken into the
digitizer and voltages from the incident detector amplifier Vi(t) and the transmitted detector
amplifier Vy(t) are displayed versus time, giving a dynamic record of the sample characteristic
during irraJiation. At this point, the experimenter can repeat the test, or accept the data and
instruct the computer to continue. The computer next locates the beginning and end of the
exposure, and corrects for dc shift and ac coupled signal droop. Options exist to display voltage
or power versus time, and to print or not print the data in tabular form.

The power to the transmitted detector system Py(t) is calculated by the computer from

and now includes the transmission of the sample T(t). The power incident on the sample P(t) is
predicted by the incident detector from

Py LB
GiRy
T(t) can then be calculated from
T(t) = _‘ii,
Pr(t)

The peak irradiance I,{t) on the sample is determined from

14
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where A0 = transmission of the optical elements between the sample and the transmitted detector
system.” Aj ~ 0.96 (typical). The peak fluence incident on the sample from pulse initiation time
t; to time t is calculated by the computer from

F(t) = tIo(t)dt
t;

The computer then disp]ays the percent transmission and integrated peak fluence versus time.
Sample plots of V , Vp(t), T(t), and F(t) for a switching event and for a damage event are
shown in figure 1 for two d1fferent sanples. For the switching event, the abrupt change in the
transmitted signal occurs when the nonlinear material switches from a high transmission state to
high reflectance. In the damage event, the sample switches early in the pulse (high transmission
to low transmission); the transmission is seen to increase roughly midway in the irradiance pulse
due to film removal from the substrate. The operator sets ine vertical (time) cursor on the T(t)
plot at the time the event starts. The computer sets the horizontal cursor where the time cursor
crosses the fluence curve, displays the indicated lapsed time to the event, and calculates and
displays the integrated fluence up to event initiation (threshold fluence).

The experimenter can now repeat the sequence for different power levels or pulse widths
(gather more data), or proceed with computation.

When enough data has been acquired, the computer is instructed to calculate values of
threshold fluence versus time for specified conditions from a stored predictive thermal model. The
thermal model is based on solutions of the diffusion equation for a thin film on a semi-infinite
substrate; solutions of arbitrary sophistication can be used. The conditions involve material
constants and test conditions including switch or damage temperature, bias temperature, beam spot
size at the sample, and scale ranges. As a final step, the computer plots the experimental data
points on the same sheet as the theoretical curve. Examples of a switching curve and a damage

curve (for the same sample) are shown in figures 15 and 16. Note that the damage data point from
figure 14 is the solid data point in figure 16.

4. Summary

The apparatus and techniques described are obviously not limited to application with nonlinear
material films, but can be used with any material which damages when subjected to intense laser
radiation. Samples can be examined under dynamic conditions, and before and after maps can be made
of damage regions without losing the ability to do structural studies after removal from the test
apparatus. Thus the goal stated earlier has been achieved.

We wish to thank M. O Gracey and J. H. Nickelson for valuable technical assistance. J. D.
Ward contributed greatly to apparatus development and assembly. D. S. Smith helped considerably

with procedural and software development, as did cooperative student employees L. E. Godwin,
C. D.Murphy, and L. Valdez.
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s Table 1. Present Capability
;
3
e o Multiple wavelength - ~50W cw at 2.8 um(HF) and 10.6 .m(C0,)
.gl‘, 0 Gaussian irradiance distribution
Lty o Diffraction-limited focusing - ~ 50 um 1/e? diameter spot
iy
o Peak irradiance range - up to ~ 10% W/cm2

-

0 Variable exposure - single pulse at 50 us to cw (50% duty cycle at 20 kHz) - 5us minimum rise
time

O

- o Stationary beam position or swept beam (multiple scan option)
\?':' o Sample positioning in X:Y:Z - 1 in. travel in 0.2 um steps - computer interfaced
¥ o Sample temperature contrcl - ambient, or 77°k to 370°K
o Calibration for absolute measurement of fluence
s o Dynamic, real time record of sample characteristic during irradiation
,': ., o Automated data collection, analysis, plotting
(' o Comparison of results with theory for switching and damage thresholds
I-!}
A ,’H
AN
L Table 2. Projected additions to capability
1A
§ PR
 J
- Lasers available
Lo o TEA C0,(pulsed) - 0. 5J/pulse, pulse width ~ 50 ns
(- 0 Transverse flow CO, (cw) - ~ 800 W
e\ 0 Nd:YAG (pulsed) - i 2J/pulse, pulse width ~ 10 ns
SN
D
[
:-jjif Table 3. Hardware
o5
V- Sources
j 0 2.8 um - 50W cw, TEM,, (grating tuning available)
e 0 10.6 um - 50W cw, TEM, (500W pulsed capability)
K. - amplitude stabﬂ1zed
:-:,.:- - grating tuned capability
1
',:.r: Detectors
oty o InSb photovoltaic cooled to LN
et 0 HgCdTe photoconductive cooled go LN
,.__ o Integrating spheres - adjustable at%enuation factor by variable iris
L AN
' : Optical Elements
AR 0 Mirrors and beam directors - high reflectance metallic
AN o Lenses - CaF,, Si(AR/AR), ZnSe(AR/AR)
- . o Beamsplitters - Al,0 bare/AR InSe(coated/AR)
L o Isolator- attenuator §or 10.6 um - polarizer/analyzer (InSe Brewster angle plates),
[ InSe Fresnel rhomb (AR coated)
T
-\-
- Sample inspection ) ' .
I o Fiber optic probe and photomultiplier for flash detection ~ can be used to verify and time
o catastrophic failure
:*." 0 Microscope and video monitor - before and after snapshot capability
.':'.'
L
'..v":"
J::J‘:
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o
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Figure 6 Scanning Spot Apparatus at 10.6 um
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DAMAGE TESTING IN OPTICS PRODUCTION AND PROCUREMENT

S. C. Seitel and E. A. Teppo
Montana Laser Optics, Inc.
Bozeman, MT 59715

ABSTRACT

Laser-induced damage studies reported at these symposia have emphasized
basic understanding of the light-matter interaction physics, and
development of new, more durable materials and coatings. This paper
reports a parallel trend toward routine use of damage testing in the
procurement and production of reliable optics for low energy, high peak
power military and commercial laser systems. Materials and coating
designs are conventional, and in practice, in-service failures are as
often due to system design effects and contamination as to improper
finishing or coating design errors.

The emerging roles of damage testing as a production process-control
tool, in acceptance testing, and in failure diagnostics, are discussed
and illustrated with specific examples and color photomicrographs.
Particular attention is paid to the problems of (1) meeting widely
varying test requirements, often on deliverable part of complex
geometry, in timely and cost-effective fashion; and (2) relating
calibrated single-mode damage test results to optics durability in
highly multimode military systems. A brief review of a new
repetitively pulsed dual-wavelength damage test station with
exceptional configurational flexibility and advanced digital fluence
profiling features is included.

Key Words: computer control; laser damage; laser beam diagnostics;

Taser fluence measurement.
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A COMPUTER AUTOMATED LASER DAMAGE LABORATORY

M. R. Sweet, L. J. Jolin, S. R. Foltyn
Los Alamos National Laboratory
Chemistry Division
Los Alamos, New Mexico 87545

ABSTRACT

The UV Laser Damage Program has been in existence at Los Alamos for
over five years. Recently, the damage Taboratories have been upgraded
by using a computer system to control and monitor testing parameters,
and to display and store the damage data.

The system was designed around already existing testing equipment
merged with an IBM-XT for cost effectiveness. The damage fluence is
set by a programmable beam attenuator configured in a closed-loop
control system with the computer and an energy meter. A matrix of
damage sites is set up at the test plane such that the operator can
move the sample sequentially between sites or pick sites at random. To
aid the operator in choosing test fluence values, a damage plot may be
generated on the monitor or on a high resolution plotter.

By automating the Laser Damage Laboratory with a computer, consistent
resuits can be achieved over a short testing time.

Key Words: computer-control; laser damage; Taser diagnostics ultraviolet;
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U.V. Laser Beam Diagnostics using a Computer
Controlled Video Frame Store System

S.E. Clark, I. Laidler and D.C. Emmony
Department of Physics, University of Technology
Loughborough, Leics., England

and

B.A. Omar and M.J. Shaw
Rutherford Appleton Laboratory
Chilton, Didcot, Oxon, England

In the past the spatial intensity profile of a laser beam has been measured using
such techniques as scanning pinholes, detector arrays and photography.

This new system converts the Excimer beam into visible light using a glass fluorescer
with a very small penetration depth giving a good 2D image of the beam. The fluorescence
has been found to be linear over a wide range of input energy and is imaged by a CCD
camera linked to the computer controlled video frame store.

The digitised information is then computer processed to yield such results as the
intensity profile along an arbitary line, peak fluence, the difference between two images
and various statistical values.

This new technique has been applied to beams with widely varying diameters including
analysis in the focal region and in the early detection of damage in materials.

Keywords:- Video frame store; computer controlled; 2D image; Tinearity; calibrated.

1. Introduction

The problem of beam nrofiling is as old as the Taser itself. Previous techniques have
included direct photography, scanning pinholes and detector arrays, all of which suffer from
significant problems.

Photography has the two main problems of chemical (wet) processing and image linearity. It
is not a trivial task to obtain a truely linear intensity representation of an object on film. If
the image is not linear calibration becomes not only far more tedious but subject to greater
error. Even with a linear image it is a time consuming problem to obtain the data from the film
by such instruments as micro-densitometers. The slightly redeeming feature is that a 2D image is
recorded at one go.

The main problem with a pinhole is that it provides informatiorn about a point, thus a time
consuming rastering process must be used to obtain a 2D profile. In order to allow for shot to
shot variation an average of several shots must be taken at each point.

Detector arrays are a logical step forward but have often suffered from poor spatial
resolution and require complex driver electronics.

Using a video camera allows a 2D linear image to be obtained in one shot with good spatial
resolution due to the high packing of detectors on the camera chip. Typically without external
optics resolution of around 25um and with external optics of lum is routinely obtainable.
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2. The System

[ o S U R Wy W S N

Figure 1 shows how the various components of the system are inter-connected and figure 2 a
( practical arrangement for imaging the beam.

Since the camera does not respond to light with a wavelength below 400nm a fluorescer is used
r to convert the U.V. (usually krF at 249nm) to visible fluorescence which the camera can then image.

A boro-siticate glass is used as the fluorescer. To avoid problems of image distortion the
N glass in the form of a thin slab (less than 150um thick) with a U.V. penetration depth of less than
Tum. The response of the glass to incident radiation was measured and found to be linear over a
f range of fluences from 10uJ/cm? to above 10mJ/cm?. The normal operating fluence is <n the 2mJ/cm?
: range so as to use the full dynamic range of the frame store.

' The camera used was a commercially available solid state device which was checked for linearity
A of response and for the effects of automatic gain control. The device was found to have essentially
no automatic gain control and to be linear over a dynamic range of approximately 100 at the
operating fluences.

Q The fluorescence is imaged by the camera and the video output goes both to the frame store
5 and a specially developed trigger box.

b
;: The trigger box is required to ensure that the image is always captured by the system for
|; without it between 10 - 90% of the shots, depending upon the type of camera being used, would not
fa be recorded. The box works by sychronizing the triggering of the frame store and the firing of

q the laser to the video frame (field) sync pulses produced by the camera so that the laser is fired
; at the correct point in the frame that the store is set to capture.

g The frame store is a commercially available unit, the Eltime Image III with slight hardware
8 modifications so that both the controlling computer and an output from the trigger box can initiate
y a frame snatch.

{ The store is set up to hold two pictures each 256 x 512 pixels simultanecusly in memory each
with 64 levels of intensity resolution (greylevels). The incoming data is digitised and stored

) in the frame store memory in a grid format so that any point in the picture can be addressed
kh using cartesian type co-ordinate addressing.
N An Apple Ile computer is used to control the system and it is this which makes the system
X particularly powerful and versatile.
A suite of programs was written to perform the following tasks.

- a) Aquisition, storage and display of data.

- b) Image processing.
- ¢j Intensity profiling in X, Y and & directions.

o d) Radially averaged profiling.

- e) Numerical integration.

A f) Statistical analysis.

- By using options e and f it is possible to calibrate an image in absolute units and so obtain

: the fluence (J/cm?) at any point in the image. Option f will also give such parameters as

‘ average fluence, fluence per intensity level recorded and standard deviation of fluence.

y The profiling program allows the user to select the location of the profile and whether it

‘ is a line profile or a radial profile and produces graphs of recorded intensity versus position

\ a®ong the profile.

. The image processing routines include removal of background (dark level) noise, image

° enhancement and a routine to display the difference (in intensity levels) between two frames.

q There are also routines to store an image on disc for future reference and processing.

o

.
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3. Experimental Considerations

The main drawback of the system is the limited dynamic range of the frame store and care must
be used to ensure that the fluence incident on the fluorescer is sufficient to,fully use the
available dynamic range. The 64 levels are more than enough to determine the "/e? points which are
down by a factor of 7.4 on the maximum.

The arrangement of the fluorescaer and camera in figure 2 is not practically the most
convenient as it is impossible to both profile and damage at the same time since the fluorescer
is sitting where the damage sample should be. A more convenient set-up would be to insert a
beam splitter between the lens and target plane and profile the beam away from the damage plane.
However care is needed, since the beam is a converging one unless the beam splitter is very thin
it will introduce significant distortion in the transmitted beam.

For calibration the following data is required.

1. Beam energy per shot as measured for example by a calorimeter and

2. the relation between pixel size on screen and real object size. This can be measured by
observing calibrated graticules at the place where the fluorescer is to be placed.

4. Applications and Uses

The main application of the system is in profiling the beam from the Excimer laser here at
Loughborough University of Technology which is operated at wavelengths between 193 and 308nm. By
suitable fluorescers tha system can work in the infra red, e.g. graphite for 10.6um CO, radiation.
Between 450 and 1060nm (Nd.YAG) no fluorescer is needed as the camera will respond directly.

The system has also been used in conjunction with other techniques to look at the early
detection of laser damage where it enables an actual image of an area to be recorded rather than
giving a spatially averaged result as a photodiode would do.

5. Results

Figures 3 to 11 represent typical data from the system. Figures 3 to 5 are from a 5mW He-Ne
laser operating at 633nm. Figures 6 to 11 are for a nominal 1J 30ns krF excimer laser.

Figures 10 and 11 show how use of the statistical analysis package can enable the system to
be calibrated yielding several important parameters.

Comparisons between profiles taken from ihis system and those by using a scanning pinhole are
in near perfect agreement.

6. Summary

The system can provide a two-dimensional beam profile much faster than previous methods
and can process the data to yield much more information about the profile than with current methods.
In short this is a highly versatile system capable of providing high quality 2D beam profiles with
associated data in near real time.
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S.E. Clark and I. Laidler would like to acknowledge the finanical support given by the United
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] Fluorescer

Camera

Video monitor

amera

Calorimeter

Imaging lens Thin beam splitter

Figure 2.

Aith camera and lens in position 1 the thin beamsplitter is not required.

D

Le———

Attenuator

This avoids the

problems of distortion associated with the beam splitter but means that both damage and

profiling cannot be done together.

In position 2, both damage and profiling can be done

together but as the thin beam splittar has to be used there are problems of distortion on

tne transmitted beam.
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Figure 5.
He-Ne laser 633nm radially averaged profile from beam
centroid
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KrF laser 243nm vertical profile
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KrF laser 249am horizontal profile
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> Figure 10.
S KrF laser 249nm unprocessed histogram

Starting level = 0

Y

S Excimer profile

: b Sampling started at level =5

W Background level subtracted off =5

Fluence per greylevel = 1.60860 J/sq.cm

N il Average fluence = 2.13154E1 J/sq.cm

Standard deviation of fluence = 2.40314E1 J/sq.cm
4 Highest fluence = 8.36470E1 J/sq.cm

Most frequent fluence = 8.04298 J/sq.cm

Normalised frequency
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K7 Beam Profiling Characteristics
‘ﬁL of a Sensitivity-Enhanced Silicon Vidicon System
P>y at 1.06 Microns
P

) R. M. O'Connell* and R. A. Vogel%*

‘»)/ Electrical and Computer Engineering Department
'("&' University of Missouri
(! Columbia, MO 65211

'5"‘.'1:

‘}p, A. F. Stewart and D. A. Smith
4 5ol Air Force Weapons Laboratory
N Kirtland AFB, NM 87117

::\,( A beam profiling system consisting of a silicon vidicon detector and an image

i o processing computer is described, and results of measurements to characterize the system
S are presented. For the transmission and display of geometrically accurate images, a
:."S-: unique relationship was found to exist between pixel clock frequency, channel time and

.. Nl. channel length. The vidicon target's dark current and 1.06 um detection sensitivity were

® found to have peak-to-peak variations of 5.6Z and 3.757%, respectively, throughout the
s target's central 3.75 x 3.13 mm region. Signal-to-noise levels were optimum at a target
r:':" temperature near 0° C. Without being optimized, cathode voltage switching improved the
-, pulsed-mode dynamic range of the system to approximately 4.

s

":-.': Key Words: beam profiling; dark current; detector target uniformity; dynamic range; transient

¥ ‘-:. response.,

-
( 1. Introduction

o

) -.')Q_ Two-dimensional electronic imaging devices are a potentially powerful beam profiling tool for
A laser damage experiments. For beams that are neither too tightly focused (diameters less than
R approximately 1 mm) nor too rapidly pulsed (pulse repetition period less than approximately 30
’-: seconds) these devices can provide real-time profile information on a pulse-to-pulse basis[l].
-

P

Since no averaging is required, it is unnecessary to make the often questionable assumption that
the laser is absolutely stable from pulse-to-pulse. Such a requirement is necessary when masking

o

ALy methods such as the knife-edge are used to profile a beam(2]. With these advantages in mind, a
| :—:‘: beam-profiling system, which combines various two-dimensional imaging devices with an image pro-
| .“:. cessing computer, has been developed and incorporated into a laser damage facility at the Air Force
! Weapons Laboratory (AFWL).

K.

: ::: In this paper, the results of a study to characterize the use of a silicon vidicon detector in
°® the AFWL beam-profiling system are presented. After a brief description of the entire system in
i section 2, a discussion of those system parameters that control the reproduction of vidicon images
- on the computer display monitor follows in section 3. Results of measurements made at various
b temperatures to characterize the system's ability to profile fast (10 nsec) 1.06 micron pulses are
NN then presented and discussed in sections 4 and 5. Included are measurements of the spatial varia-
S5 tions of vidicon dark current and detection sensitivity in Section 4 and system linearity and
"'} dynamic range in section 5.

.'_ 2. Silicon Vidicon Beam Profiling System

LY N

The AFWL beam profiling system is shown schematically in figure 1. The PAR 1252E silicon
vidicon [3)] was chosen for the study because its target offers several attractive features: it is
thicker to provide for enhanced sensitivity at 1.06 um; it is wedged to suppress Moire' interfer-
ence; and its area (12.5 mm x 12.5 mm) is large enough to permit profiling of a wide range of laser
beam sizes.

P ._.‘¢ v—.~
-"‘-"'s:‘f .i' .-:‘l:'.
S ek )

)
_~‘ The PAR 1216 vidicon controller shown in figure 1 performs several functions. First of all,
:: it is the interface for operator control of vidicon scanning conditions, including channel length
» > in pixels, channel time, and the number of channels per frame. Thus, the vidicon reads images in an
A. *,
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sb:: operator-determined non-standard video format. The "video" output of this system is approximately
4&.. a voltage-inverted RS 170 format with non-standard timing.
DV
ot
H
) . PAR 1252E
o _‘—h‘_—>ﬂ Silicon Vidicon
Ls C
. N.D. Filters (Cooled)
N Display
L8 Monitor
B s, Scan
‘.) Conditions Video
')1'
o
5
5 Video
NN RCI Trapix 5500
~ PAR 1216 Vidicon | LXP- ‘ P
o Controll Start Exp. Start | Image Processing
] lontroller Condi- |and Systenm
( ] Control = | tioning|Control
' Inter-
face
/ tExp. Start
Y To Laser Key-
Yo board
2
'ﬁﬁs Figure 1. Silicon vidicon beam profiling system.
{3'
e

o

The second function of the vidicon controller is to transmit images from the vidicon to the

; Trapix computer [4]. TFor the computer to properly accept a non-standard video image, the image
H must be transmitted via a set of control signals which serve as a pixel clock and channel and frame
) 53 synchronization flags. These signals are provided by the controller in the form ~f its 4.0 MHz
: $ master clock, its clock-out signal, and its trigger-1 signal, respectively. In .ursidering various
*Q clock sources, it was found that unless the 4.0 MHz master clock from the controller was used, an
- interference signal was always present in the displayed image. Use of the 4.0 MHz master clock
p eliminated the interference signal, evidently because the clock-out and trigger-1 signals are
Y derived from, and thereby phase-locked to it. The three control signals, illustrated in figure 2,
::» must reach the computer in TTL-compatible, differential form. Thus they are first processed at the
o signal conditioning interface shown symbolically in figure 1 and detailed in figure 2.
o
W
et e
! -‘::; ..+g
. —o
") 4,0 MHz lMaster Clock _.E Pixel Clock
PO '_T(.
'r?; -J—- -
;I:: Clock Out I l "‘+ :E Channel Sync.
.i\j Trigger 1 .
-:’:- I | | ——IZ Frame Sync.
° Z3 P Tr — 0
- I AM26LS31
. : >——
e Exp. Stare—---0 ;::>_' Differential
:;.- + 5 SIK Line Driver
2:, 220K +$ r“*s
‘: Laser Trigger - 0
=y
i :’-‘
) e Figure 2. Control and timing signal conditioning interface: signals and conditioning circuitry.
S T. = channel time, T, = frame time.
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;' : The vidicon controller also provides a timing signal for frame synchronization, allowing
’Jqﬁ measurements with single laser pulses. When the system is used to characterize a pulsed laser, the
'*N vidicon target is allowed to pre-equilibrate for 15 preparatory (prep) frames at the programmed
L¢‘ﬂ scanning conditions. The laser is then fired at the start of the next frame, which is transmitted
( : to the Trapix computer. Since the computer is programmed to capture and store the first frame
transmitted to it, image transmission from the controller to the computer must be delayed until the
X s laser is fired. This is accomplished with the controller-generated experiment-start signal, which
“u{ automatically turns on at the completion of the prep frames. As shown in figure 2, after some
f:f. compatibility conditioning, the experiment-start signal simultaneously fires the laser and enables
:u;- the frame synchronization control signal (trigger-1). Since all three control signals must be
,:,: present for data transmission, a single laser pulse image is thus captured by the image processor.

J

The RCI Trapix 5500 image processing system shown in figure 1 completes the AFWL beam

‘*}: profiling system. It is used to digitize, store, and display the non-standard video image from the
h~ \ vidicon, and to perform image analysis and/or processing operations such as pixel grey level
‘~fﬁ averaging, contrast inversion, production of grey level histograms, and image profiling.

N
: .* 3. Transmission and Display of Geometricalily Undistorted Images.

Since all image analysis and processing is performed on the image stored in the Trapix
computer memory and displayed on the display monitor, it is essential that this image be as true a

:.: reproduction of the vidicon image as possible. During the course of the study it was found that
- this would be ensured if three conditions were satisfied.
T;T First, it was essential to adjust the display monitor for square pixels. The Trapix software
i'f{ program "ROZ" allows the operator to magnify the display up to eight times, enabling the physical
‘if‘ measurement of the dimensions of a 40 x 40 pixel region. Adjustments were made via the display
- monitor pixel-width potentiometer.
o
N
‘xf Next, the controller must be programmed for symmetric image sampling, so that channels and
BN pixels on the display monitor correspond to channels and pixels on the vidicon target. The corres-
o pondence of channels is assured by the channel synchronization control signal, but pixel correspon-
¢{i dence requires more care. Since one pixel of vidicon information is transmitted per period of the
¢ pixel clock, it was observed that pixel correspondence is assured if the programmed channel length
in pixels N, is equal to the transmitted number ¢. pixels per channel N,, which in turn is set by
J:J the programmed channel time TC according to
o d
W
ol
e d
v NT = (TC - 10 psec) f ..
I cl
.":\' (1)
)
Fe The 10 usec in equation (1) represents the non-scanning retrace time during each channel, and fcl
";f is the pixel clock period, which was kept at 4.0 MHz throughout the study. Setting NT = Nc in
oAt equation (1) gives
3 S ‘i
D ."»
ot = (T_ - 10 psec) f__,
- (2) c ct
[
:?} which is the condition that the programmable quantities N and TC must satisfy for symmetric image
:;J sampling.
[t
1:?i The third condition to be satisfied for the optimum reproduction of a vidicon image on the
J display monitor is that the vidicon channel deflection voltage must be set for symmetric image
°® transmission. If necessary, adjustment can be accomplished by first satisfying the previous two
s conditions, and then by displaying the image of a circular or square object and adjusting the
f\ vidicon channel deflection voltage for a circular or square image. The Trapix software program
) "CUR" can be used to surround the image with a rectangular cursor and count the number of pixels in
t.Q the x and y directions. When the two numbers are equal, adjustment is complete.
-
o
Hiq If the display monitor pixel-width potentiometer and the vidicon channel deflection voltage
3 are properly set, any (T N ) pair that satisfies equation (2) will result in the transmission and

L display of a geometr1calf§ undistorted image. The PAR 1216 vidicon controller provides a choice of
S seven channel times. They are listed in table 1 along with the corresponding programmed channel
::J. lengths that satisfy equation (2). The vidicon has a maximum of 512 pixels per channel; thus, the
'uf~ 140 usec channel time, which requires 520 pixels per channel (see table 1), can not be used for
N symmetric sampling. All the other channel times can be used.

‘ l_ -‘-
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Table 1. Channel time/channel length pairs that result .in symmetric image sampling

TC (usec) 20 40 60 80 100 120 140

NC (pixels) 40 120 200 2890 360 440 520

The photos in figure 3, which show the circular image of a laser diode transmitted through an
optical fiber onto the wvidicon target, illustrate the effects of various choices of T, and NC on
sampled image symmetry. The circular geometry of the object was verified by rotating it 90° (at
any T ,N_ pair) and observing no change in image dimensions. Note that in each photo the Y/X ratio
of imdge 'dimensions is equal to the ratio N / as expected. Also, the X dimension of the uniform
background of each image is proportional to ﬁr This is as expected, also, because the x and y
axes of the vidicon are transposed on the Traplx display monitor.

A) Symmetric sampling: TC = 80 usec, B) Symmetric Sampling: T, = 100 usec,

NC = NT = 280 pixels. NC = NT = 360 pixels.

C) Undersampling: 9 = 100 usec, D) Oversampling: T. = 100 psec,
s)

(so NT 360 pixe = 512 pixels. (so NT = 360 pixels), Nc = 254 pixels.

Figure 3. Effects of controller programming on image symmetry.
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: ?: 4.1 Dark Current and 1.06 um Detection Sensitivity Measurements
v
b i
AN 4.1 Spatial Uniformity
N ’
( To be useful in two-dimensional beam profiling, the vidicon target's dark current and
o detection sensitivity at the wavelength of interest should be reasonably uniform throughout the
o region of interaction with the beam. To measure these quantities, the vidicon was programmed for a
A 100 usec channel time and a 512 pixel channel length. While this (T ,N ) pair does not satisfy the
S symmetric sampling criterion of equation (2), it is preferred in this meéasurement because it allows
:\f a uniform survey of the entire target rather than the lower 70%, which would result if N_were
;21 programmed for symmetric sampling, i.e., 360 pixels. Approximately uniform illumination of the

target at 1.06 pm was provided by illuminating it with a fiber-optic illuminator through a frosted
glass window and a 1.06 um band-pass filter. Since measurements were to be made with a fixed

Y,

i‘:: illumination of the target at three different temperatures (24° C, 0° C, and -30° C), it was
:#, necessary to ascertain that the chosen illumination level did not cause target saturation at any of

':\“ the three temperatures. At each temperature, single frames of the illuminated and unilluminated
N target were stored in Trapix memory. The unilluminated frames provided dark current information.
\'\

To analyze the data, the mean gray level (ranging from 0 to 83) was calculated in each of 63
equally spaced 27 x 27 pixel cells throughout each frame. The dark current value was then
subtracted from the corresponding illuminated value at each of the 63 cells to give background-

Al

Pl

f: corrected signal levels. This procedure resulted in a pair of maps such as those shown in figure 4
AR for the case of a target temperature of 0° C. Note that the target response is maximum in the
(tg: center, which illustrates the greater efficiency of the reading electron beam in that portion of
LSO the target.

l’-

o

»

e 14.3 14.9 15.3 15.0 15.1 14.6 15.0
'.1"-

SR 14.5 15.1 15.5 15.2 15.3 14.8 15.2
_~ 14.5 15. 1 5.4 15.1 15.3] 14.7 15.2
(4 14.6 15.3 15.6 15.3 15.4 14.9 15.3
ffnf Dark current | 15.0 15.6 16.0 15.7 15.9 15.4 15.7
- 14.7 15.3  |15.7 15.4 15.7] 15.2 15.5
o 15.4 16.0 16.2 15.9 16.2 15.8 16.0
15.0 15.4 15.6 15.4 15.6 15.2 15.6
o 14.6 15.7 15.7 15.4 15.7 15.4 15.7
nijﬁ

o

”ﬁ'

iele

%:'

5 27.6 35,1 37.0 37.4 37.0 35.9 34.5
!!: 27.2 34.9 36.8 37.0 36.7 35.7 34.2
v 27.3 34.9 6.9 37.2 36.7] 35.8 34.3
o Background- | 27.3 34.7 36.7 37.1 36.7 5.6 34.1
T subtracted 27.1 34.6 36.7 37.0 36.2 35.6 34.0
° signal 26.8 34.6 1_35.9 36.5 36.2_] 35.2 33.2
oy 25.9 33.0 4.4 35.1 34.5 33.0 30.2
-‘{‘

Ny 26.3 32.8 34.5 34.8 33.7 31.3 29.0
-

AN 25.7 32.3 32.9 32.1 30.3 29.0 28.3
.

e,

"’-.

[ ]

N;f Figure 4. Mappings of vidicon target dark current and background - corrected signal in trapix grey
e levels (0-83) at T=0° C. The bracketed 3 x 4 cell region corresponds approximately to
\:5 the central 3075 x 3.13 mm region of the target.
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N
1 oy Table 2 contains summaries of the peak-to-peak variation of the data in figure 4 for both the
)\} entire target and the bracketed 3 x &4 cell region shown in figure 4. This region corresponds to a
e 3.75 x 3.13 mm region near the center of the target.

Wiy Table 2. Peak-to-peak variation of target response at T = 0° C

e Dark Current Background-Subtracted Signal

2 Whole Target 11.7% 31.37

«j Central 3.75 x 3.13 mm 5.6% 3.75%

T T

The numbers in table 2 suggest that while the whole-target variations are rather excessive, those

\g: in the central 3.75 x 3.13 mm region, an area large enough to profile many typical laser beams, are
::¢| quite acceptable. Results similar to these were obtained at the other two measurement
‘N: temperatures.

o
‘:f 4.2 Temperature Dependence

.“ The temperature dependence of target sensitivity was studied using data from figure 4 and the
'_:{ corresponding mappings (not shown) for T = 24° C and -30° C. In each case, dark current and
N corrected-signal values from three adjacent 27 x 27 pixel cells near the center of the target were
[~ averaged and plotted as shown in figure 5. The results show that while the target's signal
¢ :' response decreases quite linearly with cooling over the entire 3-temperature range, the dark
ﬂ\!: current improves very little below 0° C. The widest gap between the two curves is in the vicinity

’

of 0° C, which indicates that the signal-to-noise ratio is optimum at that temperature.

o
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Figure 5. Temperature dependence of target response using mean data from three adjacet 27 x 27
pixel cells near the center of the target.
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5. Pulsed Measurements at 1.06 um
5.1 Linearity Improvement by Cathode Voltage Switching

The main drawback to the use of vidicons in pulsed applications is their nonlinear response

[S5]. This is known to be caused by the capacitive "lag'" that is inherent in all electron beam
readout devices [6]. To combat the problem, the method of frame summations has proven very useful
in the past [5]. More recently, however, a cathode voltage switching method was developed and

shown to be superior to frame summation {7,8]. Thus, the effects of cathode voltage switching on
the pulsed-mode linearity of the PAR 1252E vidicon were studied.

To 1incorporate cathode voltage switching into the beam profiling system, the vidicon
controller was modified to include a switching circuit [9] to raise the vidicon target voltage
immediately after the prep frames and before the read frames. The idea is to pre-equilibrate the
target at a low voltage, which establishes a relatively low background level, and to read the
signal at a higher voltage, which increases the saturation level of the vidicon photodiodes [7,8].
The net effect should be a greater dynamic range, i.e., the ratio between the optical signal level
that initiates vidicon saturation and that at which the vidicon response is just discerniible from
the background.

For the measurements, the vidicon was programmed for symmetric image sampling with T = 100
usec and N = 360 pixels. It was illuminated with 1.06 um, 5 nsec pulses from a Q-switche& Nd:YAg
laser. The beam was focused to approximately 1 mm diameter on the vidicon target and adjusted for
various intensities with a wave plate attenuator. The vidicon controller was programmed to pre-
equilibrate the target at 5 volts for 15 prep frames, fire the laser at the start of the next
frame, and transmit that frame to the Trapix computer for storage and analysis. With the switching
circuit [7] set for cathode voltage switching, the target voltage increased to 6.5 volts on the
16th (illumination) frame. Otherwise it remained at 5.0 volts.

To extract vidicon response data from the stored pulse images, a software program was written
to calculate the average gray level of all pixels with gray level values greater than 907 of the
maximum value. This is illustrated in the inset of figure 6. The two curves shown there are the

V,=6.5
volts
70
\2= .0
volts
Vidicon Resvtonse

T 60+ nax - - =Mcan Crey
3 .9p Level ilere
z T
o
3
Z 50k
)
1
=
=4
”.I)
= L0
o
Z
=
=
it
= 0

. 1

20 . 1 1 1 ! ] !

< -4 -6 .5 1.0 1.2
Relative Laser DPulse Enerypy

Figure 6. Comparison of linearity of vidicon response with cathode voltage switching (6.5 volt
curve) and without it (5.0 velt curve).
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. result of averaging approximately 10 such values at each pulse energy level, both with cathode
i voltage switching (V, = 6.5 volt curve) and without it (V, = 5.0 volt curve). The greater
g linearity and increaSed saturation level of the V, = 6.5 "volt curve show that significant
:\‘ improvement is possible with cathode voltage switching. The dynamic range in figure 6 is improved
( by more than a factor of 2 to approximately 4.
'{ It appears from figure 6 that greater V, cathode voltages will improve the linearity even
. further. 1Investigation of this was not possible for the following reason. In generating the
f: curves of figure 6, laser pulses were not used in the statistics if they caused saturation of even
o, one pixel on the display monitor. Thus the saturation obvious on the V, = 5.0 volt curve and
:- possibly just beginning on the V, = 6.5 volt curve ave evidence of vidicon"target saturation. The
saturation level of the display pixels was not much higher, however, because with relative pulse
‘2‘ energies higher than the upper level shown in figure 6, significant numbers of display pixels did
3 saturate. This is why the upper end of the V, = 6.5 volt curve is not extended further, and why
%: higher V., cathode voltages were not investigated. To do so would require raising the display
=y monitor pixel saturation level, which was beyond the scope of the study. The results in figure 6
‘:- were obtained with the vidicon target cooled to 0° C. Similar results (not shown) were obtained at
! 24° C and -30° C.
‘ 5.2 1.06 um Laser Pulse Images and Analysis
- Figure 7 shows the image of a typical pulse from the laser used in this study, including some
= ways of processing and analyzing the image. The results of the image inversion (figure 7b) and
o profile smoothing software routines (figure 7d) are available approximately 30 seconds after firing
, the laser. Thus, the system can provide real-time feedback in many laser damage experiments.
N‘
q
- A. Pulse image. Negative video causes B. Pulse image inverted so Trapix grey
[ Trapix pixels to saturate at zero levels vary from zero at low energy to
T grey level. 83 at saturation.
W{
(
i\ ¢ '
X
N
R
-
- C. Profile of the inverted pulse through D. Smoothed profile obtained by averaging the
] the section indicated by the cursor. pixels in the thin region outlined by the
= cursor.
.
.-.
L
D “
¥
A
[}
"
.
'\
4
. Figure 7. Processed, analyzed image of a 1.06 um, Q-switched laser pulse.
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AN 6. Summary and Conclusions

."‘h’
\‘-: A PAR 1252E vidicon and 1216 vidicon controller were successfully interfaced with a Trapix
LW 5500 image processing system for the acquisition, display, and analysis of fast 1.06 pm laser
r pulses. Procedures were established for minimizing geometric distortion of displayed images. It
e was found that each channel time has a unique channel length in pixels which must be programmed via
. the vidicon controller. Several useful image analysis routines require less than 30 seconds,
.J't.' thereby providing real-time feedback in some types of laser damage experiments.
A

":_'.": The peak-to-peak variations of dark current and 1.06 um detection-sensitivity are 5.67 and
:.', 3.757%, respectively, in the central 3.75 x 3.13 mm region of the target. These variations are
) small enough and the area large enough for the system to be useful in profiling many laser beanm..
A Temperature-dependence measurements of dark current and detection sensitivity show that the vidicon
,._-“.:- target has an optimum signal-to-noise ratio near 0° C.

A
“ s
"-':: Cathode voltage switching improves pulsed-mode linearity and raises the vidicon saturation
k :.-::A ievel. A factor of 2 improvement (to 4) in dynamic range was shown here, but the system was rnot
[~ optimized because display monitor pixel saturation prevented investigation of higher V., cathode

voltages. It is doubtful whether an ultimate dynamic range greater than 20, measured previously
with an RCA C23250-NTD vidicon [1] will be achievable for this system in its present form.
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- ABSTRACT
(' : An advanced digital fluence profiling system based on a windowless GE
- TN2502 or TN2509 silicon array camera and Poynting Products 505RM frame
j}: grabber is described. The camera array is located precisely in the
9_;*: target plane or equivalent, and synchronized to the pulsed laser source
;):. with a flashlamp radiation sensor circuit. Data acquired by the frame
< grabber are transferred to an HP Series 200 computer for analysis.
e
® Analysis is performed with BEAMCODE 2.0 software which permits near
—— real time extraction of the peak fluence to total energy ratio in a
,-;:- single pulse to better than 20 percent. When corrected to camera non-
L uniformity and compared to large-aperture calorimetry, accuracy exceeds
L 10 percent. Other functions include measurement of pointing stability
»

(beam wander) and divergence, fit-to-gaussian, and graphics data
displays in contour and pseudo-3D formats.
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SIMPLE ACCURATE INVERSION OF KNIFE-EDGE DATA
FROM RADIALLY SYMMETRIC LASER BEAMS

R. M. 0'Connell and R. A. Vogel
Electrical and Computer Engineering Department
University of Missouri

) Columbia, Missouri 65211

The intensity profile of a radially symmetric beam is shown to be related to the
inverse Abel transform of knife-edge-scan data. Two inversion algorithms, previously
applied to problems in plasma diagnostics, are described and applied to knife—edge data
from a confocal unstable resonator laser. The resulting profiles are shown to be in good
agreement with each other but significantly different from the profile obtained by assum-
ing the beam to be approximately Gaussian. As a beneficial consequence, the results are
shown to imply a significantly higher laser damage threshold for polymethylmethacrylate
than previously reported.

Key Words: beam profiles; inverse Abel transform; knife-edge scan; laser damage threshold;

o polymethylmethacrylate;

;“ 1. Introduction

begll

:4 Because it is experﬁgentally simple to implement and offers excellent spatial resolution (< 2

g: um) and dynamic range (10°), the knife-edge method is frequently &sed to obtain beam profile infor-

~. mation of narrowly focused (< 100 pym) high intensity (> 1 GW/cm“) laser beams, which are used in

:: some laser damage studies. Knife-edge data does not replicate a beam profile; it must subsequently
<

. be inverted. The proper data-inversion method to be used depends on the functional form of the
beam. For a Gaussian beam, simple differentiation of a knife-edge scan is sufficient to produce
the required beam profile [1,2]. For this reason, non-Gaussian beams are also often approximated

Lo XX

x#: as Gaussian, a simplification which, as we will show, can lead to erroneocus beam profiles.
™,
7
Nj‘ In this paper we consider the problem of knife-edge data inversion for the class of beams that
o are radially symmetric. This important group includes the Airy pattern, the focused annulus, and

\ even the Gaussian beam as a special case. In section 2 we show that the knife-edge scan of a
radially symmetric beam has a simple relationship to the Abel transform of the beam profile. Thus,
in principle, exact daia inversion is possible. However, because the knife-edge scan consists of
d discrete data, the inversion must be done numerically. In section 3, we describe two numerical
- inversion algorithms, previously applied to problems in plasma diagnostics, which we applied to an
) appropriate set of knife edge data. We then present the resulting beam profiles and compare them
) to the result obtained using the Gaussian approximation. Finally, in section 4 we discuss the

implications of these results for the single-shot bulk laser damage threshold of polymethylmetha-
crylate (PMMA).

-
:. N

3
~

b ., - 2. Knife-Edge Data Inversion
, 2.1 Edge and Line Response Functions

In knife-edge scanning, illustrated in figure la, a straight-edge such as a razor blade is
stepped across the focal plane of the beam and the total uneclipsed energy or power is measured at

® each position of the knife-edge. In the case of pulsed beams, the knife-edge is maintained at each
e position for several pulses. The average pulse energy at each position is then related to either
j\ the average measured power (through the pulse repetition frequency) or the total measured energy

d (through the number of pulses integrated). The result is a monotonically decreasing function such
N as that illustrated in figure 1b. If the knife-edge step increment is very small compared to
o fluctuations in the beam's spatial energy density (fluence), the measured data will closely

approximate the mathematical edge response function E(x)[3], the negative first derivative of which
i: is the line response function L(x)[3], illustrated in figure lc. That is,
\
f L(x) = - E'(x). (1)
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The line response function would be approximated by the measured ''slit-scan" that would result if
the knife-edge were replaced with a thin slit having a much narrower width than the beam's fluence
fluctuations.

—— E(x) L(x)

E'(x)

a) b) c)

AT
l

Figure 1. Relationship between the knife-edge scan(a), the edge-response function E(x)(b), and the
line-response function L(x)(c).

2.2 The Abel Transform Pair for Radially Symmetric Beams

The relationship between the line response function and the profile of a radially symmetric beam
can be obtained with the aid of figure 2. The circle of radius R represents the beam cross-section

F(r)

L(x)

Figure 2. Geometry used to determine the relationships between the line response
function L(x) and the profile of a radially symmetric beam F(r).

in the measurement plane at either a specific instant in time or under the assumption of time inde-
pendence. Thus, it is a mapping of radially varying fluence, F(r). The line response function
L(x) is just a line integral at each position x. In terms of the geometry shown in figure 2,

L 1/2
(R% - %)
L(x) = ZJ F(r)dy. (2)
0
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‘ : To express dy and the limits of integration in terms of r, note that
:!f
x2 + y2 - r2 , (3)
{
Y
4
o from which
|
\ rdr
W dy = ——m, (4)
t 1/2
g (1'2 - x2)
-z
) and the lower and upper limits of integration become x and R, respectively. Thus, eq (2) becomes
&
il
Al
( R
3 F(r)rdr
X L(x) =2 | ———— , (5)
‘) 1/2
S (tz - Xz)
- *
! which can be recognized as the Abel transform of F(r)[4]. The solution of eq (5), known as the
K. inverse Abel transform relation [4], is
e
N
A R
., 1 L'(x)
o F(r) = - = —— dx . (6)
‘» " 1/2
! (% - 2
. r

' In eq (6), L'(x) is the first derivative of the line response function. Using eq (1), eq (6)
> becomes

.
‘:- R
. . E'"(x)
~ F(r) = = —_— dx , (7)
. U 1/2
B 2 2
N (x" - %)
r
e
G
- which is the desired relationship between the radially symmetric beam profile and the knife-edge
y scan.
te
- 2.3 Gaussian Beams. A Special Case
o
e Gaussian beams are radially symmetric and therefore invertable from knife-edge data via eq
j} (7). However, because the Gaussian function is also separable in the x and y coordinate variables,
- a much simpler result can be obtained by evaluating eq (2) specifically for the Gaussian case. In
o, the plane of its waist, the fluence function of a Gaussian beam is expressible as
v,
. 2
&
‘. F(r) = Fy exp(-Zrz/w0 ), (8)
9
)
A where F, is the peak fluence in the beam and w. is the l/e2 energy radius, i.e., the beam waist or
N spot size. Since the Gaussian beam has an infinite radial extent, eq (2) can be written as
b
' i
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%)

Q.:, Substituting eq (8) into eq (9) and using eq (3) gives
o
o "
)
B 2, 2 2, 2
' . L(x) = Foexp(-Zx /w0 ) exp(-2y /w0 ) dy. (10)
'| o
) -f.
Yl -

i

) The integral in eq (10) is the constant Fowonl/z/z. Therefore
WA
‘\-_’.x /

N 2

:-f:\ L(x) = Fowonl 2/ exp(-2x /w02), (11)
t:..:

',

a which is just a scaled replica of the Gaussian function in eq (8). Thus, the line response
o function L(x) gives the profile of a Gaussian beam directly. Recalling eq (1), it is then seen
She that the edge response function E(x), i.e., the knife-edge scan, need only be differentiated to
":-:', produce the desired profile. Because this procedure is so simple, non-Gaussian beams are often
N approximated as Gaussian and inverted accordingly.
gt Sl
o
'S*«: 3. Application to Experimental Knife-Edge Data

)

o
{ 3.1 Inverse Abel Transform Algorithms
W
:J'.:‘ Returning to the more general case of radially symmetric but non-Gaussian beams, the correct
i.;-x. inversion rule is given by eq (7). Since the edge response function E(x) in the equation is approx-
; 533 imated by the discrete knife-edge scan, the equation must be evaluated numerically. Sevecal meth-
‘-r:: ods have been developed to do this, and complete summaries can be found in references [5] and [b].
"ot Here, we briefly describe two of these methods, the popular data inversion algorithms of Nestor and

Olsen [7] and Cremers and Birkebak [8], both of which we applied to a measured knife-edge scan. The
measured data and the results of the inversion process are presented and discussed subsequently.

O

.‘ .l
:\.:: In the Nestor/Olsen algorithm, a transformation of variables is made and the x axis is divided
) into small segments, in each of which E"(x) is assumed to be constant. This reduces eq (7) to a
.-':-' series of easily solved and summed integrals. One problem with the algorithm is that the second
:;\': derivative function E"(x) is formed by taking second differences of the discrete knife-edge data
Y values. Nestor and Olsen showed that this step amplifies errors. Thus, for data with appreciable
® scatter, the resulting profile can be seriously flawed.
."‘
F NS
et To make the data less sensitive to fluctuations, the Cremers/Birkebak algorithm divides slit-
-.);:J scan data (rather than knife-edge data) into a small number of zones and least-squares-fits a
i o fourth order polynomial to the data in each zone. This provides an expression for L(x) that can be
:" differentiated analytically to give L'(x) in eq (6), which can then be integrated exactly. The
1 weakness of this algorithm is that the optimum size and number of zones for a given set of data
@ need to be found empirically.
" Despite their shortcomings, both of these algorithms were found to give good results when
e applied to test data produced by deliberately introducing round-off error to line and edge response
P function values generated with a polynomial profile function [7,8].
(R
AN 3.2 Experimental Data
L
N Because they can give good results with artificial data, we applied both of the above describ-
) ed algorithms to previously measured knife-edge data from a narrowly focused 1.06 um wavelength,
"\.": Q-switched Nd:YAG laser [{9]. The resonator in the Nd:YAG laser is of the confocal unstable variety.
-5
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Thus, its ideal output is a uniformly illuminated annulus [10] which focuses to a radially symme-
tric pattern similar to the Airy function [11]. The main difference between the two functions is
that the secondary lobes of the focused annulus may contain a much larger fraction of the total en-
ergy than those of the Airy function. For example, whereas the main lobe of the Airy function con-
tains approximately 84% of the total energy, the main lobe of a typical focused annulus may contain
less than half of the total energy. Thus, the secondary lobes of the focused annulus should not
generally be neglected, which is done when such a beam is assumed to be approximately Gaussian.

The knife-edge data, shown in figure 3, were obtained as described in section 2.1 with the
laser free-running at 10 pps. The knife-edge, & 1/16-inch thick steel plate, was stepped across
the beam in 2.54 pm increments and maintained at each position for at least 100 pulses of the beam.
An S-1 photodiode recorded relative pulse energies and showed that the pulse-to-pulse variation was
<5Z rms. Note that because the two data inversion algorithms assume radial symmetry, they can only
be applied .0 half-beam data, i.e., from 50% ccclusion (at the r=0 point) to 100% occlusion (at the
r=R point). Therefore figure 3 shows only that portion of the full knife-edge scan needed by the
two algorithms. Furthermore, since the Cremers/Birkebak algorithm requires line response or
slit-scan data, the knife-edge data of figure 3 had to be differentiated first, according to eq
(1). Since the impetus behind the Cremers/Birkebak algorithm was to eliminate differentiation by
finite differences, we performed the operation by least-squares-fitting a quadratic equation to the
five point segment centered on each data point [9] and evaluating the derivative at each point
analytically. The right half of the resulting curve was then divided into five zones and used to
approximate the slit-scan required by the Cremers/Birkebak algorithm. No attempt was made to
optimize the number of zones.
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Figure 3. Measured knife-edge data from a 1.06 pm, Q-switched Nd:YAG laser.

3.3 Results

Figures 4a and 4b show the beam profiles that result from applying the Nestor/Olsen and
Cremers/Birkebak algorithms, respectively, to the knife-edge data of figure 3. Except for the
thrge nulls present in figure 4a but missing in figure 4b, the two profiles are very similar; the
1/e” radii of their main lobes are 12 um and 14 um, respectively; and they both have significant
and similar energies outside the main lobe, extending to the same 46 uym radius. The lack of detail
outside the main lobe in figure 4b is probably due to excessive data smoothing introduced by the
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quadratic fit/differentiation, which we used to convert the knife-edge data to slit-scan data, and
the zonal polynomial fit/differentiation done in the Cremers/Birkebak algorithm itself.

P
L3

7

"

PO TR N Y
—_—
E
-
-
-

.

o 0l s
¥,

P2

-

Jﬁﬁ R

a) —

P

T
RELATIVE FLUENCE

'
“s8 5

A
(o]
-
I

GOCOAN
|
4
_+

%
RELATIVE FLUENCE
1
1

1, Y | L | n i ) | h
@ 10 20 30 4D 50

}:’}'} .-J AR R

13

RADIAL DISTANCE (MICRONSD

YAy
L Y

Figure 4. Beam profiles obtained by inverting the knife-edge data of figure 3
with the Nestor/Olsen (a) and Cremers/Birkebak (b) algorithms.
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We also inverted the knife-edge scan of figure 3 using the Gaussian approximation. Since in
that case the knife-edge data needs only to be differentiated to produce the beam profile, the
result was already available in the, form of the quadratic fit/differentiated data used with the
Cremers/Birkebak algorithm. The 1/e” radius of the resulting profile (not shown here) is approxi-
mately 23 um, roughly twice as large as those in figure 4. Also, the profiie has significantly
secondary lobe energy extending beyond a 50 um radius. Thus, the beam profiles prodiced using the
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two algorithms for implementing the correct inversion procedure are both similar to each other and
quite different from the profile obtained by assuming the beam to be approximately Gaussian.

Although it would be desirable to compare the profiles in figure 4 to an expected, calculated
profile, an accurate calculation would be very difficult to perform. First of all, film burns of
the laser oucput showed that i* was not an ideal uniformly illuminated annulus, but only
approximately so. Secondly, in taking the knife-edge data, it was difficult to locate the focal
plane precisely. Thus, the standard Fraunhofer (focal plane) diffraction pattern of a uniformly

illuminated annulus can not be relied upon for accurate comparison. A more general and difficult
diffraction calculation would be needed.

4, Implications for the Laser Damage Threshold of PMMA

Pulsed laser damage thresholds are usually obtained from plots of measured damage probability
versus laser pulse energy. The damage threshold is then defined as the peak fluence associated
with the pulse energy causing a certain probability of damage; the onset (or 0%) and 50% levels are
frequently used [12,13]. Accurate beam profiles are needed in this because they provide a calibra-
tion constant for relating peak fluences to pulse energies [9]. The calibration constant is found
by rotating the profile F(r) about its relative fluence axis, integrating with respect to area to
obtain a total relative energy , and then normalizing to the peak relative fluence FPP in the
profile. The resulting calibratidon constant A has the units of area, 1i.e.,

R

2 J F(r)rdr

A=—-= . (12)

If the laser is reasonably stable from pulse to pulse (see Sec. 3.2), the measured beam profile
will be a scaled replica of any pulse from the laser. The peak fluence FP in each pulse is then
just the ratio of the measured energy ET in the pulse to A, i.e.,

ET

FP = = . (13)

If ET in eq (11) is the damage threshold pulse energy, FP is the required threshold peak fluence.

Since the calibration constant A is determined from a beam profile, it is clear from eq (13)
that different beam profiles obtained from the same set of knife-edge data will result in different
values of the peak fluence damage threshold being associated with a single threshold pulse energy.

Alternate threshold values F and F simply scale with their respective beam profile calibration

constants A1 and A2 via the relationPl

F.=F . —, (14)

which fuollows from eq (13). In the study in which the knife-edge scan of figure 3 was measured [9],
the beam was assumed to be approximately Gaussian and the data was inverted accordingly. From the
resulting beam profile and the threshold pulse energy, the single-shot bulk damage threshold of
polvmethylmethacrylate (PMMA) was reported as 41 j/cm”. Using eq (14) and the calibration constants
obtained as described above from figures 4a and 4b, the laser damage threshold of PMMA becomes 187
j/em® and 136 j/cm®, respectively, according to the Nestor/Olsen and Cremers/Birkebak algorithms.
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Investigation of Optical Damage via Resonance lonization Mass Spectrometry
R. C. Estler* and N. S. Nogar

Chemistry Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Resonance ionization mass spectrometry (RIMS) has been used as a diagnostic for
interrogating optical damage events. RIMS involves multistep laser photoionization,
generally through real intermediate states, followed by mass separation and detection.
It is a sensitive and selective means of detection, and has the potential for detection
of ultratrace inclusions in substrates and/or coatings.

In initial experiments, damage on uncoated CaF, substrates was initiated by pulses
of 1.06-pm light from a Q-switched Nd*3:YAG laser. Interrogation of the spalled plume
revealed CaF radicals onlv when damage events occurred. No Ca atoms were observed, and
nc attempt was made to detect F atoms or CaF,. In subsequent experiments conducted at
laser intensities below the damage threshold, we observed the presence of surface adsor-
bents and a correlation between the presence of the adsorbents and the occurrence of
optical damage.

Key Words: calcium fluoride; laser-induced damage; optical damage; photecionization;
resonance ionization mass spectrometry (RIMS).

1. Introduction

Laser-induced desorption and laser-based detection of ablated or sputtered species are both
becoming widely used techniques in a varfety of studies, including surface chemistry, sputtering,
and optical damage. Much work has concerned laser-desorption of adsorbed species from substrate
surfaces as detected by a variety of mass spectroscopic techniques [1-10]. Other experiments have
concentrated on probing the basic processes related to Taser-ablation of the substrate material
itself [11-16]. Laser detection of desorbed particles via fluorescence or ionization is also be-
coming a widely used technique in more traditional particle-induced sputtering experiments [17-20].

Few investigations have, however, coupled the advantages found in laser-induced desorption to
those of the sensitive and specific laser-based schemes now available for the detection of the
desorbed material [21-24]. We report here, the use of resonance ionization mass spectrometry
(RIMS) as a diagnostic for interrogating laser-induced optical damage events. RIMS is a sensitive
and selective means of detection, and has the potential for detection of ultratrace inclusions in
substrates and/or coatings as well as the detection of active sites on the surface where subsequent
damage is likely to occur.

2. Experimentai

The damage/desorption experiments described below took place in the source region of a time-
of-flight mass spectrometer described in detail previously [25]. Figure la depicts a schematic of
this region, while figure 1b describes a typical timing sequence used. Briefly, the Q-switch
synch-out from the Nd"3:YAG damage/desorption laser (Quanta Ray/Spectra Physics Model DCR 1A) was
used to master the timing sequence. The laser output, initially frequency doubled to provide a
visible beam, was focused onto the substrate surface with the aid of beam-steering prisms and a
250-mm focal length lens. Once alignment was completed, the frequency doubler was detuned, the
residual 532-nm light removed with a dichroic mirror, leaving only (>99%) the fundamental 1.06-um
beam. The 10-ns pulses from this laser typically arrived at the substrate ~100 ns after the Q-
switch synch-out trigger. Beam size at the substrate was approximately 0.47 mm?, and pulse ener-
gies 225 mJ were used producing fluences 25.3 J cm™2. These values must be regarded as approxi-
mations, since the "doughnut” shaped output of the 1.06-um laser produces & nonuniform intensity
distribution. No attempt was made in this preliminary study to modify the spatial distribution of
this laser.

*Permanent address: Department of Chemistry, Fort Lewis College, Durango, Colorado 81301
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Figure 1. Schematic of the experimental apparatus. The 1.06-um damage pulse is typically focused
to a beam diameter of 0.7 mm at the substrate surface. The delay time to the dye laser probe
pulse was ~30-50 ps.

The CaF, substrates (Janos Optical) were polished flats, 1.9 cm in diameter and 3 mm thick.
Each was cemented to a 15-cm stainless steel rod for mounting within the mass spectrometer source
region. The substrates could be translated and rotated while in the source region via a high
vacuum feedthrough (Varian Model 1371). The rotation axis of the substrate was parallel but not
coincident with the 1.06-um laser beam axis. A displacement of 5 mm between these two axes allowed
the interrogation of different substrate sites via substrate rotation. Rotation rates varied from
1 revolution/15 minutes to 1 revolution/60 minutes. The long substrate mounting rods were required
to prevent metal ijon formation near the source region from the focused 1.06-um laser striking the
surfaces of the vacuum chamber.

A gas inlet system facilitated gas-phase RIMS studies and provided a means of introducing
adsorbents onto the surface of the substrate. A stainless steel nozzle opposite the surface being
interrogated directed the adsarbents to this surface. The inlet system was also constructed in
such a manner as to allow adsorbent purification via distillation prior to deposition. All adsor-
bents were triply distilled prior to use.

Pulses from an excimer-pumped dye laser {Lambda Physik, Models 101/2002) were used to effect
jonization. Ions were generated from ground electronic states of the detected species in a variety
of multiphoton transition sequences. The excimer laser typically produced 100-mJ, 15-ns pulses and
was triggered after a variable delay. Dye laser pulses (2 mJ, 10 ns) were spatially filtered and
loosely focused (0.07 cm diam) through the ionization region. The laser beam propagated paraliel
to the substrate surface, at a distance of 2.5 cm. The extraction field was approximately
110 V/cm, perpendicular to the paths of both laser beams. This was followed by a drift tube at
-1000 V; the flight path was 0.4 m. A pair of deflection plates between the extractor and flight
tube maximized the transmission of jons to the detector and minimized any transmission variation
due to ion velocity components perpendicular to the flight tube. Detection electronics consisted
of a channel electron multiplier, a preamplifier, an amplifier, and a boxcar averager whose gate
delay was set to the flight time of the ion of interest. The boxcar gate width was adjusted so as
to encompass only a few mass units about that of the detected specie. An oscilloscope was used to

observe simultaneously the arrival of the damage/desorption laser pulses, the ion signal, and the
boxcar gate.

3. Results and Discussion

In initial experiments, damage on uncoated, polished substrates was initiated by pulses of the
1.06-pm laser. Dielectric breakdown was observed at thresholds fundamentally consistent with pre-
vious measurements on CaF, [26]. However, the breakdown tnreshold was surface site dependent, pos-
siblly due to defects or surface contamination. Neither Ca atoms nor CaF radicals could he de-
tected prior to breakdown. Upon breakdown, however, CaF radicals wgre easily detected via a two-
photon transition to the F2[1 excited state (37548 cm~!) from the X23 ground state. Absorption of
a third photon of the same color results in ionization {ionization potential ~6.0 eV) [27]. Figure
2 shows the resuiting excitation spectrum for this 2 + 1 jonization of CaF through the multi-
branched Av = 0 transitions of the F state at flight time deiay of 50 us. In addition to the major
features of the F2n+# X231 21 jonization process, smaller features due to a 1 + 2 ionization
process via the B23 <« X23 Av = 0 transitions are also observed. We believe that this is the
first reported multiphoton photoionization spectrum of Caf.
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Figure 2. Optical MPI spectrum of desorbed CafF, obtained at a 50-us delay after the desorption
pulse. Bandhead positions are indicated for the Av = ( sequences for the electronic transitions
observed.

Time-of-flight spectra of the CaF radicals could not be recorded due to a large nonresonant
signal from ions of many different masses at shorter flight times. The source of this contami-
nating signal is the intense UV-light pulse generated at the substrate surface during breakdown.
The source of the interference was confirmed by placing electron/ion deflectors in the flight path
of the spalled material. A1l attempts to reduce this signal by particle deflection failed, al-
though ions are certainly generated in such a breakdown event. The breakdown-generated light pulse
was easily visible to the naked eye and sometimes generated overloads in the electronics due to the
formation of many ions as it struck the optic elements of the ion spectrometer. Such light-
generated signals have been observed previously [2]. Direct inversion of spectral intensities to
state populations is not currently possible (as in much laser-induced fluorescence work) due to the
lack of knowledge of the two-photon 1ine strengths of the transitions involved [28]. However, it
is clear that several low-lying vibrational states of the ground electronic state have been popu-
lated in the damage event. No Ca atoms could be detected after the onset of breakdown, even though
detection sensitivity for desorbed alkaline earth atoms is high [29]. This suggests that the
mechanism for breakdown at 1.06 um is thermal, or hydrodynamic in nature, since previous observa-
tions [20,30] suggest that an electronic or photophysical interaction leads to the production of
free metal atoms. No attempt was made to observe either F atoms or Caf,.

In an attempt to correlate surface contamination with low breakdown threshold, a series of
adsorption/desorption experiments were performed. In previous work [5,9], water aggregation ap-
peared correlated to low damage thresholds at a particular site. However, water is not a good RIMS
candidate due to its high ionization potential and sparse electronic structure. Only recently has
the multiphoton ionization spectrum of water been obtained at the relatively high pressure of
100 torr [31]. 1In the experiments reported below, nitrogen dioxide (NO,) was chosen for the adsor-
bent for several reasons. First, at wavelengths at and below 380 nm, NO, dissociates efficiently
to NO + 0, the NO being easily detected via multiphoton ionization due to its low jonization poten-
tial (32]. Second, if the NO, reacts with surface water, several of the possible reaction pro-
ducts, like NO,, have dissociating UV absorptions at the NO resonance wavelengths. Lastly, NOy,
like water, is polar and seeks the same high potential sites where damage is likely to occur [33].
In addition, at the wavelength chosen for this preliminary study, 365 nm (corresponding to the
large Franck-Condon factor transition C2M (v = 1) « X N? (v = 0) in NO, i.e., the 6 (1,0) transi-
tion, high efficiency laser dyes are available. This technique of dissociation and fragment probe
within a single laser pulse has been used previously in several dynamic studies [31,34].
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Following the substrate mounting, samples were placed within the mass spectrometer and evacu-
ated to 1077 torr for several hours. The substrates were then exposed to NO, at low pressure (107¢
torr) for sufficient time to form several monolayers. Substrates were then again returned to 1077
torr. The RIMS sensitivity for detecting NO from NO, is very high, requiring another several-hour

period of pumping to eliminate background nitric oxide RIMS signals prior to a desorption experi-
ment.

Each area on the substrate was then sequentially exposed to low intensity and high intensity
laser pulses. At 1.06-um intensities below the damage threshold (typically 0.4-0.6 J cm™2) the ion
signal at the bandhead wavelength of the NO &6 (1,0) was recorded as a function of substrate rota-
tion angle. Such records are shown for two samples in figure 3b. On a second pass, at intensities
near or above the damage threshold (approximately 5 J cm™2), a signal due to breakdown was recorded
as a function of substrate rotation angle. These spectra are shown for the same two sampies in
figure 3a. Only a single pass below the damage threshold was made, since laser annealing was ob-
served for sites receiving multiple exposures below these thresholds. This annealing effect and
the low signal-to-noise ratic in these experiments prevented time-of-flight spectra from being
recorded for the adsorbent. The NO signals of figure 3 were recorded at a 50-ps flight time

| [ | i |
I=1x10° W/em?

a)

b)\

I=5x108W/cm?

a)

b)

| | | 1 l
45 90 135 180 225

CaF, ROTATION (degrees)

Figure 3. Correlation between breakdown and adsorbent concentration for two different damage in-
tensities (10Y W/cm? ~ 10 J/em?).  (a) Breakdown {damage) signal as a function of substrate
rotation following the nondestructive desorption of adsorbent (Pass 2). (b) NO desorption
signal as a function of substrate rotation (Pass 1).
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between desorption and ionization. The correlations observed between damage and desorbent con-
centration for the two samples are representative of the correlations observed for all samples
interrogated. Not all sites showing higher concentrations of absorbent produce breakdown; however,

most all breakdown sites exhibited higher adsorbent concentrations.

The efficiency of detecting the active sites by adsorbent aggregation could be improved over
that observed above by using a desorbing wavelength in resonance with the adsorbent [5,9]. This is
not the case for the experiments described above. From our static gas phase NO, experiments, we
estimate (incorporating observed signal-to-noise, detection volume, etc.) a lower detection limit
of ~6 x 10 molecules of NO,. Using this number, a rough calculation of our desorption efficiency
yields ~10%, assuming a temporal and spatial overlap of 1073, a partition function of 1072, and a
dissociation and ionization efficiency of 1071. Although this desorption efficiency certainly
represents an upper bound for this nonresonant pracess, it could be dramatically improved via vi-
brational resonant frequencies. RIMS is inherently more sensitive for such studies than the trad-
itional residual gas analyzers due to its order of magnitude better ionization efficiency over
electron bombardment. Further improvement in the present apparatus can be made by providing a
line-of-sight path between substrate surface and detectors. Such improvements will be incorporated
into future instrumentation.

Since the neutral/ion production ratio ranges from 10 2 to 10 ® in laser desorption of adsor-
bents and substrates [11,16,21,22], efficient detection of the neutral major product channel is
imperative to our understanding of such processes. RIMS provides such a sensitive, specific detec-
tion scheme. It shows potential for monitoring ultratrace inclusions in substrates and/or coat-
ings, as well as for nondestructively locating active surface sites where subsequent damage is
probable.

Note added in proof:

Since recording this data, beam-filling optics have been installed into the Nd*3:YAG laser,
allowing for smaller spot sizes with smoother spatial profiles. With these optics installed, Ca
atoms have been detected after breakdown in addition to the CaF molecules. These results, as well
as those observed at 266 nm and 355 nm desorbing wavelengths will be discussed elsewhere.
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5. Summary and Conclusions

We have shown that knife-edge data from a radially symmetric but non-Gaussian beam is properly
inverted by an inverse Abel transform of the derivative of the knife-edge data. The frequently
used method of simple differentiation is strictly correct only with Gaussian beams.

The Nestor/Olsen and Cremers/Birkebak algorithms for implementing the correct data inversion
procedure gave similar and reasonable beam profiles when applied to the measured knife-edge scan of
a focused annulus beam. Thus, despite some shortcomings, both algorithms appear to be useful for
inverting knife-edge data from those radially symmetric beams with pulse-to-pulse stability similar
to that of the laser used to generate the data of figure 3. For data with greater scatter, certain
newer algorithms [5] may give better results. In contrast with the beam profiles produced by the
Nestor/Olsen and Cremers/Birkebak algorithms, the one produced by the quadratic fit/differentiation
procedure was significantly different, suggesting that the focused output of lasers based on
confocal unstable resonators should not be approximated as Gaussian.

Values for the 1.06 um single-shot bulk laser damage threshold of PMMA implied by the beam
profiles produced by the Nestor/Olsgn, Cremers/Birkebak, ana quadratic fit/differentiation
algorithms are, r%fpectively, 187 jfem”, 136 j/em”, and 41 j/cm”. The average of the first two
values is 161 j/cm”. This fact and the apparent improvement in accuracy of the first two profiles
over the third lead tc the conclusion that the laser damage threshold of PMMA is approximat«ly four
times as large as previously reported [9].
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Laser Mirror Profilometry by High-0 Interferometry

J.R. Potge'
Frank J. Seiler Pesearch Laboratory
USAF Acadeny
Colorado Springs, Colorado 80840-6528

A novel interferometric technique is described which exploits the relationship
between an optical resonator's length and resonant firequency. This concept has
potential for measuring length variations of an order of << 1 A . This paper
briefly describes the concept, the experiment performed to demonstrate the concept,
and the experimental results. Results obtained indicate a repeatability in the
measured data to ~5 A rms.

Key Words: hgterodyne interferometer; interferometry; laser mirror profilometry; mirror
figure; profilometry; surface figure.

1. INTRODUCTION

Traditional optical interferometry involves splitting a beam of 1ight and then recombining
the beam after the two partial beams have traversed different optical paths. The length of one
path acts as a reference against which the other (signal) path is compared. This comparison is
usually done by means of measuring the relative phase difference (i.e., optical fringe shift)
between the two paths. There are at least two major characteristics which may be associated with
our idea of "traditional” interferometry: (1) a single 1ight source (arc lamp or laser) is used
to insure proper phase coherence and (2) the concept is based upon the precise measurements of
relative phase. In practice this is done by measuring relative changes in intensity as measured
by some photosensitive medium (film, photodiode, photocathode, etc.). This concept works well
for most applications, but when very small displacements (8%<<A ) are to be measured the
experimentalist must be very careful to account for errors and/or ambiquities which may arise.
These may be due to such things as low fringe contrast, time variations of fringe contrast,
detector/film non-linear response and finally the 1imit of detectability (i.e., how precisely can
fringe positions/spacings be determined?).

2. BACKGROUMD

The concept discussed in this paper is based upon  the relationship between the output
frequency of a laser and its effective cavity length, This relationship results from the
boundary conditions applying to a resonant cavity, namely an integral number (M) of wavelengths
(2) must equal twice the cavity length (2).

Nx =2 % (1)

In a HeMe laser the (Doppler broadened) gain curve has a width of ~s1500 Mhz. From equation one
we derive a longitudina)l inter-mode spacing (4)
C

22 (2)

That is, by holding 2 constant and varying M (MM + 1), the laser wavelength (frequency)
changes to maintain the boundary conditions of equation one.

L=

Conversely, if we consider a given longitudinal mode (M) and let the cavity length vary
slightly (if the variation in 2 is excessive the longitudinal mode corresponding to M will drift
from under the gain curve, i.e., the laser "mode hops" as discussed above) the output frequency
variation (&f) qoes according to the relationship

of = £ 2. (3)

The potential sensitivity of this concept to small variations 1in cavity length becores
obvious when we plug typical nxmbers into equation three. Assuming a cavity length of_ one meter,
noninal frequency of 5 x 10! and a displacement (62) of one Angstrom (10-10 m), the
resulting shift in the laser's output frequency is about five kilohertz.

To detect this frequency shift a reference (fixed) freauency source can be used. By
employing another HeMe laser oscillator as this reference we can be assured that the reference
frequency (f,) will lie within a few hundred meqahertz of the signal laser frequency (f). This
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" lasers on a high-speed photodetector (Figure 1) and feeding the detector output into an

electronic spectrum analyzer.
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- Figure 1. Heterodyne interferometry
:: A recording of the spectrum analyzer output as a function of time will, after proper scaling
K according to equation three, produce a time history of the variations in effective signal laser

e cavity length.
< 3. EXPERIMENT

The surface profilometry experiment is relatively simple in concept if not in practice. The
mirror under test serves as the flat mirror of a folded spherical (half-symmetric) Fabry-Perot
resonator cavity. This cavity acts as the stable resonator for a helium-neon (.633 pm) laser.
2 The flat mirror in question is mounted on an air bearing and is rotated in a plane perpendicular
( to the Taser optical axis (Figure 2}. As the bearing rotates the laser spot traverses a circle
- on the surface of the test mirror. The radius of this circle is adjustable by translating the
. mirror-bearing assembly in a direction transverse to the optic axis. The output frequency from

: this laser is compared to that of a reference laser and the difference frequency is monitored as
" a function of bearing rotation phase angle. As the mirror rotates, deviations of its surface
o5 from a plane cause cavity length excursions in the "signal” laser. These length changes are
manifest as changes in the inter-laser beat freauency. By taking data over many revolutions any
random frequency excursions can be averaged out, leaving a relief map of the mirror surface at
- that radius. This surface map is completed by compiling data at several discrete values of
; radius.
7
}' air bearing detector
<
] [}F\‘ {]—» I(r 2) >‘
N
- \
& AN
. laser N frequency
¢ spot 2 \ -voltage
n
"
> /
R N /
—
)
b
q Figure 2. DNifferential cavity profilometer
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4. APPARATUS

The first version of the apparatus consisted of the signal laser as described above and a
cormercial (Spectra-Physics model 133) HeMe laser as the reference frequency source. The noise
levels (random excursions in the inter-laser beat frequency) were excessive with this
configuration and it was replaced with a differential cavity arrangement (Figure 2). The
experiment was mounted atop a granite slab which was supported hy inflated inner-tubes to provide
sorie degree of vibration isolation.

In this configuration the reference laser is an open cavity as is the signal laser. The
advantage is that by having the cavities in a common mounting arrangement, common mode vibrations
will affect both lasers similarly and thereby have a diminished effect on the inter-laser beat
signal. This is especially important for the air-bhearing mounted mirror since significant levels
of vibration originate in the rotating bearing assembly. The beat signal developed by combining
the beams from the reference and signal lasers on a high-speed (bandwidth ~1 Ghz) photodiode is
displayed on the CRT of a spectrum analyzer and stored in digital form on an Apple Ile computer.
Netails of the apparatus, techniques and circuitry developed to carry out these steps are
described elsewhere.

5. RESULTS

Figure 3 shows a mirror surface "profile" constructed by taking data at five radial distances
from the center of a mirror under test. PRun-to-run repeatability in the data was shown to be
approximately 5 1 rms, for averages of at least 50 samples per data point. "Profile" is set in
quotes since the data does not support the registering of one radial data set to the next. The
scans are azimuthal at constant radius so the data is insensitive to spherical aberrations. In
this instance the data is arbitrarily registered at a fixed azimuthal position. This deficiency
could be removed by replacing the micrometer stage with a (linear) air bearing to provide radial
data scans.

Figure 3. Surface contour generated from data taken at five radii and
displayed at different aspect angles. The total surface relief is
303 Angstroms. (b and d are rotated 90°.)
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5 6. CONCLUSIONS

LD

o e have demonstrated the sensitivity of the high-finesse (high-N) interferonetric techniaue,

( having made surface contour measurements repeatable to ~ 5 A ms with a relatively crude
y experimental apparatus. Further improvements to the experiment should provide a non-contact

) technique to measure surface height variations to levels approaching 0.01 &, with lateral
, resolution approaching 10 um. The requirement for highly reflective surfaces can be reduced

o somewhat by passive cavity techniques (i.e., the test surface would constitute an element of a
ﬂ' passive cavity pumped by a laser locked to the passive cavity resonance).

O
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A Design and Construction of a Single Polarizer Infrared
{ £11ipsometer/Reflectometer for Characterization
o of Highly Curved Surfaces
R
e
: Jack B. Stubbs, John S. Loomis, and Thomas A. Leonard*
"ﬁ University of Dayton Research Institute
Ko KL-464
s Dayton, OH 45469
v (513)229-3724
K
AN ABSTRACT
e
“{ The University of Dayton has designed and built an Infrared Ellipsometer/ Reflectometer
,

a (E/R) to characterize curved surfaces in support of the ALPHA Laser Program. The ins@rument is
: tunable in wavelength and angle of incidence, is remotely controlled by a dedicated microcom-
puter, is positioned and scanned by a six-degree-of-freedom translation stage, and makes
simultaneous measurements of Rp, Rs, ¥, and A.

L2,
; ﬁ' A return path configuration was chosen to provide the versatility necessary for the'
- variety of curved surfaces to be used in the ALPHA laser. This E/R is capable of measuring Rp
L~ and Rs to 0.1% accuracy and Delta to better than 0.1° accuracy on curved surfaces to 1.0 cen-
vi‘ timeter radius of curvature.

,._ The optical design and theory of operation as well as automatic alignment and focusing
“: features are discussed. Data taken with this instrument are presented.

~, Key Words: ellipsometer; infrared ellipsometry; infrared reflectometry; reflectometer.

-

“\

2

1. Introduction - Design Considerations

The design specifications for the combined Ellipsometer/Reflectometer were to measure the
reflectance of both P and S polarized light and the differential phase shift (A) to an accuracy

b Y e

;7

:, of 0.1% and 0.1 degree respectively. These measurements are to be made at discrete wavelengths
:.; between 2.5 and 3.1 microns at angles of incidence between 20 and 55 degrees. The optics to be
&3 measured by this instrument are, in general, thick circular disks, cones, ard rings varying
("~ from 28 to l142cm diameter, Reflectivities on the order of 96% to 99.7% are to be expected from

these surfaces, implying a value of { near 45°. Delta values will vary from + 45° to - 45°.
p The small radii of curvatures near the truncated tips of the reflaxicon (0.76cm) and waxicon
b (0.36cm) are the most difficult areas to measure.
D,
::, 2. Instrument Configuration
:F The combined E/R instrument is configured as a return path, single rotating polarizer
‘i; instrument capable of simultaneously measuring parallel and perpendicular reflectances (Rp and
< Rs) as well as the ellipsometric parameters ¢ and A. The Spinning Polarizer Infrared

)~ Reflectometer/El1lipsometer (SPIRE) is configured to measure both flat and highly curved sur-

R faces with focused light but may also be configured to measure flat surfaces with collimated
.: light. SPIRF has been designed with a broad-band light source and narrow-bandpass, wavelength-
", selection filters. SPIRE can be used to make reflectance and ellipsometric measurements at 1.0
o to 5.0 microns wavelength by substitution of the appropriate optical filter and can also be

» used to make measurements in the visible spectrum by substitution of an appropriate polarizer

e and detector.

w SPIRE operates remotely and is controlled by a Hewlett-Packard 9836 microcomputer. Video

L cameras and monitors allow for the precise positioning and alignment of the instrument with
- respect to the optics to be characterized. Wavelength selection, angle of incidence positions

. {defined by the retro-arm position}), data taking, and analysis are all performed by the dedi-

cated computer.

e

Ay *Thomas A. Leonard is currently at Analytic Decisions Inc., 5100/211 Springfield Pike, Dayton

_'f‘.. OH 45431 (513)258-1192
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Figure 1. The optical layout for the return path, double bounce ellipsometer/reflectometer.
The retro-arm is shown in the calibrate position. The alignment level provides auto-
alignment and focusing.

Figure 1 is a view of the optical layout of the E/R and alignment shelf. The Helium-Neon
Laser is used for visible alignment of all the internal optics. A1l optics are reflective
except for the output lens, the Nernst glower lens, and the lens directly before the detector,
so the only offset between the visible and infrared focal planes appears at these optics.

The light source is a Nernst glower shown in the lower right corner of figure 1. The
unpolarized light from the glower is focused onto a 1-millimeter pinhole by an A/R coated,
CaFp, 4-inch focal length lens. The light from the pin hole is collimated by a six-inch focal
length off-axis parabolic mirror. The hot mirror directs the infrared light from the Nernst to
the main optical axis on the center of the table, The hot mirror also allows the He-Ne beam
to be transmitted from the back side, making it co-aligned with the Nernst light. The two
apertures define the optical axis which passes through the measurement point (MEPO), which is
defined by the retro-arm. A beamsplitter divides the incoming source beam into a reference
beam and sample beam. The beam splitter is a coated pellicle, approximately seven microns
thick, which eliminates secondary reflections. Both beams are directed through a rotating
chopper wheel wi*h a singlie aperture. The geometry is such that the reference beam and the
sample beam alternately pass through the chopper. Background radiance measurements are made
when neither beam is passing through the chopper.

After the reference beam passes through the chopper, it is reflected back along its orig: -
nal path. At the beamsplitter, it is again divided into two components. The reflectad com-
ponent is discarded while the transmitted component proceeds to the detector. The function of
the reference beam is to provide a reference measurement of the source intensity.

After the sample beam passes through the chopper, it is converted to linearly polarized
1ight by a polarizer, The 10-inch focal length Calcium Fluoride (CaF;) lens at the front
of the table focuses the infrared light to a 1.6 millimeter spot at the MEPO, from which it is
collected by the 1.25 inch focal length spherical retro mirror (one inch diameter). The light
then returns back through the same optics to the pellicle beamsplitter where it is reflected
toward the detector. As the return beam passes through the polarizer, it is again converted to
linearly polarized light. The path lengths of the reference arm and sample arm are equal.
After returning to the beamsplitter both components foliow an identical path to the detector,
although not at the same time. From the beamsplitter the light travels to a second hot mirror
where the visible light transmits to the upper table with the alignment cameras. The infrared
light reflects from the hot mirror to a 4-inch focal length CaFy; lens. The 1ight is focused to
the detector surface through the wavelength selection filters.

The reference beam remains unpolarized for its entire path. The sample beam is linearly
polarized by the polarizer before the second pass through the beamsplitter. The fraction of
the sample beam reflected to the detector is senstive to its polarization state and in par-
ticular will depend on the orientation angle of the linearly polarized light.
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The signal measured by the detector is repetitive,
with its fundamental frequency determined by the rotation
speed of the chopper wheel. The waveform, as it might be
observed on an oscilloscope, is shown in Figure 2. The 5
signal is AC coupled and inverted by the detector REF SAMPLE
amplifier. Amplification is adjusted to cover the range RP = 16 Hz
-10 to +10 volts. A full period, or one chopper cycle, ‘
is divided into four parts, labeled B1, PR, B2, and PS.
The chopper passes the sample beam during PS and the
reference beam during PR. During Bl and B2, the chopper
blocks both the sample and the reference beam. The width
of the transition region between constant levels is
determined by the time needed for a chopper edge to sweep
across the corresponding boam. An A/D converter within -3 ”
the H-P computer system is used to sample the detector .2
waveform. One channel on the encoder has a single pulse
per revolution (PPR) which is used in the synchronization
of the polarizer and chopper rotations. A second channel
on the encoder contains 128 PPR, The 128 PPR are equally Figure 2. Exasple of the waveform
spaced and correspond to 2.8 degrees rotation of the for one complete chopper cycle.
polarizer. As shown in the waveform plot there are 8 The chopper rotation rate is 2.5 Hz
complete cycles of the polarizer for each cycle of the and the rotating polarizer rate is
chopper. This corresponds to 1024 pulses per waveform (1 20 Hz.
chopper cycle).

SIGNAL (VOLTS)

2 2 4 3
RP CYCLE NUMBER

The background levels are averaged and subtracted from both the reference and sample
levels to produce intensity values. The ratio of sample intensity to reference intensity is
iaken to cancel the effects of source intensity variation. A calibration measurement is
required at each polarizer orientation to factor out the effects of the beamsplitter and retro
mirror.

In actual operation, the polarizer rotates at a rate of 20 Hz while the chopper rotates
synchronously at exactly one-eighth of the polarizer frequency. During each sample period PS,
measurements are obtained for a series of polarizer positions. An angle encoder on the
rotating polarizer ensures that the same polarizer positions are measured for any cycle. The
encoder clocks each A/C conversion so that there are 128 measurements per cycle. This allows a
Fourier decomposition using a Fast Fourier Transform. The amplitudes of the constant term and
the second and fourth harmonics are used to calculate reflectance, % and A.

Two mechanisms worthy of further comment are the retro arm and the phase lock loop circuit
which synchronizes the rotations of the polarizer and the light chopper.

The retro-arm is necessary to return the

reflected light from the sample to the E/R — ‘ e
pallet where the detector is mounted. The PR -

retro-arm must rotate about a point in space e T T TS S
(MEPO) and allow the retro-mirror axis to S R S

always pass through that point. This is N

necessary to measure a defined location at any

angle of incidence. The retro-arm design is

shown in Figure 3. It incorporates an

Aerotech rotary stage with 0.01 degrees rota-

tion per step. This acts as a pivot for the

lever arm action. A belt between the two

pivot points allows for rotation of the retro- .
mirror about the pivot as well as about the "

Mitro-Arm i the CaliBrate fogition

nrnmos

measurement point. satio-Ara st 20 Anale of tncidence

The chopper phase lock loop (shown in Figure 3. The retro-arm is shown in
Figure 4) requires two input signals and pro- the calibrate position and at 20°
duces an analog voltage to drive the chopper angle of incidence. The retro-mirror
motor to the correct speed and angular posi- may be positioned between 25° and
tion relative to the rotating polarizer. The 90° with 0.01° accuracy.

one pulse per revolution (1 PPR) input coming
from the rotating polarizer is connected to the 4040 counter. This divides the 1 PPR input by
2 to the N power where N is between 1 and 12 (1,2,4,8...4096).

The output of the divider is compared with the chopper input by the 4046 phase-locked
loop-integrated circuit which generates two outputs. The first output generates a train
pulse with a duty cycle proportional to the frequency difference and phase difference of
the input signals. If the frequency at pin 14 is higner than at pin 3, then the output at pin
13 goes high or, conversely, if pin 14 is lower frequency than pin 13 then pin 3 goes low.
When pin 14 and pin 3 are equal in frequency but differ in phase then the duty cycle is
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proportional to the phase difference. A filter on pin 13 removes the AC component of the
signal leaving the average (DC) to control the chopper motor speed. The amplifier is used
to buffer this signal to prevent loading by the chopper controller. The voltage divider
on the output of the buffer is necessary to allow the 4046 to operate in its linear
region. It will not operate close to the negative supply (ground in this case).

The second output from the 4046 produces a train of pulses with an on time proportional to
the phase error of the input signals. This output is filtered to produce a DC voltage propor-
tional to the phase error. This signal is compared with a reference level (set by a pot) by
the LF356. When the signal is greater than the reference the chopper is not phase locked to
the rotating polarizer. The LF356 drives a transistor to convert the output to TTL Jevels.
This signal drives an input to the computer so that the computer program will know the output
to the computer will be high. An LED is mounted on the panel to show when the system is out of
lock. The out-of-lock indicator was selected because it is easier to see small phase errors
when the LED is off and blinks on for a short duration than when the LED is on and blinks off.

CHOPPER PLL

Figure 4. The chopper phase lock loop circuit controls the synchronization of the chopper and
rotating polarizer to allow for data acquisition.

3. Instrument Theory

An ellipsometric measurement is concerned with the ratio of the principal amplitude

reflectances pp and ps:

p=0p/p =tar\weJA

The angles ¥ and A are called the ellipsometric angles.

Unpolarized light incident on the rotating polarizer is transmitted as a linearly
polarized beam oriented at an angle 6 perpendicular to the plane of incidence. The Jones vec-
tor E, after the polarizer is given by

sin(9)

cos(8)

The angle 6 is te instantaneous polarizer orientation given by
8 = wt + 90

where o is the angular rotation rate and @ is the orientation at time zero.

The polarized Leam reflects from the sample to a spherical reference mirror which returns
the beam ba-k to the sample. The beam is reflected at zero angel of incidence from the
reference mirror, which introduces no change to the polarization state. The effect of the
double reflectisn from the sample can be expressed in the following matrix equation

75

~‘~f~'-f

.hj.h

B



-
.'l'f '("‘-4 o

ﬁ,an*

~e

7]
P e g

-

4
XX
2

Pl p
AR

2@y
S OO

-‘!‘-
X
Pl

by

{"ié
Falry

L2

- ,I-‘,l:. ;,., -'L *
1 afalef e
e "L{L‘l.(i':.

»
Il

.
54' .:'.‘ RS

" £

\}.

where E2 is the Jones vector after the second reflection.

The return beam can be projected onto the position of the polarizer to find the magnitude
E of the Jones vector after the second pass through the polarizer.

E = [sin(0) cos(o)]s2
This expression can be simplified to

E = ppzsinz(e) + pszcosz(o) .

The intensity I measured by the detector is given by
I = EE*

The following equation is obtained by substituting for € to obtain

2. . 4 2 4 . 2
I= Rp sin (8) + Rs cos (0) + xRpRscos(ze)s1n (20)

Reflectances and phase shift A are based on a harmonic analysis of the intensity I of the
form:

I = bo + bzcos(ze) + b‘cos(AO)

where

2 2
b = 3(Rs + /Rp )/8 + kRpRscos(ze)

2 .2
b, = ¥(Rs -Rp )

2 .2
b‘ = (Rs +Rp )/8 - XRpRscos(ZA).

In the harmonic analysis, the offset angle 6 _ between the zero position of the rotating
polarizer and the plane of incidence is cont8ined in the phase terms. The magnitude of
the harmonic coefficients is independent of the offset angle. Each harmonic analysis,
therefore, implicitly includes a determination of the plane of incidence. The plane of
incidence is then equal to the difference between the zero angle and half of the phase of
the second harmonic.

The principal reflectances and the ellipsometric angles ¢ and A can be obtained from
the following equations:

2
R = b + + b
s [+ bd 2
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Rp = bo + b4 - b2
cos(24) = (bo - 3b4)/(RpRs)
tanzw = R /R
p''s

The harmonic coefficients are non-negative because they represent magnitudes. Thus, the
above equations explicitly assume that Rg will beogreater than Rp. If this is not the
case, the phase of the second harmonic will be 90 shifted from its normal value, indi-
cating that Rp is greater than Rg. The second harmonic becomes zero when Rp is equal to Ry~

In ellipsometers without compensators, the phase shift A appears as cos(4). Taking
the inverse cosine leads to an ambiguity in determining A. Angles in the lower half plane
have the same cosine as those in the upper half plane. In a double-bounce ellipsometer,
the phase shift appears as cos (2A). The sensitivity in measuring phase shift is
increased because the sample is traversed swice, bgt the ambiguity also increases. The
cosine function has a principal range of 0 to 180 . Removing the factor of two reduces
the principal range to 0° to 80°. Thus, all phase shifts are folded into the first

quadrant. This folding process must be kept in mind when interpreting the results of a
SPIRE measurement.

Another implication of the cosine dependence on A is that the measurement varies
quadradically for angles near 0° to 180°. The lack of a linear term means that the preci-
sion of the measurement decreases as the cosine argument approaches either 0 or 180 .

After some trigonometric manipulation, it is possible to write the equations for the
harmonic coefficients in a form where the ellipsometric angles appear explicitly:

_ 2.2 2 - eee?
by = %¥(RT+RT) xnpas[cos (28) - csc(2y)]
0, = npns[cotz(w) - tan’(¥)]
b, = ¥R R_[sin?(24) + cot?(2¢)]
4 P S

In this form, the ellipsometric dependence of the second harmonic is only on §. The other
harmonics depend on a mixture of ¢ and A. There is some additional simplification for the

case R=Rp=Rg, where the angle ¥ is 45° and the harmonic equations reduce further to the
form

xR + ¥R%cos?(2a)

o
1]

b, = ¥R%sin?(2a)

by, bp and by are the coefficients for the modulus, and the second and fourth harmonic
terms of the harmonic series which describes the E/R waveform. Now the fourth harmonic
depends only on A. Measurements on metal reflectors, where ¥ is approximately 45°, essen-
tially satisfies these conditions. Then the second harmonic measures the departure of ¥
from 45° and the fourth harmonic measures the value of A.

The equations used to obtain the ellipsometric angles involve ratios of the harmonic

coefficients. It is possible to obtain accurate ellipsometric values under conditions
where the reflectance measurements are not accurate because of light lost to the measuring
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instrument. Ellipsometric angles are obtained as the ratio of reflectances. 1If a fixed
fraction of the reflected beam is blocked or otherwise removed from the measurement, an
ellipsometric measurement is still possible. This vignetting affects each polarization
component equally. Therefore, the ratio is not affected.

4. Edge Detection

when the SPIRE instrument is coupled with a
manipulator system, the combined system offers a

rereamect airmox
d/

mechanism for alignment. The basic measurement is e
.’ that of edge detection. During edge detection, :he
< measurement spot is stepped across the edge and the ) o o

L'd

reflectance is measured as a function of position.
The reflectance is obtained by averaging the ratio
measurements for all polarizer positions. The Test yoamerey for saee detsction.
averaging operation is equivalent to using the zero
harmonic as a measure of reflectance, but does not
require as much time as an explicit Fourier trans-
form.

™
&
)
v
o~

To make an edge measurement, one endpoint of
the scan must be entirely on the mirror. This is
the position of maximum reflectance. The other end-
point must be entirely off the mirror. The test rews pesvien
geometry is shown in Figure 5. This is the position
of minimum reflectance. Between these two posi-
tions, as shown in Figure 5, the reflectance remains figure 5. Test geometry and components
constant except for the transition positions where of an edge scan.
the measurement spot overlaps the edge. In the
transition region there will be two shoulders and a
middle Tinear portion. The linear pcrtion is cen-
tered on the inflection point of the edge scan. This inflection point represents the edge
of the mirror. For a symmetric measurement situation, the inflection points occur when
the measurement spot is half on the mirror so that the reflectance is halfway between the
maximum and minimum values. In addition, the shape of the curve will be symmetric about
the inflection point.

Rellsciance
———-

In analyzing an edge scan, the endpoints of a measurement sequence are used to determine
the reflectance span (Rgpan) between minimum and maximum reflectance. The target reflectance
(Re) is the average of tﬁe endpoints. The 1imits of the linear portion are assumed to be a
fixed fraction of the reflectance span. The defaul* fraction is 0.5. The linear region is
+hen defined as all points within the range

!R-Rel € 0.5 Ran

where Re is the target reflectance, and RSpan is the reflectance span.

In finaing the edge, the software first determines whether the scan starts high or low.
Then it locates the point along the scan where the previous point is above (below) Rg and the
current point is below (above) Ro. These points are sufficient to provide a linear inter-
polation of the edge position. However, the software examines the points in the vicinity of
the transition point and uses those within the linear limit to make a least-squares linear fit
of the edge position. This process ensures a successful edge measurement even if the scan
points are unequally spaced or spaced too far apart compared to the extent of the linear
region. Maximum precision is obtained when a number of measurement points lie within the
linear region and the endpoints are sufficiently away from the edge to eliminate the effects of

the edge.

hY.}
) A single edge measurement determines both the position of the edge and the width of the
R measurement spot. The location of the point R, along the scan determines the edge location.
. The slope of the reflectance scan at the edge Jetermines the beam width. A working definition
. of beam diameter d is given by
PP
"~ d =R ‘s
e = Rgpan’S'0PE
S
. An explicit definition depends on a model of the beam profile. A Gaussian profile, for
. example, may be an adequate representation of the beam profile, in which case the measured beam
N diameter can be related to the e~2 energy point.
g
.
Nj} This edge scanning routine is used with various modifications to perform system focus
' ¢: scans, detector centering, sample positioning, and various internal alignments.
L3
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i 5. Measurements and Results

.: There are no other instruments to date capable of measuring reflectance and ellipsometric
( data on highly curved surfaces, so determining the accuracy of the E/R became & very detailed
w task. Confirmation of accuracy on flat surfaces was accomplished by measuring bare metal flats

and comparing to theoretical value, and other reported measurements.

-y
s

™M, The reflectance accuracy on flat surfaces was determined by measuring copper samples, com-
; paring to theoretical values, and alsv making absorption measurements on the same samples. The
S ellipsometric accuracy was determined by comparing measurements with those made on a four-zone
Wt null ellipsometer.
)
:“.-:'. The accuracy for reflectance and ellipsometric measurements on flats is +0.1% in reflec-
w0 tance and 0.1 degrees in differential phase. The accuracy in reflectance and ellipsometric
</ Y
v"_’_-«; parameters on curved surfaces was determined by manufacturing a conical mirror with a flat sur-
"_;,:—. face on approximately 5% of the surface. This permits the measurement of flat surfaces and
\-f.‘_v curved surfaces on one uniformly goid-coated sample. The accuracy for reflectances measure-
< ments is 0.2% on conical surfaces with curvature down to 20 millimeters radius. Ellipsometric
‘ accuracy is 0.1°., The ellipsometric data taken in a photometric mode is not sensitive to light
NG losses as are reflectance meausurements. Phase is determined from a ratio and the ratio is
_[_.'_'.' unaffected by some light loss. A summary of the instrument performance is shown in Table 1.
ol
. -J
)
!
]
~ ~
S
®
T
- o
:.'_',,'.:
S
'.'-‘.“- Table 1. Ellipsometer/Reflectometer Performance Summary
‘-\‘:'J
(n" )
( . PARAMETER PERFORMANCE
‘; Measurement wavelength Ay = 2.622 um
- d‘-.‘
o A, = 2.745
-\-n-‘_
AN
) Ay = 2.820
~ =
“':_' Ag = 2.995
SN Ag = 3.129
o, o
S
o Spectral Bandwidth FWHM = 2% + .1% center A
AN
., Reflectance measure Rp & Rs separately
.\::' Range in R 40 + % to 100%
1 u- Accuracy in R +0.1% flats; +0.2% conics
TR
N Range in A + 45° o - ¢
@
J-:.‘_' Accuracy in A :0.1°
S
‘-'4,,{'. Angle of incidence range 20° - 55°
“'.‘1"._
v .
E:'-" Accuracy in setting angle o
'O 2f incidence < + 0.1
.\,, Autocollimation accuracy ~ 0.01°
TN
::'.'3 Edge locating accuracy ~ + 10 pm
Y
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:.-:: Direct n, Measurement in Yttria Stabili.ed Cubic Zirconia
Ly

GRS Shekhar Guha,* Nastaran Mansour, and M. J. Soileau

AN
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) Department of Physics
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We present here the results of direct measurement of the nonlinear refractive
index, n,, of yttria doped cubic zirconia at 1.06 um using external self~focusing., The
value of n, was found to be independent of the yttria concentration. The measured value
(6 x 10"13 esu) compares well with that calculated from the breakdown measurements [1].

SO

; ”'f"
Pg

-

e

':-“. Key words: external self-action; laser induced damage; nonlinear refractive index; psec

:‘s.‘; pulses; yttria stabilized cubic zirconia; 1.06 um.

P’ '::‘ ie Introduction

e

® Cubic zirconia is an attractive candidate for window material in high power laser systems

NS because of its transparency, mechanical strength, and stability when doped with yttria (Y,03). A
i\ knowledge of the nonlinear refractive index n, is therefore necessary in the design of such laser

139 systems to properly account for the nonlinear beam propagation effects as well as in evaluating the
.r: role of self-focusing in laser-induced damage process. n, of yttria stabilized zirconia (YSZ) has
o previously been inferred from breakdown critical power. We present here a description of an

> analysis and experiments used to directly determine n, in the YSZ using plicosecond pulses of
i different states of polarization.

2. Analysis

I TN e
o

=

The mechanism used to measure n, is that of external self-focusing (2] in which a collimated
laser beam of Gaussian temporal and spatial profile is incident on a thin sample. (The sample
thickness is much less than the confocal parameter of the laser beam.,) In this case the diffrac-

.,
Ug2

tion of the laser beam inside the nonlinear medium can be ignored and the irradiance I and phase
¥ of the electric field
.':'.r
ire v
3T :
- 21 i
v E ‘Jm“ o' (1)
™ oo
o
1% ¥
~.u~ of frequency w follow the propagation equations:
e
! d1
"
N =— = -al (2)
i,"-’ dz
p i‘:_'
e
® @
o dz EII 3
. ,-
oy
4
e where @ is the linear absorption coefficient and Bl is related to n, through
-.‘}-
40m
o 8, = —2—6 n, (esu) (4)
A c’n
1 AR o]
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The laser beam is assumed to be Gaussian in temporal and spatial profile and incident on the sample
at z=0 with irradiance

2 2
I(0,r,e) = I exp [~(r/r )" = (t/t)") (5)
For a medium of length 1 and reflectivity R, the transmitted irradiancc is given by

I(1,r,t) = (1-R)° exp(=al) 1(0,r,t) (6)

and the phase change on transmission through the sample is given by

2 ~-ot
¢(l,r,t) - ¢(0,r,t) =8 (l - (R e )I(O,Y,t) 7)
o

The irradiance and the phase obtained from equations 6 and 7 completely determine the electric
field E(l,r,t) at the exit plane of the sample from which the field at any point (l+z,r,t) can be
determined using the Huygens-Fresnel propagation formalism [3]

%0

E(l+z,r,t) =%;—z exp(iﬂrz/xz)f E(L,r',t - z/c)
0

x  exp(i r'z/Az) Js (2rrr'/rz) r'dr' (8)

The experimentally measured quantity is the fluence at the observation plane at a distance z from
the sample. The fluence is

x

CE

F -'—5— |E(1+z r t)] 9)

3. Experiment

The apparatus used is described in greater detail elsewhere [4]. Single pulses of measured
Gaussian spatial and temporal profiles were obtained from a microprocessor-controlled, passively
mode~locked Nd:YAG laser system operated at 0.5 Hz. Single pulses were switched out of the mode
locked pulse train and amplified. About 1 mJ of energy in the infrared was routinely available in
pulses of 30 ps to 200 ps width. The pulsewidth was varied by using etalons of different thickness
as the output coupler of the laser. Attenuation of the energy in the pulse was achieved by using a
half-wave plate polarizer combination which produced no measurable aberrations on the spatial
profile of the beam. The shot-to-shot variations of both the energy and the pulsewidth were
monitored. The change in the spatial profile f the laser beam transmitted through the sample with
increased incident irradiance was determined by using a vidicon tube interfaced with a microproces-
sor controlled optical multichannel analyzer (PARC 1215). By using a pinhole (25 um diameter)
mounted on a photodetector, the on-axis fluence of the transmitted signal was also measured as a
function of the incident irradiance.

4. Results

Figures 1 and 2 show the result of measuring the transmitted on-axis fluence in the near field
as a function of irradiance for 30 psec, 1.06 um pulses of linearly and circularly polarized light
incident on | cm long samples of YSZ. Up to the highest irradiance used, no nonlinear absorption
was observed in the sample. Three samples of YSZ were studied, with yttria concentratiovus of 9.4%,
12%, and 21%, respectively. The measured n, was found to be independent of the yttria concentra-
tion. The solid lines in figures 1 and 2 are the theoretical fit obtained from equations 6 and 7,

with the value of n, as the only free parameter., The best fit to figure 1 was obtained for

EP}‘A}”‘,’.I.’-«‘ P, -’? n’; ('
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n,=6 x 10_13 esu. For comparison, in figure 3} we show the results of the same experiment performed
on a sample of sodium chloride. The value of n, in YSZ was found to be 9.5 times more than that of
sodium chloride. The ratio of n (linear)/nz(circular) was found to be close to 1.5 fOf each
sample. The value of n) obtained %y this method compares well with the value of 8 x 107 3 esu
estimated from the measurement of the breakdown power (PB) of 400 kW.

5. Summary

External self-action provides a relatively simple procedure for estimating the nonlinear
refractive index, ny. This method was used to determine n, for yttria doped cubic zirconia. The
value obtained compares well with that determined by other methods.
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Figure 1. The transmitted on-axis fluence
measured as a function of incident
irradiance for zirconia, using

- 1.06 um, 30 psec, linearly polarized

pulses. The measurement was per-

formed in the near-field region.

The solid line is the theoretical

fit with ny=6 x 10713 esu.
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Figure 3. The transmitted on-axis fluence
measured as a function of incident
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1.06 ym, 30 psec, linearly polarized
radiation. The measurement was per-
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line is a theoretical fit with
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;¢ Measurement of Optical Damage Threshold of Wire Grid Polarizers at 10.6 um
.
R M. Mohebi, A. Said, and M, J. Soileau
"
o Center for Applied Quantum Electronics
%3 Department of Physics
v North Texas State University
- Denton, Texas 76203
3
N
1Oy We report the results of measurement of laser induced surface damage threshold of
) wire grid polarizers at 10.6 um as a function of orientation of the wires and polariza-
X tion of light. We also measured the absorption of wire grids at 10.6 um, 1.06, and
o 0.53um. The results of surface damage thresholds are consistent with the results of
( absorption measurements and theory.
o Key words: absorption; damage threshold; photoacoustic; polarization; wire grid.
v
2 1.  Introduction
‘ 1]
b» Microscopic wire grids deposited on a dielectric grating at grazing angle are useful
: polarizers. They are compact, easily rotatable, can be used with converging and diverging beams,
! and work with all wavelengths at least four times smaller than the period of the grid, as long as
. the substrate's transmission permits. Gratings with a period as small as 0.4 um are commercially
P available. (Wire grid polarizers used in this work were acquired from °TR Uptics Corporation, 145
o Newton, Waltham, MA 02454.) With proper choice of the substrate, wirs grid potarizers can be
}' fabricated for use at any wavelength for 2 ym to far infrared. However, their principal limita-
o tion for use with high power lasers is their damage properties. In this work we have measured
b laser induced surface damage threshold of wire grid polarizers for pulsed radiation at 10.6 um as
{ a function of orientation of wires with respect to the polarization of laser beam. In addition,
:¢ we measured absorption vs., X and orientation.
y
z 2. Experimental Results
W,
) The polarizers used in our experiment were two wire grids of aluminum deposited on ZnSe

substrates, one of the samples was overcoated with an antireflection (AR) coating on both
surfaces, The period of wire grids was 0.84 uym with a symmetric 90° sawtooth groove shape. The
measurements were performed using linearly polarized, normal incident pulses from a hybrid C0, TEA
laser. The laser was operated in th2 TEMyy spatial mode and single longitudinal mode with 150

(FWHM) pulses. Figure 1 shows a pinhole beam scan of the spatial profile of the beam as well as a

oy

:*~ temporal profile detected by a photon drag detector (500 MHz response). The beam scan was per-
1 formed just before a Tens (F=25.4 cm) which focused the beam on the wire grid to a beam size of
‘o 0.36 mm (FW1l/e“M). Each site was irradiated only once (one-on-one measurement), Figure 2a shows
- the experimental results for the sample with no AR coating for orientation of the wires paraliel
N and peEpendicular to the incident electric field. The dama%e threshold for this sample was
2 J/cm® (corresponding to a peak-on-axis irradiance of 15 MW/cm¢) when the wires were parallel to
154 the incident electric field. Here we have defined the damage threshold as the lowest incident
:I fluence (or irradiance) for which damage occurred. The relatively large overlap region for this
- sample was because of nonuniformities of the surface structure. Figure 2b shows the results fOE
& the sampLe with AR coating on both sides. The damage threshold for this sample was 0.8 J/cm
X (6 MW/cmc) when the wires were parallel to the incident polarization., The damage threshold of
o both samples increased by more than a factor of two when the wires were oriented perpendicular to
M. the incident electric field (i.e., the orientation for maximum transmission).
]
{r In order to study the effects of orientation of wires on the absorption of the wire grids we
r monitored the photoacoustic (PA) signal generated in the wire grid by coupiing a transducer to the
~ side of the sample. The beam size on the front surface of the sample was kept large
e (3.2 mm le/ezM), in order to avoid surface damage. Figure 3 shows the PA signal as a function of
incident power for both orientations. The absorption of wire grid was greater by a factor of -3.6
o when the polarization was parallel to the wires. This is consistent with the measurement of
oo damage threshold in the parallel and perpendicular orientation. It is well known [1,2] that the
" optical properties of wire grids are strongly dependent on the ratio of wavelength to the period
o 84
' 1
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' N of wires (> /d). The wire grids are effective polarizers only when X/d>>1. Both polarizations tend

: N to be equally transmitted or reflected for A/d close to or smaller than one. We used 30 ns pulses

A frem YAG laser at 1.06 um and its second harmonic (0.53 um) to change x/d in our experiment.

Figure 4a shows the PA signal versus incident power at 1.06 um for both orientations. The absorp-

( tion is smaller by a factor of 0.6 when the wires are parallel to the electric field. Figure 4b

\:D- is the result of the same measurement at 0.53 um. It shows that absorption is smaller by a factor

::: of .8 wher the wires are parallel to electric field.

s

\':\ 3.  Theory and Discussion

NN

b The theory of operation of wire grid polarizers has been the subject of investigations by

v many researchers [3-5] in the past. All theoretical treatments start by assuming an ideal cross
,_3' section for the wires. Flat strips [3] and cylindrical wires [4-5] have been considered. The
! effect of nonuniformities in the wires cannot be easily treated, Only the plane wave approxima-

:xj tion has been considered. The problem of incident electric field with polarizations other than
Ny parallel to the wires, including ohmic Toss has not been considered before. The reflected wave is

NN regarded as originating from the currents induced in the wires, while the transmitted wave is the

oo " superposition of the induced and incident fields. Absorption is considered as the difference

between incident and sum of transmitted and reflected waves. The current in wires all have the
same magnitude (for plane wave illumination), but differ in phase from wire to wire by Kdsina,
where K=2r1/A and xis the angle of incidence. When the electric field is parallel to the wires
the current has the same phase everywhere along any given wire. The effect of adaing ohmic loss
of conducting wires to this picture is to decrease the amplitude of reflection coefficient and t“2
phase of the transmission coefficient. Cassey's [5] calcuiations show that the loss in the wires
depends directly on the square of reflection coefficient, that is, the absorption of wire grid is
greater when its reflection is greater. This is consistent with the results of measurements of
absurption vs. orientation in this work. Bird and Parrish [1] investigated the wire grids experi-
mentally and found that the transmission curves for parallel and perpendicular polarization cross
one another when /d is decreased to a value of one., Their result was in agreement with the
theoretical work ot Baldwin [3]. This suggests that reflection, and therefore absorption, curves
for parallel and perpendicular poltarization cross over when 3/d is close to one, This is also
consistent with the measurement of absorption at three different wavelengths in this work. This
qualitative agreement is striking, considering that in this experiment we have a Gaussian profile
beam, and the fact that wire cross section is neither a flat strip nor a cylinder.

{

3
Ly
.

’.
. 4.  Summary
‘N'..n
‘-:t: We have measured the surface damage thresholds of wire grid polarizers at 10.6 ym. Damage
", thresholds were maximum when the polarization of Tight was perpendicular to the wires, and the

damage thresholds were greater for the uncoated wire grid. The ratio of absorption of parallel
polarized light to the absorption of perpendicular polarized light depends on X /d. The ratio of
these two absorption is greater than one for A/d>>1 and it is less than one for 3/d close to or

@

':"::' smailer than one. Measured absorptions at three different wavelengths are in agreement with the
S theory.
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Figure 1. The 200 um pinhole beam scan performed just before the focusing lens (F=25.4 cm).

inset shows the temporal profile of the pulse.
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Figure 2b. Damage data for the wire grid with AR coating, The damage threshold for this sample
was less than the sample without AR coating by more than a factor of two.
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") Figure 3. Absorptl:on of the wire grid at 10.6 um. The photoacoustic signal indicates greater
:‘ 3 absorption when the wires are parallel to the polarization of the incident electric
S field.
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Figure 4. Absorption of the wire grid at 1.06 um (4a) and 0.53 um {4b). The photoacoustic

signal indicates greater absorption when the wires are perpendicular to the electric
field.
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:’" Laser Damage Studies of Several Acrylic Polymers
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;‘:“' A.R. Pomberaer
XA 1)
L
- Pennsylvania State !Iniversity, Berks Campus,
o P.0. Box 2150, Reading, PA 19608
o
\:24
4T B.¥. Mullins
._L‘\_
&
‘ ‘ Nepartment of Physics, USAF Academy, Colorado Springs, CO 80840
e
i__: A.A. Shaffer
o
::-",: Department of Chemistry, USAF Academy, Colorado Springs, CO 80840
N7
®
J.F. Hilbing, K.E. Siegenthaler, T.F. Neaton and Y. Chana
R T Frank J. Seiler Research Laboratory, USAF Acadeny
Colorado Springs, Colorado 80840-6528
¢
LY - The bulk laser damage resistance of several acrylic copolymers and of pure
S~ poly(ethyl)methacrylate (PEMA) were investigated with a 1.06 um wave]enqth pulsed MNd:YAG
:_: laser having a pulse length of 8 + 2 ns and an e~¢ radius spot size of 30 + 0.7 un.
ey These materials were synthesized in the bulk after extensive filtration or distillation
n ¥, to remove absorbing dust particles. A correlation is made between the damage thresholds
fﬁ} and the number of scattering centers per volume ohserved in a HelMe beam. The Hele laser
I beam scattering in the sample was used as an indicator of the impurity content of the
3) sample. In the course of this experiment a spatial filter was installed in order to
o mnake the focused YAG laser beam more nearly Gaussian. Comparison of results obtained
o from the filtered beam and the unfiltered beam (which is mathematically described as a
gk sombrero function) indicated that previous characterization of the non-Gaussian bean
'_.:-_. provided an incorrectly low damage threshold value.
-.-_(
vt
® Key Hords: beam profile; bulk laser damage; damage threshold; Tlaser damage;
o multiple-shot; plastics; single-shot
oL
-"-
b 2 1. Introduction
R,
e
,,.:-:.‘ It has been suggested‘ that transparent organic glasses (plastics) would be an attractive
- optical material for use in laser systems if the laser-damage resistance of plastics could be
.“ improved relative to that of silicate glass. Besides being lightweight, low cost, diamond
turnable, and castable, plastics are dye- 1ngreqnab1e and therefore potentially useful as simple,
‘-,-: passive 0Q-switches or as dye-laser hosts. As recent measurer gnts have shown, however, the
N laser-damage resistance of commercially available silicate glass® is significantly better than
e, that of several commercially available transparent plastics, including polynethylmethacrylate
& (PMA),# bisphenol-A polycarbonate (PC),5 and cellulose acetate butyrate (CAR).

™ e
'u‘,\

Various copolymers have been proposed as candidates for laser optics.!:6:7 Modification
L, of a chemically pure polymer by adding another polymerizing material to improve the material
» properties of the sample has been used in industry for a long time. One principal advantage of

' a copolymer is that a more elastic material can be obtained compared to a chemically pure
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sanple. For optical applications, improvement of a plastic by improving its viscoelastic
properties has been proposed.’s One way of improving these plastics is by preparing
copolymers. Roth Emel'yanova, et. al.6 and Dyumaev, et. al.' report improvement for the
copolymers they studied. Emel 'yanova, et. al.6 report single-shot improvenent in a
polymethylmethacrylate (PMMA)-polybutylacrylate (PRA) copolymer. Dyumaev, et. al.l report
ninor single-shot improvement and significant multiple-shot improvenent 1in some of the
copolymers they studied.

As a continuation of the laser damage in plastics research at the Frank J. Seiler Pesearch
Laboratory, several copolymers vere synthesized and their damage thresholds wer~ studied.

2. The Damage Fxperiment

The laser and optical system used to perform the damage studies has heen previously
described and is shown in figures 1 and 2.4,8  The laser used was a Ouanta- ~Pay NCP-2A
0-switched Md:YAG system with an unstable confocal resonator having a linearly-polarized 1.06 um
wavelenth output, and producing an 8 + 2 ns FWHM, 300 mJ maximum pulse with a variable
repetition rate of up to 10 pulses per second (pps). The laser was puriped with a constant
flashlamp energy and rate to foster thermal stability. The output was annular in shape and
attenuated with optical density filters.

M2 PM

‘_ Sample BS
_ _ _ M
L =\ . - & <\ M

i
}Sc en
re AN —+— Filters f

N ,la \ }
X\/A X Polarizer ==L

RS
Nd:YAG He-Ne

Strehl
Detector

Figure 1. Optical layout for damage studies done with a sombrero-shaped beam profile

Figure 1 shows the optical system used for the damage studies using the sombrero-shaped beam
from the unstable resonator. A bare silica wedge was used as a beam splitter with the 4% front
surface reflection focused into the sample by a 24.7 cm focal Tlength lens. The radiation
transmitted by the wedge was collected by a Scientech power meter for monitoring the laser power.

In our previously-reported work4,8,3 we characterized the beam using the knife-edge
technique described by Mauckg, and analyzed as described by 0'Connell, et. al.? This test
resulted in an e-2 beam waist radius of 33 um. However, an annular beam should focus to a
waist profile described by a sombrero function, and the differentiation of a knife-edge scan is
inaccurate for this type of beam since the Bessel function is not separable into x and y
coordinates as is a Gaussian function. The peak intensity calculated from this test is probably
low, but the knife-edge technique was the only one available for much of our earlier work. We
eventually performed checks of the validity of this techniaque by employing other beam profiling
methods. A more accurate determination of the peak 1intensity of the sombrero beam is the
measurement of the transmittance through a small pinhole {compared to the beam diameter)
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centered on the beam. This test was performed using a & um diameter pinhole, and the average
fluence (or approximately the peak fluence) was calculated by multiplying the transmittance
times the beam's total energy per pulse and then dividing by the pinhole area. Comparison of
the data from these two methods indicates a discrepancy of a factor of approximately 2.3, as
discussed below.

In order to avoid the beam profile problems described above, a spatial filter was placed in
the beam so as to transmit only the central disk of the sombrero profile. The output from the
spatial filter is thus approximately described by a Gaussian function. Figure 2 shows the
optical layout for the damage studies done with this Gaussian beam. The output from the Md:YAG
was focused into a vacuum spatial filter by a 30 cm focal length lens. The filtered beam was
recollimated by a second 30 cm focal length lens and attenuated by neutral density filters. The
beam splitter transmitted a portion of the heam to the Scientech power meter to monitor the
beam's power. The reflected bheam was focused into the sample by the 24.7 cm focal length lens.

/(M
| N L Vacuum
% 5 Filters Pinhole BS
A
PM  gg X L, Ly 4
Y \\ A I
N\ |
AN
Strehl N Polarizer L7 4
Sample AN 4
\/ Detector
! / \Aperture He-Ne
/
Ly<t= He-Ne
Y Nd: YAG
~
BS
' Screen

Figure 2. 0Optical Tayout for damage studies done with a spatially filtered beam

The spatially filtered !!d:YAG beam was determined to have a focused e~2 waist radius of 30
+0 .7 um. The characterization was carried out by again using the knife-edge technique
nentioned above.

The samples used for hoth experiments were approximately 1.5 c¢cm thick, with the waist of the
Hd:YAG laser beam located nominally in the center of the sample. The Hd:YAG heam entered the
sanple surface at near normal incidence.

A 2 mi Hele laser was used as a source for the Strehl detector'® and was aligned to be
collinear with the 1.06 un beam. Since the 24,7 cm focal Jength Tens would focus the Helle bean
to a different point in space than the 1.06 un heam, two lenses preconditioned the HelMe bean to
bring the two laser beams to a focus at approximately the same point. A knife edge test of the
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HeNe beam yielded an e~2 radius of 36 um located approximately 6.5 mm in front of the Md:YAu
beam's waist. A dielectrically coated mirror, having a reflectivity of 70% at 632.8 nm and a
transmissivity of 99% at 1.06 um, was used to separate the two beams, and to allow observation
of the diffraction pattern from the damage site on the screen.

The reflected HeMe beam was then sent through the optics comprising the Strehl detector.
The Strehl detector consisted of a 5 mm aperture centered on the HeMNe beam, a 2.5 cm focal
length lens, a KG-3 crystal to block any stray 1.06 um radiation, and an unbiased pin photodiode
detector. The photodiode output voltage was then displayed on a digital voltmeter and recorded
on a strip chart recorder.

The Strehl detection system was vsed exclusively to determine the presence of damage. Past
work has shown excellent agreement (>95%) between the Strehl detector and a post-irradiation
examination under a 100X rncrosccpe’l The microscope examination was therefore deemed
unnecessary. A post-irradiation Strehl intensity of less than 0.995 was used to determine if
damag%a had occured. This corresponds to the formation of a 2 um diameter, or larger, damage
site.

Prior to performing the damage experiment, each sample was examined to determine the
relative number of inclusions. The use of the scattered 1ight from a HeMe beam (other than as a
Strehl detector) has been prevwéxs’ly used successfully as an indication of the number of
inclusions in various samp1es In order to attempt to compare our current samples with
each other and to compare these results with the previous work done at Seiler, the current
samples were also studied to determine the average number of scatterinag centers/volume. A 5 mw
HeNe beam was focused into the sample by a 30 cm lens. The depolarized scattered 1ight was
observed through a 30X microscope. The average number of micron-size particles (bright
scattering centers) within the 0.4 mm° volume of the HeMe track was observed with the
microscope. These results are incorporated in table 1.

Table 1. Summary of the Damage Results (peak fluences at 50% probability of damage)

Sample Content # Scatt FTH (10Fpps, F/FTH
Centers /mm3 Her=1000)

$-61 MMA +5.0% nRA 13 67 J/cm 2.4 J/cm? 0.036
5-621 MMA +5.0% nBA 23 69 1.1 0.016
$-50 MMA +11% nRA n 642 1.22 0.019
5-58 MMA +5.2% IDM 4 120 10.2 0.085
$-53 MMA +10% IDM 16 932 - --
5-52 MMA +20% IDM 7 1012 10.72 0.106
5-56 MMA +5.3% EA 6 103 - --
5-571 MMA +5.1% EA 14 73 1.6 0.022
$-63 MMA +5.1% CHM 23 56 3.1 0.055
5-543 PEMA 3.4 1052 -- -
5-554 PEMA 52 562 3.42 0.061
MOTES: 1. uv polymerized. Unless noted sample was thermally polymerized.

2. old beam profile used; values converted (see text).

3. filtered and polymerized thermally over 2 1/2 nmonths

4. filtered with A1BM initiator added.
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3,

s

.h 3. Sample Preparation

P

Ny The several copolymers studied were prepared from the dried {with CaHp) bulk monomer. A1l

N the copolymer samples were fractionally or vacuum distilled to remove the hydroquinone inhibitor

1 and then filtered with a 0.22 um porosity membrane filter to remove as much dust as possihle.

_‘ The copolyner components were then placed in the polymerizina ampoule. The weight of each
W component was recorded. The copolymers were then sealed in their cylindrical ampoules (17 mm
o~ dia x 6 cm long) and either polymerized in a 409C thermal bath (most samples) or polymerized

) by the uv (300-400 nm) radiation {Samples S-57 & Samples S-62) from a laboratory mercury lamp.

\ﬁ A11 these samples polymerized in approximately three days. The PEMA samples were only filtered

NG and placed in the temperature bath. S-55 had 4.03 mg azoisobutyronitrile added as an initiator;
’ S-54 did not. S-55 polymerized quickly (one day) while S-54 took two and one half months to

" o polymerize, presumbably due to the presence of the inhibitor and Tack of initiator.

)

¥

;:" 4., Results of the Damage Experiment

)

" The damage results reportsd in table 1 were analyzed by the following methods which have
k been described previously.g,1 The single-shot damage at five or more sites for each peak
fluence was reduced to a probability of damage for that fluence. The peak fluence Fry

¢

)

D)

Al

( corresponding to 50% probability of damage was determined by generating a Tlinear least squares
fit (LSF) to the data (figure 3).
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Figure 3. Single-shot damage data for sample 56; the + indicates the threshold fluence level

oo SN
DL

The 10 pulse per second (pps) multiple-shot data was similarly treated according to the
method reported at the 16th Laser DNamage Symposium.12 The probability of damage at a given
fluence for N=10, 25, 75, 100, 200 and 1000 shots was first determined. FEach probability set
for a given M was analyzed for the 50% probability peak fluence according to the single shot
method described above. A plot of N vs. peak fluence level was then made (figure 4).
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A1l the reported damage thresholds have been converted to the values expected for a
spatially filtered Gaussian beam (S-50 through S$-55 and previously published PMMA data in table
2), or were actually determined using the filtered, Gaussian beam {S-56 through S-63). A factor
of 2.27 + 0.07 was used to convert the aata obta1ned with the non-Gaussian beam to compare then
to the Gaussian beam data. This factor was obtained by comparing threshold peak fluence levels
for the same sample in both types of beams, and it was checked against the pinhole data for the
non-Gaussian beam.

1000 o
NcRrR B
500 |
200
0 1 I 1 t +—— | i | |
0 10 20 30 40 50

PEAK FLUENCE, J/cm?2

Figure 4. Multiple-shot, 10 pps data for sample 62
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Table 2. Cgmparisoqzof Copo1ymer_Samp1es and PEMA with Previously
eported'c PMMA of Similar Inclusion Density
Sample g Scatt. 3 Sing1e-Sh8t PMMA # Scatt. 3 Sing1e-$h3t
enters /rm Fry (3/cm?) Sample Centers/mn Fru*(J/cme)

S-61 13 67 E-20 7.1 66
S-62 23 69 RO-1 20 73
S-50 N 64 E-20 7.1 66
S-58 4 120 S-43 1.7 m
$-53 16 93 RO-1 20 73
S-52 7 101 E-20 7.1 66
5-56 6 103 E-20 7.1 66
S-57 14 73 E-20 7.1 66
$-63 23 56 RO-1 20 73
S-54 3.4 105 S-43 1.7 m
$-55 52 56 RO-3 3 73
*Previously reported data'é converted to equivalent values for filtered Gausstan beam profile.

It is apparent that our ability to reduce the impurity content (as indicated by the number
of scattering centers observed) was not good for the 11 copolymers and PEMA shown here. We have

shown previously'YV, that there is a strong correlation between scattering centers and the
damage thresholds. However, within the above restriction it also seems that varying the
copolymer content does little to influence the damage resistance of the sample. S-61 and $-50
have increasing amounts of n-butylacrylate (nRA) (5% and 11% by weight, respectively), and S-58,
S-53 and S-52 have increasing amounts of isodecyl methacrylate (IDM) (5.2%, 10% and 20% by
weight, respectively), but neither copolymer conclusively demonstrates an increasing damage
threshold. In fact, the opposite is true for the nBA copolymers and nothing can be concluded
for the IDM copolymers.

IDM does have the largest and heaviest side gvoup, thus it will spread apart the polymer
chains and make the entire polymer more elastic. This is a desired effect, because it will
improve the viscoelastic properties of the sample_and thus should increase the damage threshold
of the material as indicated by Nyumaev, et. al.! The same comparison should be true for the
nBA (S-61 or $S-62) copolymers vis-a-vis the ethylacrylate (EA) copolymers (S-56 or S-57) but
does not hold.

It is probable that the inclusion content is so large that only a big change (j.e., nRA or
EA to IDM) in the copolymer will have a significant effect.

A comparison of polymeriation methods was attempted with $-56 (thermal) and S$S~57 (uv) and
also with S-61 (thermal) and S-62 (uv) with the expected resglt that S-57 and S-62 would exhibit
improved thresholds based on our previous work with prmA, T This is not true, but it should
also be noted that the particulate content of S-57 and S-62 is higher than their thermally
polymerized counterparts, even though all samples were prepared under conditions as identical as
possible. It is clear that the inclusion content has the greater influence and no trend can be
established for these samples.
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SO The two samples (S-54 and S-55) of PEMA recorded were the initial attempts at making these
‘-.'z. samples. The inhibitor was not removed, and initiator was added to S-55. It is clear that
SN adding the initiator added inclusions and decreased the damage thresholds of S-55. This was

expected. PEMA is interesting however, because it is still relatively hard, but is softer than
PMMA. PEMA should therefore have improved viscollastic properties and greater damage resistance.

P W

iy,
)

S-63 is a copolymer of MMA and cyclohexy! methacrylate (CHMA). BRoth materials alone make a
hard polymer and PCHMA additionally tends to crystallize and become milky in appearance. The
copolymer sample studied was slightly cloudy, and there is 1ittle in its results to indicate any
improvement over the other samples. In fact, its single-shot behavior is relatively worse than
the other samples, while its multiple-shot behavior is not much better than several other
samples.

W

o
Wals

[N ')

X, -
S

Finaliy, a comparison of the samples with PMMA of similar inclusion content is shown in
table 2. It appears that the copolymer material, or PEMA, has a somewhat higher single-shot
damge threshold. However, the differences are not very great, and certainly no sanple had
damage thresholds greater than some of the PMMA samples previously r'epor'ced.1

v
e
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It is thus unclear whether copolymers or a different methacrylate polymer will have a
significantly improved laser damage threshold.

g

«

-J'\-‘
o .
o 5. Conclusions
e
; _.’j The apparent improper characterization of the sombrero function beam's peak fluence yields a
M significantly lower damage threshold than those obtained with a properly determined Gaussian
° peak fluence. The high inclusion density present in our samples probably masks the bulk
S material properties that would influence the damage threshold. The copolymers and PEMA shows a
e
o nodest improvement in single-shot threshold level over PMMA, which agrees with the Soviet
R literature.6, The multi-shot threshold improvement of copolyrers over that of PMMA is
L s
ol inconclusive for our samples. We did not observe the ipproved multi-shot threshold performance
P of the copolymers as was reported by Dyumaev, et. al.’/ Finally, due to the large number of
-r:-:" inclusions in our samples, work in this area needs to be continued with better prepared samples.
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r Improvement of The Bulk Laser Damage Threshold of
) o Potassium Dihydrogen Phosphate Crystals by Ultraviolet [rradiation
ANy
q\-."‘-
M A. Yokotani. T. Sasaki. K. Yoshida. T. Yamanaka and C. Yamanaka
~
O
o
- [nstitute of Laser Engineering. Osaka University.
t Suita. Osaka. 565. Japan.
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< )
2:¢Q Potassium dihydrogen phosphate (KDP)crystals were grown under the irradiatior of
N ultraviglet light. The bulk [aser damage threshold was iwproved two to three times (15 -
) 20 J/cm™) compared to the case of crystals grown by conventional methods. Microbes such
P as germs and bacteria are frequently generated in the KDP solution with the usual growth
{ method. causing a low damage threshold. A main reason of the low damage threshold is due
M to the organic materials such as microbes or their carcass which are incorporated in the
,:g growing KDP crystals.
R
) }‘C hey words : potassium dihvdrogen phosphate: crystal: harmonic generation: high power
_JC% iaser: laser fusion: damage threshold: wultraviolet light: wmicrobes: germs: bacteria:
® pasteurization: dissociation.
-~
A
° b'.."
AL
-;in 1. Introduction
Tu
t‘r-‘
," ~ ,Potassium dihydrogen phosphate (KDP) crystals which can withstand the irradiation over 10
el J7cm® with a 1 ns pulse at 1.053 pym laser wavelength are necessary for the harmonic generagion of
A fusion lasers. Typically as-grown crystals have the bulk laser damage threshold of 6-9 J/cm”.(1.2]
?.qj Swain showed that the baking and pulsed laser irradiation of KDP crystals improved the laser
; 2 damage threshold without describing the reason. (3]
1 f
Q - The KDP crystals are usually grown from the aqueous solution at the temperature range between
2l 60°C and 20°C. ‘Microbes are sometimes observed in the KDP solution during the long growth term in

O

spite of stirring of the solution. [f these microbes or their carcass are incorporated into the

AN growing crystals. the damage threshold will show the lower values than the intrinsic wvalue.

P because the damage threshold of the organic material is much lower compared to the inorganic

2o material. To prevent the creation of the microbes in the KDP solution we have grown KDP crystals

\jnj under the irradiation ot ultraviolet ¢ UV ) light.

O .

a0 The KDP crystals which have been grown2by this method showed the increase of the damage

threshold two to three times ¢ 15 - 20 J/cm”™ ). We have also performed the experiment of the

o

O effect of the ultraviolet irradiation on the bulk laser damage threshold of KDP crystals after

KN\ growth.

S

\Q'*

i“*ﬂ 2. Damage threshold of KDP crystals grown under the UV irradiation

0

‘DN

‘ 2.2. Crystal growth unit

4

-

oida Figure | shows the crystal growth unit. The inner vessel was made of glass which was durable

;‘u; against the LV radiation. Low pressure mercury lamps with Suprasil quartz tubes of which input

W :} tower were 10 and 20 W were used to pasteurize the KDP solution. The mother liquor w2s 9 liters
) and the temperature falling method was adopted to grow crystals. The starting temperature was 45

., C. The solution was filtered with 0.2 um membrane before starting of crystal growth. Z-cut seed

Iy crystals of which cross section was 5cm x Scm were used. The growth rate of Z-axis was 3 - 8

{tﬂ mm/day. The technique of crystal habit control by metal impurities such as Cr and Al was

i used.id4] The growth term was approximately one month.
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2.2. Investigation of microbes in KDP solution

The microbes In KDP solution were studied by using Water Sampler from Millipore Limited ( SPC
Total-Count Sampler ). This is a standard method for total bacteria count in water. In the case
of soluticn unpasteurized by the UV lamps. a number of colonies of gel-like germs appeared on the
sampler after one or two days of incubation. Figure 2 illustrates a typical photograph of such
germs. The gathering of white strings are certain kind of mold which generated in the air
atmosphere from the gel-like germs.

We could not observe such germs from the solution pasteurized with the UV lamps even after
four or five days of incubation.

2.3. Laser damage test facility

Figure 3 shows the experimental setup of glass laser damage test facility. The measurement of
the bulk laser damage threshold was performed using a Q-switched YLF laser (1.053 um) of
transverse and longitudinal single mode with a 1| nsec pulse. The pulse was focused into Z-cut KDP
samples by a lens of which focus length was 3.5 cm. The surfaces of KDP crystals were finished
with combination of diamond turning and wet polishing with 0 05 ym al!uminun oxide powder. The
damage was oObserved by eyes. A He-Ne laser was also used to find the small damage spots by
utitizing the scattering from the damage spots. The focus spots was moved shot by shot.

2.4. Results of damage test

The results of the damage threshold measurement are shown in figqure 4. The abscissa 15 damage
threshold and the ordinate shows number of samples. The empty squares 1]llustrate the sanmples
grown without the UV irradiation. The shaded squares shows the samples with the UV 1rradiatioy.
In the case w1 hout the UV irradiation. most samples showed the damage thresholds of 6-10 Jscm™.
whereas, for the samples with the LV irradiation showed considerably higher damage thresholds ( 10-
22 Jsem™ ). There 1s a tendency that larger the intensity of UV irradiation is. higher the damage
threshold becomes.

R4
In a few cases without the LIV irradiation. very high damage thresholds ( 20 J/cm”™ ) were also
observed. We consider that one reason of the wide spread of the damage thresholds may be due to
the differences of the initial conditions of the KDP powders. We did not investigate the quantity
of microbes or other organic impurities in the KDP powder before dissolving in pure water.

3. Effect of the UV irradiation on KDP crystals after growth

We have investigated the effect of the LV irradiation on KDP crystals after growth. Lowrencc
Livernore laboratory reported that the repetitive Xenon flashes were not effective. (2]

Ve used the LV light from continuous high pressure Xenon lamp of which input power was 500 W.
The experimental setup 1s shown in figure 5. The KDP samwple whose dimension was 1.5 ¢m x 1.5 ¢ X
3 cm wao set at the distance of 5 cm from the Xenon lamp. This sample was cut from the crystal
growh at the growth rate of 8 mm/day with addition of Cr and Ai ions to the solution. The bulk
damage threshold were measured as a function of the distance from the [V irradiated surface. which
1< 1llustrated 1n figure 6. Exposure time of the Xe lamp was 3 hours. The damage threshold
decreased almost exponentially with the distance. The temperature of the sample became almost 50°C
die to  the 1rradiation of Xe lamp but there was no temperature distribution in the sanple.
Therefore we can say that the increase of the damage threshold was induced mainly by the UV light
and  not by the thermal effect. Figure 7 <shows the damage threshold as a function of the LV
exposure time. The data weire taken at a distance of Smm from the LV 1rradiated surface.

Although we tried to measure the difference of the absorption spectra of KDP crystals arown

with and without the UV Jamps. 1t was too small to measure. Instead. we have measured the change
of the absorptinn spectra of a KDP solution which was kept for a long term (  approximately one
month ) At roem  temperature  and had mich microbes. The results are shown 1n Figure 8. A

continiouns high pressure Xe lamp vhose input power was 500 W again used for the LV irradiation.
The transmttance ancreased only by filteration of the solution with 0.22 pm membrane and more
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5 increased hy the fupther Hg irradiation. The germs and bacteria generally have the . Codn e
“¢: LUV regionst 3000 A -2000 ). So it can be sard that aodisaoeiation o these  opee crred
A induced due to the UV light and the absorption decreased.  althonsh the auantiiv o '

! material in KDP crystal is fewer than this KDP solution., the camr v aci b may
2 KDP crystal by the IV irradiation anl s o resndt the dogoae bl 00 0 g g oo

~

:5{ We could not obtain this iwprooosent of the dawaage the e Lo ey S ‘
[ samples trom other runs. a2t wost o o avgrevoment o coboap et T S : -
;j}{ reason.
P,
! 1. Conclusions
§ »
a’ : Tw  types  of experiments were performed to ymprove Yhe balt Taser damaae thr e O [
" :, crystals.  One  was to grow KDP crystals under the vV oarradiations The otber vas (o L
Sy crystals which had finmished arowing by the IV light. The prec nl woris are ampepyzed TRR
( 1) The damage threshoid of the KDP crvstal amproved two to three tiwes (36 20 J’rmy‘ o P
crystals under the rradiation of the UV Light compared to the cose af the opvat. Lo
conventional methods.
2 A main reason of the low bulk laser damage thresholds of as arown KDP crvatal g . P e
theorporation  of  organic matertals «spch as acprws and theyr carcass which were oo o e

mother soltution during the growth.

3) In some cases, the UV trradiaticn on KDP crvatal atter avrowth was effective In S the
damage threshold decreased almost evponentially with the dystance from the TV vy o oe e b e
Thie eftect was anduced by the dissoctation of the UV o byabt and net by the heo

4)  Enough  attention must he pard for the EDP covatalg amovth o net vo e oo o i gt
materials such as germs, bacterta and their carcass in the KDP sofot oy

This techmique canh be adopted for other crvatal arowth froapn bt oy ol o
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Laser-Induced Damage in Doped and Undoped Fluorozirconate Glass
Nastaran Mansour, Shekhar Guha, and M, J. Soileau

Center for Applied Quantum Electronics
Department of Physics
North Texas State University
Denton, Texas 76203

Bernard Bendow

BDM Corporation
1801 Randolph Road, SE
Albuguerque, NM 87106

and

Diane Martin
Air Force Weapons Laboratory
Kirtland AFB, NM

Results of Taser-induced damage studies in doped and undoped fluorozirconate (FZ)
glass in the system of ZrF4-BaF2 LaF ;-A1F 3 are reported. Measurements were made at 1.06
and 0.53 um for pulsewidths of 45 psec and 20 nsec (FWHM), respectively. The breakdown
thresholds are significantly reduced for material doped with Cr, Mn, Ni, and Nd. The
decrease in breakdown thresholds at the fundamental wavelength (1) for the doped material
was found to be roughly proportional to the 1inear absorption of the specimen at the
second harmonic (1/2). This suggests that two-photon absorption (2PA) is instrumental in
initiating damage in.the doped specimens.

Key words: avalanche breakdown; fluorozirconate glasses: laser-induced damage;
nanosecond pulses, picosecond pulses; two-photon absorption.

1. Introduction

Heavy-metal fluoride (HMF) glasses [1-3] have attracted considerable interest in recent years
as potential multispectral materials for a broad range of components such as laser windows, IR
domes, laser hosts, lenses, prisms, filters, and optical fibers. While many HMF glasses have been
synthesized, probably the most attention to date has been directed towards three types of HMF
giasses, namely fiuorozirconate-type (FZ), rare-earth (RE), and transition-metal (TM) fluoride
glasses. FZ-type glasses are composed primarily of ZrF, or HfF,, in combination with BaF, and a
variety of tertiary components such as LaF3 ThF4, and alkali-f uorides. RE glasses [4,5], which
are usually based on ThF, and BaF,, in combination with ZnFZ YbF Fq, AlF 3 and/or LiF4, offer
extemded IR transparency f6] and improved chemical durability relatlve to FZ glasses. Another less
studied group of glasses are the TM fluorides [7,8], with typical compositions consisting of
combinations of the fluorides of bivalent metals such as Mn, Co, Ni, or Zn; trivalent metals such
as Cr, Ga, or In; and other constituents such as PbF, and AlF3. From a practical standpoint, the
fabrication technology for FZ glasses is the mos% advanced of these, and some fairly large
(> 20 cm) size components with good optical quality have been produced. FZ-type glasses can be
continuously transparent from about 0.3 um in the near-UV (fig. 1) to about 7 um in the mid-IR
(fig. 4). They are readily doped with a variety of RE and TM ions for active applications.

The objective of this investigation is to obtain information on laser-induced damage in
fluorozirconate glasses (FZ). Measurements were conducted using picosecond pulises at 1.06 um and
nanosecond pulses at 0.53 um. To date, there have been no reports in the literature on these
measurements, FZ glasses were chosen for this study because of their good optical quality and
their technological importance.

For the present study, doped and undoped FZ glasses with the compositions indicated in table 1
were acquired from Le Verre Fluore, St. Erblon, France. These samples were prepared by standard
melting techniques starting from oxides and/or fluoride constituents [2]. Polished samples in the
form of discs (diameter=2.5 cm and thickness=3.5 mm) were used in the experiments.
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2. Experiment

The laser source used in the picosecond regime was a passively mode-locked, microprocessor-
A controlled, neodymium:yttrium aluminum garnet (Nd:YAG) oscillator-amplifier laser system operating
( at 1.06 um. A single pulse of measured Gaussian spatial irradiance distribution was switched from
Ca the mode-locked train and amplified. The temporal pulsewidth was 45 psec [full width at half
A maximum (FWHM)]. The width of each pulse was monitored by measuring the ratio of the square of the
energy in the fundamental (1.06 um) to the energy in the second harmonic, produced in a Lil05
crystal [9]. The ratio was calibrated by measuring the pulsewidth using an autocorrelation scan.
For the nanosecond pulses the laser source was an actively Q-switched Nd:YAG laser system operating
at fundamental wavelength (1,06 um) with an oscillator and one amplifier. Single pulses of
\ measured Gaussian spatial profile were produced by the oscillator and amplified by a single pass
" through the amplifier. A KDP* crystal was used with the Nd:YAG laser to produce pulses at 0.53 um.
] . The crystal was temperature controlled for Tong-term energy stability at the second harmonic.
o, Residual 1.06 um radiation was eliminated by reflection off three dichroic mirrors. The temporal
; pulsewidth was approximately 20 nsec (FWHM) at 0.53 um., The width of each pulse was monitored by a
; PIN photodiode detector and fast Tektronix storage oscilloscope (Model 7834),

The experimental setup at 1.06 ym is shown in figure 5. At 0.53 um the experiment was per-
formed in a similar setup as given elsewhere [10]. The spatial beam spot size (of the unfocused
beam) was determined by pinhole scans. A 40 mm focal length lens, designed for minimum spherical
aberration, was used to focus the light into the bulk material. A rotating half wave
plate/polarizer combination was used to vary the irradiance on the sample. The energy incident on
the sample was continuously monitored by a sensitive photodiode peak-and-hold detector, and was
calibrated to a Gentec (ED-100) pyroelectric energy monitor. The incident beam polarization on the
sample was changed from linear to circular by adding a quarter-wave plate in front of the focusing
lens. Each site was irradiated only once, and damage was determined by the observation of
scattered light from a coaxial HeNe laser as viewed through a 10x microscope.
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3. Results and Discussion

-
S5

Tables 2 and 3 summarize the results of measurements of the laser-induced breakdown threshold
for fluorozirconate (FZ) glasses, undoped and doped with Cr, Mn, Ni, and Nd. The doped and undoped
FZ glasses were studied with linearly and circularly polarized light at 1.06 ym. The uncertainties
listed in the tables of data are relative error obtained by the method used in reference 11. All

. ey,

e the data presented in ta%les 1 and 2 were taken using 45 psec (FWHM) pulses and a calculated 6.2 um
j‘ focused spot size (HW1/e“M in irradiance). The values given for the electric field are rms fields
v corresponding to the peak-on-axis irradiance. As indicated in the table of data, the breakdown
- fields decrease significantly for all the doped FZ glasses. However, the most reduction in laser-
- induced breakdown at 1,06 um is observed in the FZ samples B, C, and D (fig. 6) which are doped
—~ with the same molar percent (table 1) of trivalent metal Cr. In these three samples (B, C, and D)
i the breakdown field decreases roughly by a factor of 2 compared to undoped FZ sample A. From this,
L we conclude that doping with Cr significantly reduces the optical breakdown of FZ glasses at
h _:- 1.06 um.
T We carried out the same measurements for circularly as well as linearly polarized light in
- order to confirm the absence of self-focusing in these measurements. The breakdown field for
. linearly and circularly polarized light are displayed in figure 7. As clearly represented by bar
o graphs, the breakdown field remains unchanged (to within +5%) for undoped and doped FZ glasses.
ot Thus, we conclude that self-focusing was not a major contributor to the observed laser-induced
& damage [10].
O
X In the nanosecond regime, results of the laser induced breakdown measurements at 0.53 um for
'.j the undoped and doped FZ glasses are given in table 4. For all data summarized in this tablf (4)
“ we used 20 nanosecond (FWHM) pulses and a calculated focused spot size equal to 2.7 um (HW1/e‘M in
® irradiance). As shown in figure 8 the optical breakdown thresholds decrease for doped FZ glasses
= with Cr, Mn, Ni, and Nd. At this wavelength (0.53 um) the decrease in thresholds was larger in
‘< samples doped with Cr, Mn, and Nd.
Cal
- Figures 1, 2, and 3 are the linear spectra for the undoped and doped FZ glasses for wave-
i lengths ranging between 0.2 and 1.2 um. These linear spectra were acquired using a Perkin-Elmer
> spectrophotometer (Model 330), The existence of impurity states within the energy gap for FZ
. glasses doped with Cr, Mn, Ni, and Nd can result in two-photon absorption which in turn can
‘. initiate laser induced breakdown in these materials. Our experimental results were found to be in
. good agreement with a two-photon assisted electron avalanche breakdown mode)l as given in reference
'J 10. In this model it is assumed that laser-induced breakdown occurs when the density of free
s carriers generated by a combination of two-photon and avalanche processes reaches some critical
N
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value, Ng. In the avalanche process the buildup of free carrier density is given by

nBt
Ng = N, e (1)
where ng = net ionization rate
N0 = initial free carrier

The net ionization rate for laser-induced damage is a function of the breakdown field, EB, Some
authors have proposed models [13-15] which predict an ionization rate given by:

Then eq. (1) can be written as
N, = N e s (2)

where "a" for our experiment is a constant related to many factors such as: frequency of light,
pulsewidth of laser 1ight, the momentum transfer collision time, effective mass and electron
charge. The model proposed in reference 10 assumed that the initial free carriers are generated by
two-photon absorption from impurity states within the bandgap. Therefore, N, can be written as:

N =n
o]

where n = density of two-photon allowed impurity states.

Taking the natural log of eq. (2) yields:

aEg = -ln n + const (3)

The final assumption is that the density of two-photon allowed states at the fundamental wavelength
(») is proportional to the linear absorption at the second harmonic (2/2). For that assumption
eq. (3) gives:

(4)

ES( - a (al)
jat iat 2/2

where a = linear absorption coefficient at the second harmonic wavelength

1 = length of sample

This analysis [eq. (4)] predicts that the breakdown field at 1.06 um should be proportional to
the natural log of the abs%rption at 0.53 uym. Fiqgure 9 is a plot of the square of the breakdown
field at 1.06 um [(MV/cm)¢] versus the negative natural logarithm of the linear absorption at
0.53 ym for the undoped and doped FZ glasses. A similar plot, for the breakdown field squared at
0.532 um versus the -1n of the linear absorption at 0.266 um is given in figure 10. The linear
absorption was calculated from the linear spectra of these material (figs. 1, 2, and 3) using the
assumption that the change in index of refraction is negligible in the wavelength range between
0.532 and 0,266 um, The agreement with the prediction of eq. {4) is quite good considering the
retative simplicity of the model and the assumptions made. Note that we measured the laser induced
damage for the undoped and doped FZ glasses at 1.06 ym in the picosecond regime; however, the
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measurements at 0.53 um were performed in the nanosecond regime. In spite of the complexity
associated with laser-induced damage mechanisms for dielectric materials, our experimental results
are quite consistent with two-photon-assisted electron avalanche processes.

4,  Summary

Laser-induced breakdown was studied for undoped and doped fluorozirconate glasses at 1.06 and
0.53 um. Samples doped with Cr, Mn, Ni, and Nd were investigated. Laser-induced damage thresholds
decrease significantly for doped FZ glasses. The breakdown threshold field for sample A is approxi-
mately 25% lower than that of Si0, in similar conditions for 1064 nm. However, all samples have
substantially lower threshold fields (on the order of a factor of 5 lower) at 532 nm [9,15]. The
reduction of the damage thresholds at 1,06 and 0.53 um was found to be related to the increase in
linear absorption at the second harmonic of the light used to produce the damage. The experimental
results are consistent with a model that assumes that damage is caused by two-photon absorption
initiated avalanche breakdown. The two-photon absorption is assumed to be associated with states
within the bandgap which are due to the added dopants.

The authors from North Texas State University acknovledge support of the 0ffice of Naval
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second damage studies at 0.5 and 1 um,"
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Linear transmission spectra for FZ glass samples A and B for a wavelength range between

0.2 to 1.2 ym.
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spectra were acquired for the other FZ glass samples.
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and doped FZ glasses at 1.06 um for a laser pulsewidth of 45 ps.
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‘ Table 1. Compositions of fluorozirconate glass samples.
I
"
- ZrF BaF LaF AlF CrF MnF NiF NdF
[ 4 2 3 3 3 2 2 3
- Sample Color {molar %) (molar %) (molar %) (molar %} (molar%) (molar %) (molar %) (molar %)
-
l
: A Clear 57 345 4.5 4
B Green  56.75 34.25 45 4 05
. C  Green 56.5 34 45 4 05 0.5
b D Green 565 34 45 4 05 05
.
§ E Violet 55.75 33.75 4.5 4 1 1
Wy
¢ F Yellow 56.75 34.25 45 4 05
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L
02
~
'w.: Table 2. Laser-induced damage data for undoped and doped Flucrozirconate glass at 1.06 um using
{ :_, linearly polarized light. The laser pulsewidth was 45 * 15 picosecond (FWHM).
Y
b
{ IBL EgL PeL FBL
N Sample GW/cm2 MV/cm KW J/em2
N
:§: A 1418+173 18.68+1.14 847 + 103 68.02 + 8.31
::: B 384+ 12 9.72+0.15 229+ 7 18.42 + 0.57
-3 c 398+ 45 9.90+056 238+ 27  19.10+2.16
g D 226+ 48 7.47 +0.79 135+ 29 10.87 +2.32
o E 612+ 75 1228076 366+ 45  29.37 +3.61
:0. F 767 +109 13.74+0.98 458 + 65 36.80 +5.25
.
' 4 IgL = breakdown irradiance (peak on-axis irradiance)
( EgL = breakdown field
S Pgr = breakdown power
SN FgL = breakdown fluence
oy
W
¥ ':;-\.'
¥ : Table 3. Laser-induced damage data for undoped and doped Fluorozirconate glass at 1.06 um using
i~y circularly polarized light, The laser pulsewidth was 45 =« 15 picosecond (FWHM).
o
-
P,
: f_ﬁ: Isc Egc PeC Fec
o Sample GW/cm2 MV/cm KW Jfem?
N{'\
LY
! A 1611+271 19.92+1.67 962 + 162 77.28 £ 13.00
Vo 8 416+ 52 10.12+0.63 248+ 31 1996+ 2.49
:'; c 380+ 32 9.67 + 0.41 227 + 19 18.23+ 154
o D 269+ 38 8.13 + 0.57 161+ 22 1289+ 1.81
‘5.: E 627 + 43 12.43+0.42 375+ 26 30.09+ 2.06
s, F 786+ 54 13.91+0.48 470+ 32 37.73+ 2.59
X Igc = breakdown irradiance (peak on-axis irradiance)
:j- Egc = breakdown tield
1Sy
S PBC = breakdown power
o, Fgc = breakdown fluence
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Table 4. Laser-induced damage data for undoped Fluorozirconate glass at 0.53 um for a pulsewidth

R

" Ig Eg P Fg

™

X - SAMPLE GW/cm2 MV/cm kw J/em?2
>
: :’_‘ A 201+340 226%¥0.19 2331040 427172
k- B 1341183 1861012 1551021 284%39
. c 106138 1.65%¥0.11 123%0.16 22529
i D 731%028 136%¥0.03 0851003 155% ¢
o E 960096 157%0.08 1.11%0.11 204121
L~ F 1811183 2.15%0.07 2.09%0.21 384139
y E Ig = breakdown irradiance (peak on-axis irradiance)
! Eg = breakdown fieid

n Pg = breakdown power

™ Fg = breakdown fluence
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Platinum Particles in the Nd:doped Disks of Phosphate Glass
in the Nova Laser*

D. Milam, C. W. Hatcher and J. H, Campbell
Lawrence Livermore National Laboratory
P.0. Box 5508, L-490
Livermore, California 64550

The disks of Nd:doped phosphate glass in the amplifiers of the Mova laser contain platinum
particles with sizes ranging from < 5um (detection 1imit) to about 100ium, The particle
density varies from about 0.01 to 1.0 cm~3. These particles cause fractures when irradiated
at fluences > 2.5 J/cm¢ delivered in T-ns, 1064-nm pulses. Under repeated irradiation at

5-7 J/cm, damage from small (< 5um) particles asymptotically approaches a limiting size, but
damage surrounding the larger particles grows steadily. The damage threshold fluence,

2.5 J/cme, corresponds to operation of Nova at one-half the desired ovtput for pulse
durations longer than 1 nsec. Operation at higher fluences causes accumulation of damage in
the output amplifiers and requires replacement of the disks in those amplifiers on an
accelerated schedule.

Large-area damage tests have been used to characterize samples from recent melts made to
reduce the number of platinum particles. The 500-J, 1-ns pulses available at the midpoint of
an arm were used to produce fluences of 7-10 J/cmZ over test areas 6-9 cm in diameter.

Similar irradiations of areas 25-30 cm in diameter were accomplished using 5-kJ, 1-ns pulses
available at the output of an arm. Preliminary results from these experiments indicate that a
significant reduction of the inclusion density can be obtained through changes in the vendor's
glass melting conditions.

Key words: platinum inc’usions, phosphate glass, borosilicate glass, large-area damage tests.

1. Introduction

Isclated bulk damage sites caused by laser irradiation of platinum inclusions have been
observed in the components of the Nova laser and its predecessor, Novette, These damages occurred
in amplifier disks made of Nd-doped phosphate laser glass and in lenses made of borosilicate
glass. This problem was first encountered in operation of Novette, a laser with two beam lines
(each arm with 10 kJ, 1 ns output), each identical to one of the ten beams of Nova.

The output stage of a beam line arm of either of these_lasers contains groups of Nd:glass
amplifiers with apertures of 20.8, 31.5 or 46 cm (Fig. 1).1,2 Each group of amplifiers is
followed by a vacuum spatial filter. A laser pulse passing along the beam line is amplified at
one beam diameter to the desired pulse energy, and then focussed into a spatial filter which
removes small-scale spatial ripple and enlarges the beam diameter to properly match that of the
next group of amplifiers. A spatial filter at the output of the 46-cm amplifiers provides a
final cleaning of the beam and increases its diameter to 74 cm which is maintained over the final
path to the target chamber.

As a result of this series of amplifications and beam expansions, the variation of pulse
energy or beam fluence with position along the chain is an approximately sawtoothed function
(Fig. 2), with the largest fluence occurring at the output of the last 46-cm amplifier. During
generation of 10 kJ, 1-ns pulses, the average fluence over the effective area of the 46-cm beam
(1330 cm?) is 7.5 J/cm?. Because this large fluence exists at the input to the final spatial
filter, the fluence at the maxima of beam ripples may be more than 1.5 times the spatially
averaged fluence. The components in this region of high fluence are the output 46-cm amplifier
disks and the 46-cm input lens to the final filter. The lens is positioned normal to the beam
and experiences the full beam fluence. Note, however that the fluence is lower in the 46-cm
amplifier disks because they are positioned at Brewsters angle.

*Work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract No. W-7405-ENG-48,
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Internal damage in a 46-cm spatial filter lens occurred during the initial full power pulses
generated by Novette. Several small volumes each containing an internal damage were cored from
the lens and broken to expose the centers of the damages. When these locations were examined by
scanning electron microscopy, each was found to contain a platinum particle,

Because the glass was purported to be platinum free, this failure was initially believed to
be an isolated incident caused by an identified degradation of a platinum stirrer used in
production of the glass. However, replacement lenses made from glass purchased from two other
vendors also damaged, indicating that platinum was probably present in most of the available
homogeneous glass, all of which had been produced in platinum crucibles. The problem of damage
to borosilicate glass was circumvented by fabricating the heavily Toaded Tenses from high purity
fused silica. To date, bulk damage has not been detected in these silica lenses.

A more serious problem arose when bulk damage was observed in the phosphate glass amplifier
disks in Novette. This problem could not be solved by substitution of materials because all
presently available laser glasses are melted in platinum. A group of chemists, physicists and
engineers was assembled to address the task of eliminating platinum. There were five major goals
of the group:

(1) measure the thresholds for damage to selected individual platinum inclusions and the
rate of growth of the damaged volume surrounding the inclusions,

(2) develop an accurate model for the damage caused by Taser heating of Pt inclusions,

(3) assess the damage on Nova and determine a safe operating range during the period of
amplifier repair,

(4) develop a reliable quality assurance technique for inspecting large volumes of glass for
the presence of Pt inclusions, and

(5) work with the glass vendors to quantify the mechanisms for platinum introduction and
develop processing conditions to eliminate or minimize it.

The first four of these tasks are completed and significant progress has been made on item §
to make us confident that Pt particles can be eliminated from the laser glass. The primary intent
of this paper is to review the currently operating status of Nova and progress on understanding
the Pt damage mechanism. The results from other aspects of the work will be briefly summarized
to provide necessary background information.

Platinum inclusion damage in laser and optical glasses has been a recurrent problem throughout
history of high power lasers. 1In particular, platinum damage in silicate laser glass has been
well known for many years (see, for example, the review in Ref. 3). 1In some laser systems, the
platinum inclusions were not a problem. OQur previous high power laser, Shiva, used a Nd:silicate
glass and we observed no damage in that system. However, results from current studies of the
Nova glass indicate that Shiva operated just below the Pt damage threshold.

It was anticipated that use of a phosphate based laser glass would cause a reduction of the
problem with platinum inclusions, because the solubility of Pt is much greater in phosphate
glasses than in silicates. When phosphate glass was selected for use in Mova, five 156 cm x 15 cm
x 2 cm sampies were tested with 1-ns, 1064-nm pulses at 12 J/cm? using a 6-cm diameter beam
produced by an arm of the Argus laser. These experiments indicated that the glass might typically
contain one small (< 10 um) inclusion in each 10 cm®. This estimate of inclusion density appears
to be correct for all but a few of Nova's disks. However, these gualification studies did not
correctly predict the large sizes (up to 250 um) of some of the inclusions that have been found
in glass supplied for Mova, or the growth of the damaged volume that would result from repeated
irradiation of those large inclusions,

2. Results from Platinum Inclusion Damage Studies

2.1 Experimental Studies of Individual Inclusions

Individual inclusions with major dimensions ranging from 4 to 75 um were tested with 1064-nm
pulses having durations of 1.3, 9 or 50 ns. Thresholds for initiation of damage were 2.5 + .3,
4 + .4 and 8 + 1 J/cm?, respectively, at these three pulse durations. These thresholds scaled

with pulse duration (1) as 10.31 (Fig. 3) and, as expected for particles greater than one
micron, the thresholds were independent of particle size. Damage surrounding small (< 5 um)
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inclusions generally grew to stable dimensions of < 250 um, while damage surrounding Targer
inclusions £> 5 um) grew to dimensions of 400-1000 um dur1ng irradiation by 5-10, 1-ns pulses

at 5-9 J/cm
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2 o Special Publ. 356, 1971)

g ) O National Matls. Advisory
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Figure 3: Measured damage threshold due to Pt° inclusions for laser pulses of several
durations. The open circles represent the results from our sgudy and the line
represents the threshold calculated by Pitts.

2.2 Modeling Inclusion Damage

The temperature of a laser-irradiated platinum particle was calculated using a numerical heat
transport code (Topazs, ) that allowed heat conduction into the interior of the irradiated
particle and into the surrounding glass, and cooling of the particle by radiation. Literature
values were used for the absorption coefficient of platinum and for the heats of fusion and
vaporization. Temperature dependence of the absorption coefficient was not treated. The Pt
vapor_state was described using the equation of state employed in the LASEX Taser fusion computer
code.’ Details of these calculations are given in the paper by Pitts.®

For pulses with duration of 9 or 50 ns, the calculated values of the fluences necessary to
heat the surface of the particle to the vaporization temperature of platinum agreed with
experimentally measured thresholds for initiation of damage. For 1-ns pulses, the calculated
vaporization fluence was about one half of the measured threshold (Fig. 3). Calculated
vaporization fluences were 1ndependen§ of particle size (for particles with dimensions > 1.0 um)
and varied with pulse duration as 10 While the discrepancy between calculated and measured
1-ns threshold has not been resolved, there is close agreement between the results of Pitt's
calculationsé and the experimental results obtained both at LLNL and in other studies (Fig.

3). The model calculation suggests that the damage surrounding a platinum particle occurs as a
result of fracture driven by the pressure of Pt vaporized from the particle surface. Efforts are
underway to model the growth of the damage during repeated irradiatior.

2.3 Status of Nova

A schematic diagram of the components in an arm of Mova is agiven in Fig. 1. The 12 disk
amplifiers are identified by numerals. Figure 2 gives the spatially averaged fluences present in
each amplifier during generation of nominal 10-kJ, 1-ns and 20-kd, 5-ns pulses. Fluence values
are those in a plane normal to the beam, Fluences inside a given disk are lower by a factor of
n-1, where n is the refractive index of the glass (n = 1.53). Also shown are bands representing
the measured thresholds for damage to platinum inclusions induced by pulses with durations of
either 1 or 5 ns. The displayed thresholds are larger by a factor of 1.53 than the actual
measured thresholds (Fig. 3). Recall that the thresholds were measured in samples oriented
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p {aj normal to the test beam. We assume that it would be necessary to increase the beam fluence by a
":; factor of n to damage inclusions inside the Brewster oriented disks.

*h
[ % -
NN At the time we began evaluating Nova, each of the ten arms had been used to produce 1-ns
' pulses with energies in excess of 8 kJ. If the experimental data (Fio. 3) correctly represented
. the damage thresholds for the glass in Nova, damage should have occurred in each arm in the last
: ~ three 46-cm amplifiers (numbers 10, 11, 12) and the last 31.5-cm amplifier, PRecause the local
‘\“- fluence values exceed spatially averaged fluences, some damage might have occurred in the input
) jt 46-cm amplifier (#9) and the fourth 31.5-cm amplifier (#7), The 20.8-cm amplifiers and the first
‘ three 31.5-cm amplifiers should not have damaged,

-
¢ : Several disks were removed from Nova and inspected. For each of these disks a map was
{.) constructed giving the lTocations and approximate sizes of the damage sites. Similar inspections
4.: were made of disks removed from the two-arm laser, Novette, when it was disassembled and moved
W into place as the final two arms of Nova. Almost all of the 46-cm disks and many 31-cm disks
5 contained damage. The volume density of damages ranged from about 1 to 0.01 cm-3, with typical

densities being 0.05 to 0.1 cm=3. None of the 20.8-cm disks were damaged. The sizes of the
’33 damage sites depended on the fluences that had been experienced by the disks. This is illustrated

in Fig. 4 which gives (for four 46-cm disks) normalized plots of the fraction of sites exceeding
a given dimension and in Fig. 5 which gives the median size of damages in seven disks as a
function of fluence.

-H'

s
:: The size of the damages is the parameter that most strongly effects the operation of Nova.
o Codes that model Nova operation indicate that the beam quality is not seriously degraded if the

;wxj components contain a low volume density of beam obscurations with sizes < 250 um, Larger
> obscurations produce beam ripple that can damage optical elements 1ying downstream, and very
PY large (>> 1 mm) obscurations block a significant fraction of the beam. Data indicate that
4 disks used at fluences near threshold contained damage smaller than the 250 um 1imit., In disks
SO subjected to fluences well above the damage threshold, the median size was greater than 250 m,
,ﬁu: and the largest damages had diameters > 10 mm (Fig. 4).
o
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Figure 5: Median damage size found upoen inspection of Nova disks vs. the
average fluence at that disk location.

The correlation between the level of damage found in several of the Mova disks and the
experimental data that we have recently generated can be used to predict which disks are likely
to be damaged by a particular use of the laser. For safe operation at 1-ns and 10 kJ per beam
(100 kJ total output), replacement of the eight 46-cm disks and of at least eight 31.5 cm disks
in each arm is required. If each arm is to safely produce 20 kJ, 5-ns pulses, replacement of
almost all 46 and 31.5 disks and the final 20.8-cm disks will be required. Until replacement
glass is available, the Taser can be safely operated at 5 kJ/arm (50 kJ total) with the existing
glass. Currently we have about 2 years of experiments that require less than the 50 kJ output.
This is sufficient time for us to replace the current glass with platinum free glass.

2.4 Inspection of Glass

Certification that Pt® inclusion-free glass has been obtained will require an improved
inspection procedure. Previously, the most effective technique for finding a low volume density
of inclusions in a large volume of glass was to illuminate the sample from the back or through
its edges and visually search for scattering centers. Even after the inclusion problem had
become apparent and the visual inspections were being executed with great care, less than 50% of
the inclusions were identified in most samples. Detailed microscopic examinations required too
much time and were sometimes no more successful, Automated 1ight scattering experiments are
probably capable of detecting inclusions, but do not readily distinguish between inclusions and
other bulk defects such as bubbles or surface defects. The only procedure known to be completely
successful is a destructive damage test. Irradiating an inclusion with 5-10 pulses having
fluences well above threshold produces a damaged volume that is readily visible.
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To guide the initial experiments aimed at improving glass, two large-area damage experiments
were attached to the Nova laser. One was positioned at the midpoint of an arm and allowed
irradiation at fluences of 7-10 J/cm¢ of areas with diameters of 6-9 cm. The second was at the
output of an arm and allowed similar experiments over areas 25-30 cm in diameter, These
experiments have been very successful in determining the damage susceptibility of large glass
samples, but use of Nova as a damage tester is highly impractical. To minimize shot time required
from Nova, a separate system was built to allow rapid scanning of a glass sample with the beam of
a commercially available 20-Hz Q-switched Nd:YAG laser. The beam from the laser is slightly
focussed so that the fluence at the sample is about twice the damage threshold for the 8-ns

pulses. Successful use of this §ystem to locate platinum inclusions in glass is described in a
separate paper by Marion et. al.

2.5 Progress on Improved Glass Melting

Staff members at LLNL are working with scientists at the two Nova laser glass vendors (Hoya
Optic, Inc. and Schott Glass Technologies, Inc.) to eliminate the Pt inclusion problem in
phosphate laser glass. Details of glass manufacture at both these facilities are proprietary, so
progress can only be discussed in general terms.

In brief, both companies have sought to control the Pt problem by (a) reducing or eliminating
possible outside sources of Pt contamination and (b) adjusting process conditions to put or keep

all Pt in solution, i.e. as ionic Pt (which does not damage) rather than as metallic inclusions
(which do damage).

Considerable progress has been made in hoth areas. Recently we have tested 7 large pieces of

glass having a total volume of about 17-182 and found an average of less than 0,20 inclusions
per liter of glass. (Four pieces of glass were completely Pt° free).8 These new pieces were
prepared under conditions designed to convert any metallic Pt° to its ionic form. The samples
were tested using both Nova and our new QA inspection tool at 2-4 times the damage fluence. A
series of further process changes are in progress that should reduce the Pt inclusion level to
Tess than 0.1 per liter? thus meeting our design specifications. For comparison, the current
Nova disks have Pt° inclusion concentrations of between 10 to 1000 per liter, thus the current
new glass represents a 50 to 5000 fold improvement.

We have begun procurement procedures necessary for the replacement of the Nova glass., Our
present plans show construction of production melting facilities beginning in January of 1986 and
being completed by about May. Production melting should begin in May or June, and the first
replacement glass is expected to arrive at LLNL in Sept. or Oct. The complete replacement
process will take about 18 to 24 months.

The large-area damage test facilities at Mova were designed and installed by the mechanical
engineering staff of the fusion laser program. We are especially grateful to Brigitte Gim and
Daniel Clifton for their major roles in that installation. Large-area experiments required the
assistance of the Nova operations crews (shift leaders are Glenn Hermes, Gary Ross, and Timothy
Wieland), and of two individuals, Janice Lawson and Carolyn Weinzapfel, who conducted some of the
large-area testing. Inspections of disks removed from lasers for evaluation were done by Gary
Edwards and Donald Gemmell of the Nova clean room staff. The authors also benefited from the
council of Stanley Stokowski, Perry Wallerstein, Ian Thomas, Howard Patton, John Marion, John
Pitts and Frederick Ryerson, who are members of the group working on this problem.
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Evolution During Multiple-Shot Irradiation of Damage Surrounding

T Isolated Platinum Inclusions in Phosphate Laser Glassesx
%
QE: R. P. Gonzales and D. Milam
o Lawrence Livermore National Laboratory
S University of California
. P.C. Box 5508, L-490C
\ Livermore, California 94550
LN
Ta
k)
ey Platinum inclusions in samples of laser glass were placed in the center of a 2-mm~diameter
? beam and repeatedly irradiated with 1064-nm laser pulses having durations of 1.3, 9 or
c:‘ 50 ns. The initial major dimensions of the particles ranged from 4-75 um, The thresholds
e for initiation of damage were 2.5 + 0.3, 4 + 0,4 and 8 *+ 0.8 J/cmz, respectively, for
(' the three pulse durations used in the tests. Thresholds were independent of particle size.

Three particles with initial dimensions of 4, 5 and 8 um caused damage smailer than
250 um. One 6 um particle and all particles larger than 10 um caused larger damage.

.
s

.-.i

&.~:$ Key words: platinum inclusions, bulk laser damage, phosphate laser glass

'\: -".

. -u‘ 1. Introduction

:#:- Although it is desirable that glasses used in large lasers should be free of inclusions, the
_j& presence of a few small inclusions might be acceptable., For example, the codes that model the
e NOVA laser predict that the quality of this laser's output beam would not be seriously effected
\f: if the laser's components contained a low volume density of beam obscurations with sizes below

¢ ~ 250 um.1  A11 of the platinum inclusions that we have located in samples of Md:phosphate

3 glass initially had sizes well below this 1imit., However, when these inclusions were repeatedly
x: irradiated by Taser pulses, the sizes of the damaged volumes surrounding some inclusions were
o much Targer than 250 um, This growth of damage complicates the development of adequa‘e
js' specifications for the inclusion content of laser glass. The preferred option is to insist on

..-

complete elimination of metallic inclusions, but this may be difficult to achieve in large
melts. Another option is to eliminate only those inclusions that will cause unacceptably large
damages, but exercising this option requires an understanding of the relationship between the
initial size of an inclusion and the ultimate size of the damage volume produced by repeated

LS
Lo,

.

- irradiation of the inclusion. The primary purpose of the experiments described in this paper was
e investigation of that relationship. Additionally, we needed to measure the dependence of the

;j& threshold for initiation of damage on both the duration of the laser pulse and the size of the
_,: inclusion,

l-’ l'

o 2. Samples

John Marion ard Susan Winfree of Lawrence Livermore National Laboratory provided small glass
samples each containing one or more platinum inclusions, In their inspection of several liters

p 'Q of Nd:doped phosphate glass, they located three types of inclusions: spherical bubbles,
'\ irregularly shaped transparent objects believed to be microcrystals, and opaque inclusions. In
gﬂ.g each instance that an opaque inclusion was exposed and analyzed, it was found to be metallic
platinum. Because it was necessary to leave inclusions encased in glass during damage tests,
opacity was used as a criterion for selecting inclusions for testing. After the damage tests
were completed some of the inclusions that had been tested were exposed, analyzed, and found to
Jo be platinum, We are reasonably certain, therefore, that all inclusions studied were metallic
e platinum.
. -~
N
. -
fod
> *Work performed under the auspices of the U.S. Department of Energy by Lawrence Lijvermore
@ National Laboratory under Contract No. W-7405-ENG-48.
Wl
v\
e
ll‘,::
oy 12¢
L
7
Al

'y “V\!

A "-a ' .’}
5! #P ﬂhﬂt

n-'l‘:§|l ) l.l‘ X

YA PO -!" L L L "-:“ "-_'.‘»‘V' q VAR AR
W(ﬂxdﬁ&'h “WW%Wﬂwlh.uohﬁ.J.m._ﬂ;.pﬁuamd

-"v‘x

‘:. (




- J..ALL

oy

L e o
472 2 & A a

n_fie Ji0 g9

e

R i A

-

Sizes of the inclusions were determined by optical microscopy. PRecause the inclusions were
opaque, this measurement gave only the linear dimensions in a plane normal to the direction of
observation, and the thicknesses of the inclusions were unknown. The major dimensiors of the
tested inclusions ranged from 4-70 um. Attempts to locate inclusions smaller than 4 um were
unsuccessful,

3. Damage Testing

The samples were mounted in the microscope station on our 1064-nm laser damage experiment,
with the polished surface above the inclusion oriented normal to the incident beam.? The
inclucions were centered in the beam which had almost Gaussian fluence distribution and was about
2 mm in diameter at the e-] level. In such a beam, fluence over a centra) area with diameter
of .65 mm is > 90% of the peak on-axis fluence. The beam was, therefore, large compared to the
250 um size of interest. Peak on-axis fluences were determined to within + 7%,

Each inclusion received a sequence of single-shot irradiations usually beginning at a fluence

level near 1 J/cm. Flucnce was sequentially increased until the damage threshold was

exceeded, and then increased additionally to a selected level which was sustained in additional
irradiations until the size of the damage either stabilized or exceeded 250 um. For tests with
1.3-ns pulses, the fluences used during these repetitive irradiations were 5-7 J/cmZ, which are
identical to the spatially averaged fluences existent inside the 46-cm amplifiers of an arm of
Nova during production of pulses with output energies of 10-15 ky. For experiments with either
9-ns or 50-ns pulses, the selected level for sustained irradiation was chosen to be about 2-2.5
times the threshold fluence.

Because threshold level damage was usually observed during the first few pulses of each
sequence, these experiments did not determine whether damage could have been produced by a large
number of irradiations at lower fluences, However, most of the inclusjons tested were taken from
a 20.8-cm amplifier disk that had ~perated at fluences of 0.5-1.0 J/cm? during more than 500
shots in the Novette laser, and this series of irradiations by pulses with durations < 1-ns had
not caused damage at any of the inclusions in the disk. We infer from this that the multi-shot
1-ns threshold is not significantly below the typical 1-ns threshold (~ 2.5 J/cm?) determined
by use of a few irradiations.

The occurrence and growth of damage at an inclusion was observed by usina a microscope to
inspect the inclusion after each irradiation. Most of the larger inclusions had irregular
shapes, and damage at threshold consisted of one or more small fractures extending a few microns
into the glass surrounding the inclusion. These initial fractures usually had shapes that were
peculiar to individual inclusions. During a few irradiations at fluences above threshold, the
damage evolved into a circular planar fracture oriented normal to the incident beam, This is
believed to be the typical geometry of damage surrounding an inclusion, although additional or
more intense irradiations sometimes produce complex damage consisting of intersecting planar
fractures and lobes of damage 1ying along the direction of the incident beam.

4, Data

In most of the experiments, repeated irradiation of the inclusion caused damage larger than
250 um. Data obtained in the test of the largest inclusion studied (major dimension of
75 um) are given in Figs. 1 and 2. The inclusion survived three irradiations at fiuences up to
2.4 J/cm?, and damaged during the fourth shot at 3.8 J/cm?. Two additional irradiations at
higher fluences caused rapid growth of the fracture surrounding the inclusion, but the growth
ceased when the fluence was reduced to < 2.5 J/cm?. Four additional irradiations at higher
fluences caused damage much larger than 250 um, Photographs of the damage are shown in Fiq, 2.

For three of the inclusions, the damage grew to a size that remained stable under repeated
irradiation. Data obtained in the test of an 4-um particle are given in Figs 3 and 4. The
particle survived 5 irradiations at fluences as large as 2.5 J/cm?, The damage stabilized
after the fourteenth shot at 12 J/cmé, and did not grow during the final 27 shots.

A1l of the data generated in these experiments are summarized in Table 1,
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o Table 1
N Size of Damage Surrounding Particles with Varied Initial Dimensions.
f:'.
S
% & Laser Pulse Test(a) Number (D) Initial Final Size of Damage, um (D)
':,p“ duration, Fluence of shots Particle stabiTized unstabiTized
: \JQ ns J/cmé size,um
Ly
i N
e 1 6-10 36(9) 4 176
v )
A 1 5-7 20(14) 6 240
e
o
e 1 5-7 49(6) 8 75
-"'..
( - 1 57 9 18 410
«
i1
b 1 3-9 8 25 750
A L]
“‘:
ot 1 4-7 7 70 1000
e
o 9 5-9 9 17 380
oo 9 5-9 8 18 440
{ i 55 8-20 6 6 340
X
o
e 55 9-20 5 18 390
oo
- 55 8-20 6 19 500
S
Y
.5_\'- (a) Rarge of fluences for which growth of damage was observed.
Sy
.-:'_: (b) Number of shots applied at fluences within the stated range. Bracketed values
) are numbers of shots during which damage grew prior to stabilization.
@
R
K-~ 5. Discussion of Results
SO
:-:-: 5.1 Maximum Allowable Size for Platinum Inclusions
::':: We did not find a monotonic relationship between the initial size of an inclusion and the
P stable size for the damaged volume surrounding the inclusion. O0One particle with initial
v dimension of 6 um and all the particles larger than 10 um caused damage larger than
Mo 250 um, Three particles with initial dimensions of 4, 5, and 8 1m caused damage that
) remained smaller than 250 um. The fluence at which qrowth of damage ceased was 5-7 J/cm?
o delivered in 1.3-ns 1064-nm pulses. Therefore, the limited data indicates that repeated
RS irradiations at 5-7 J/cm? of an inclusion with initial size of 4-6 um might not cause damage
o larger than 280 um. We believe that larger damage might i*e nroduced at larger fluences.
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Several mechanisms have been proposed to describe the termination of the growth, It is known
that platinum is distributed onto the fractured surfaces surrounding an inclusion.3 During
multiple shots, the platinum might eventually become so thinly distributed that the net
absorption of 1ight was reduced below that required to produce additional fracturing. This
mechanism could explain why the damage surrounding an 8-um inclusion was smaller than that
surrounding a 4-um particle. It is possible that the 8-um particle was a thin platelet

whereas the apparent 4-um size was the projected view of a particle with relatively large
volume.

The calculations by Pitts4 suggest that the damage is driven by high pressure vapor boiled
from the heated surface of the particle. Under this model, the fractured volume becomes a more
effective vent for the vapor, and the crack tips to which force must be applied become more
distant, as the damage grows. While this allows limitation of growth, the quantity of vapor to
be vented should be proportional tc the irradiated area of the particle, so this model has some
difficulty accounting for the nonmonotonic relationship between the sizes of particles and damage.

5.2 Threshold vs. Particle Size

The 1.3-ns thresholds were 2.5 + 0.3 J/cm? for inclusions with initial major dimensions
ranging from 4-75 um, and the 50-ns thresholds were 8 + 0.8 J/cm? for inclusions with initial
sizes ranging from 6 to 19 um. Therefore, thresholds were independent of particle size. A1l
models for inclusion damage, beginning with the earliest major treatment of the subject,5
predict this result which is caused by the limited dimension for heat flow during short time
intervals. In a material with thermal diffusivity D, the characteristic dimension for heat flow
in time t is x =/Dt. For platinum, D = 0.24 cm2 sec-1, and x = 0.15 um for t =1 ns and 1.1 m
for t = 50 ns, The heat deposited in 1-50 ns cannot be distributed across the surface of a
particle with size > 4 um, so the heating at each point on the surface of such large particles
is almost independent of heat deposition at other points on the remainder of the surface.

Analytical models also predict that inclusions with diameters of about 0.1 um would be most
effectively heated by 1-ns pulses, and we initially suspected that laser glass containing large,
visible particles might contain many particles with sizes below 1 im. With a single exception,
results of damage tests of large volumes of laser glass indicate that about 50% of the bulk
damages occurred at sites containing rather lTarge inclusions that had been located during pre-test
inspections. A large fraction of the additional 50% contained large (> 5 um) inclusions that had
not been detected before they were made more visible by damage. Therefore, we must assume that
the existing laser glass is either free of very small inclusions, or that repeated irradiation of
very small inclusions fails to cause damaged volumes large enough to be readily detected.

5.3 Variation of Threshold with Pulse Duration

Thresholds mgasured at the three pulse durations, 1.3, 9 and 50 ns, were 2.5 + 0.3, 4 + 0.4
and 8 + 0.8 J/cmé, As shown in Fig. 5, these thresholds scale with pulse duration 1 as t@
with a = 0.3, “However, all theoretical models4.,5 predict the scaling should be 0.8,

If the smaller scaling rate of the experimental data is due to measurement error, then the
actual 1.3-ns threshold mus% be less than the assigned value of 2.5 J/cmZ, or the 50-ns threshold
must be greater than 8 J/cm¢, The latter possibility is readily dismissed. [amage was observed
at 8 J/cmt in the 50-ns tests, and fluence measurements in that test were accurate to within
+ 7%. It is possible that the assigned 1.3-ns threshold is too large. Pitts estimates that the
damage produced by threshold level 1.3-ns irradiation might consist only of cracks extending
A 1 um away from the inclusion. One could argue that our assigned value, 2.5 J/cm?, is the
fluence necessary to produce a detectable level of damage, and not a true threshold,

There are additional facts that assist in bounding the 1.3-ns threshold. The inclusions
tested in these experiments were taken from a Novette amplifier that had survived many
irradiations at ~ 1 J/cmz, so the 1.3-ns threshold is not less than this value. Secondly, the
level of damage found during examination of selected components in Mova can be explained if the
1.3-ns threshold is near 2.5 J/cm. It is also generally true that inclusion damage has not
been a problem in large glass lasers operating at fluences below 2 J/cmZ, The Shiva and Argus
laser, for example, were free of inclusion damage. Therefore, all evidence available suggests
that the 1.3-ns threshold is 2.5 J/cm?, and additional experiments and modeling will be
required to understand the discrepancy between experimental and theoretical values of the
threshold scaling parameter for 1,3-ns pulses.
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{ 6. Summary
A Particles with initial dimensions greater than 4-6 um will cause damage larger than
ey 25G um when the particles are irradiated by 1-ns pulses at fluences of 5-7 J/cm¢, Damage .
B around smaller particles may remain acceptably small., The size range of acceptable particles is
;2 based on a few measurements, so it is somewhat uncertain and it also probably depends on the
K., fluence level at which the particles are irradiated.
For the large particles, the threshold for initiation of damage was independent of particle
7t size, and for pulse durations between 1,3 and 50 ns, varied with pulse duration as tV.
1
)
)
_.
q We are grateful to several co-workers for assistance during this study. John Marion and
5 Susan Winfree prepared test samples containing inclusions. Numerous helpful discussions were
b, held with members of the group (headed by Jack Campbell) formed to study elimination of platinum
Q0 from glass.
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{
s Multiple Pulse Damage Studies of BK-7, KCI
e and Si0, at 532 nm
i
N.j:; D. Kitriotis, L. D. Merkle and A. Dodson
v
!‘g Department of Physics
) University of Arkansas
{.:} Fayetteville, AR 72701
N
N We report the results of damage studies at 532 nm on BK-7 glass, KC1, fused silica
l:_{ and two grades of crystalline quartz using a frequency douted, Q-switched YAG laser.
o This work represents the initial stages of a program to investigate the mechanisms of
. multiple pulse laser-induced bulk damage in transparent solids. Comparison of BK-7
( damage behavior with that of fused silica shows 1ittle effect due to the color center
. generation which occurs in BK-7 due to its small band gap. Commercially grown KCl
K- exhibits multiple pulse catastrophic damage at fluences significantly below single pulse
o "threshold", probably due to grown-in defects. Laser-induced damage behavior has been
<o compared between two grades of crystalline quartz, with the surprising result that the
njx nominally less perfect material is the more resistant to damage. The presence of “etch
':,: tunnels" may be involved, but considerably more study is required.
1;_ Key words: borosilicate glass: crystalline quartz; fused silica; multiple pulse damage;
:,' potassium cil-ride; pulse repetition frequency.
:&S 1. Introduction
143} In this paper we report the first results of a research program being undertaken at the
Ty University of Arkansas to study multiple pulse bulk damage and the spectroscopic properties of
( laser-irradiated transparent materials. The purpose of this program is to investigate the in-
‘ fluence of microscopic defects, both pre-existing and laser-induced, on catastrophic damage proper-
j ties of solids. It is believed that such investigations will contribute to understanding of the
e mechanisms of multiple pulse damage, which several recent studies haye shown to involve gradual,

perhaps[tran51ent, and very elusive laser-induced property modifications prior to catastrophic
damage [1-5]

RN X

This paper contains early results of a study using 532 nm 1light to damage BK-7 borosilicate
glass, single crystalline KC1 and both fused and crystalline Si0,. These materials were chosen to

O

Ix permit comparisons between substances with band gaps far larger %han twice the energy of the inci-
A dent photons and one with a gap of less than two 532 nm photons (BK-7). In addition, two grades
4{}. of crystalline quartz were studied, permitting inyestigation of the influence of pre-irradiation
! ,: defects and impurities on damage resistance.

o

24 In section 2 the experimental technique and apparatus are described. Section 3 presents and
L discusses damage data on crystalline quartz, including the most striking observation of this study:

0.4 . Y . ‘y . . .

‘.;‘ the dramatic difference in damage behavior between twc samples of quartz differing only modestly

Ny in concentrations of the most common impurities. In section 4 damage data on fused silica and
3 > BK-7 are compared for evidence of the influence of their very different band gaps, and in section 5
L the observation of multiple pulse damage in KC1 is reported. In the final section the interpreta-
"y tions of all these results are discussed, as are the needed directions of future work.

.B’

L J 2. Experiment
G
'}} The experiments reported in tnis paper are straightforward multiple pulse damage experiments
e in which a sample is irradiated with a train of nominally identical laser pulses and the number of
O pulses required to induce catastrophic damage is noted. The irradiating laser beam is focused
.~ tightly into the bulk of the sample so that only bulk damage is obtained. In this work “"cata-

O strophic damage", or simply "damage", is defined as the event in which a flash of light, a sudden

° increase in light scattering as observed by eye, a sudden decrease in transmission and the genera-
7T tion of a bubble-like damage track occur. These indicators of "damage" are all found to occur on
.j: the same pulse, so that the above definition can be applied unambiguously.

*I

:{ The experimental apparatus is diagrammed in figure 1. Irradiating pulses were produced at a

~
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jn: pulse repetition frequency of 10 Hz by a Q-switched, unstable cavity Quanta Ray DCR-1 Nd:YAG laser.
e In these experiments the output was frequency doubled and the 532 nm 1light separated from the re-
Lo sidual 1064 nm light by a prism. The annular cross section of the output beam was converted to a

smooth central spot with only several percent of the Tight remaining in concentric diffraction
rings by means of a spatial filter and subsequent apertures. The spatial filter was assembled us-
ing two positive and two negative lenses to produce a very long focal depth and large enough focal
spot radius that air breakdown could not occur. The beam was focused tightly into the sample using
a 25 mm focal length plano-convex lens. 2The resulting focal spot was found by knife edge scans to
be adequately fit by a Gaussian with 1/e” radius in the range 5.7 microns to 11.7 microns, depend-
ing on configuration of the spatial filter and apertures.

gy P |
AR

|‘) The temporal profile of the laser pulse is not well characterized. The laser operates in mul-
o tiple modes with a band width of about one inverse centimeter, so that the pulse of nominally 10

et nsec duration contains Targe spikes unresolvable by available detectors. For this reason all re-

NN sults are presented in terms of fluence rather than intensity.

AGN

A The scatter from a coaxial He-Ne laser beam was employed as a convenient real-time indicator
N

i)

of catastrophic damage.

Several aspects of the experiment were controlled or monitored by a microcomputer (LSI-11) by

;f:’ means of a CAMAC crate. Pulses were counted and the incident pulse energy was monitored using a
;'x; calibrated Hamamatsu S1723-02 photodiode. Due to the small focal size, energies of only 10 uJd to
) 300 uJ were required. The energy stability during multiple pulse experiments was typically #15%,
!rt; and experiments in which variability exceeded +20% were rejected. A Hewlett-Packard 5082-4220
WS photodiode monitored the transmitted energy, and a computer controiled shutter was used to start
:;' and stop each experiment and to provide pulse repetition frequencies lower than 10 Hz.

S 3. Crystalline Quartz

S

;:f{ A comparison of multiple pulse damage in two grades of single crystal quartz has been under-
AL taken to investigate the influence of pre-existing impurities and defects on damage in $i0,. Sam-
:}: ples of "Premium Q" grade and "Electronic" grade quartz from Thermo Dynamics, Inc., were cut and

b polished for beam propagation along the z-axis. Premium Q quartz has a lower concentration of OH
{ ions than Electronic grade, and typically has lower concentrations of Al and the dislocations which
3 give rise to "etch tunnels" as well [6]. Such impurities and defect structures may well affect the
*Q damage behavior of the material.

~

f‘i& The results of damage tests on these materials due to 532 nm irradiation are shown in figures
Wy 2 and 3. In each case each data point represents an experiment in which a previously unirradiated
Ay section of the sample was exposed to the number of laser pulses indicated on the logarithmic verti-
i:) cal scale at the average on-axis fluence indicated on the horizontal scaie. Different symbols in-
o dicate experiments terminated by catastrophic damage and those ended without such damage, as indi-
Jqs cated in the captions. The focal spot radii employed are also noted.
f.l
e The most striking feature of the data is the dramatic difference in damage resistance between
. the two samples. The Electronic grade sample was found to be considerably stronger against laser
,{J damage, both single and myltiple pulse, than the Premium Q grade at 532 nm. The scatter in the
L s data is too Targe to yield well-defined single pulse damage thresholds, particularly for the
o Electronic grade sample, but the approximate "threshold" for Electronic grade is clearly about
ﬁﬁ. twice that of the Premium Q grade.
'wﬁ{ Two other observations may be made regarding the Premium Q damage. The dependence upon focal
;% . spot size evident in figure 2 is qualitatively similar to that commonly observed in many materials
g and widely attributed to randomly distributed damage-promoting impurities or defects. Data were
LI taken with pulse repetition frequencies of both 1 Hz and 10 Hz with indistinguishable results, so
e the laser-induced property changes which lead to damage after many pulses must live much longer
i{g thar one second.
ﬁ%} In an attempt to identify the pre-irradiation properties responsible for the very different
:l; damage resistances of the Premium Q and Electronic grade samples, comparisons of their concentra-
oy tions of OH, Al and etch tunnels have been made. Estimates of the relative OH concentrations were
juj made by comparisog]of the absorpfion coefficients of the two samples at two OH absorptiqn wave
® numbers: 3410 cm  and 3500 cm . Aluminum concentrations were measured by Larry Ha]hbur"con of
po Oklahoma State University using electron spin resonance on small samples cut from the material ad-
K- jacent to each damage sample. Adjacent pieces were also cut and polished, then subjected to an etch
S5 in saturated ammonium bifluoride solution by a technique similar to that reported by Vig, et al. [6]
:::_ A1l measurements were made on z-growth material, as were the damage tests themselves. The results
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;:" are summarized in table 1. Note that the approximate densities of pits on the etched surfaces are
: X listed. The density and size of the etch pits made it difficult to see etch tunnels extending into
oGy the bulk with a standard microscope, but according to Vig and coworkers most etch pits should be
o0 the surface terminators of etch tunnels [6]. Note that the Premium Q sample has the lower concen-
{ trations of OH and Al, as expected. However, these subtly different concentrations appear unlikely
I to account for the large difference in damage resistance between the two materials.
g‘

s
N/ Table 1. Comparison of OH, Al, and etch pit densities in Thermo Dynamics 11-7-83-85 (Premium Q)
4y and Thermo Dynamics 11-14-83-29 (Electronic grade) quartz samples.
)
._,l
l;) Impurity Absorption Coefficient or Concentration C%Premium Q)

in Premium Q in Electronic C(Electronic
ok, agq10 S 0-245 et agq10 ° 0-26 cn’!
o~ OH . 1 . -1 0.94-0.97

o0 a3cqg = 0.17 cm 3500 * 0.175 ¢m
X :‘. Al 3.7 ppm atomic 4.4 ppm atomic 0.84

-

A 3 - -
:-’ etch pits 103-10% cn2 10%-10% cn? ~10

o’

®
3 :; The very different damage behaviors may be related to the large difference in etch pit con-
; . centrations. The dislocations which give rise to etch tunnels contain broken or strained bonds

- and are thought to contain high concentrations of alkali impurities. Thus they may contain elec-

tronic states which could couple to the irradiating light to promote damage. The low density of
such tunnels implied by table 1 dirtates that damage dependent upon irradiation of such structures
would be initiated at coarsely distributed locations, particularly in the Electronic grade sample.
However, microscopic inspection of the damage tracks indicates that 85-90% of the damage events
initiate within significantly less than 100 um of the focal plane. Note also that microscopy pro-
vides no evidence of inclusion-controlled damage. Thus it remains unclear what defect or impurity
gives rise to the dramatic difference in damage behavior between these two quartz samples.
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4. Fused Silica and BK-7 Glass

It is known that BK-7 borosilicate giass, due to its small band gap, undergoes two photon ab-
sorption when irradiated by 532 nm laser light and that the resulting excitations form color cen-

O

4: ters which absorb linearly in the visible [7]. Irradiation in the green thus has channels for the
; j« excitation of electrons and the deposition of energy in BK-7 not available in fused silica, a glass
: ,: with a far larger band gap. For this reason it is interesting to compare the single and multiple
,{? pulse damage properties of these glasses.
v it

i Damage data taken on these materials are summarized in figures 4 and 5. The séngle pulse

- dama?e threshold in BK-7 is considerably lower than in fused silica: about 65 j/cm® versus 175

I Jj/cmé, respectively, when equal spot sizes are compared. This may reflect the easier generation of

o electron-hole pairs in BK-7 than in fused silica. The shapes of the pulse number versus fluence
;x' curves are very similar, however. For example, the fluence required to cause catastrophic damage
,\: in 1000 pulses is about 45% of single pulse threshold in both materials. This is perhaps surpris-
‘f:} ingin view of the generation of color centers in BK-7, which should let successive pulses encounter

a progressively less transparent material.

White, et al., found that the linear absorption at 532 nm induced by two photon color center
generation in BK—Z saturated at a value proportional to the irradiating fluence [7]. Their data
extend to 26 j/cm“, at which we observe damage after several thousand pulses. To estimate the heat
deposition due to color center absorption at that fluence, assume that the absorption coefficient

w.'*;'.l’i-i -:'. ®

- equals a constant, o, within the focal volume of the laser beam and is zero outside that volume.
N If it is also assumed that all absorbed energy is converted to heat, then noting that 1/a is large
compared to the focal depth and that /4Dt << W for a spot radius, Wo» of several microns and

pulse
thermal diffusity, D, about 0.005 cmz/sec, the maximum temperature rise due to a single pulse is
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‘{¢. Here Q is the heat absorbed, E is the incident pulse energy, V is the focal volume, p is the mass
. density and C,. the specific heat. Using_ standard room temperature values for the BK-7 properties
:}’ and 2=0.08 cm"! for a fluence of 26 j/cm® from White, et al. [7], the single pulse temperature rise
W

is only 0.5 K. Buildup of temperature from pulse to pulse is insignificant with a focal spot size
of several microns, since v40-0.1 sec >> wo.

This estimate may be too conservative due to the spikes in the temporal waveform of the laser
used in this work. Comparison of figures 2, 3 and 4 with the data of Merkle, et al. [2] suggests
that the peak intensities obtained in the present work may be an order of magnitude above those
which would obtain at the same fluence with a smooth pulse of equal duration. Using the linear
intensity dependence of the saturated absorption coefficient observed by White, et al. [7], this
still gives a temperature rise of only several degrees. Thus heating due to color center absorp-

PR~

( tion cannot significantly affect the damage process.
'4: It is 1ikely that absorption of a photon by an excited color center would produce a free con-
e, duction band electron. Thus, the presence of color centers generated on earlier pulses should
.:} promote the production of conduction band electrons to aid electron avalanche. For this reason
t\; the fact that multiple pulse damage occurs in about the same number of pulses at a given fraction
Y o of single pulse threshold fluence in BK-7 as in fused silica may indicate that the damage process
° in BK-7 is not sensitive to the concentration of easily freed electrons.
o 5. Potassium Chloride
:{: Multiple pulse damage has also been investigated in KC1 from Harshaw. Catastrophic damage of
O this material by repeated 10.6 um pulses was reported by Wu, et al., who attributed the effect to
"N the growth of damage from microscopic inclusions [8]. It is of interest to study damage at other
. wavelengths where different mechanisms may be operative.
3
f# ) Figure 6 summarizes damage experiments perfornied at 532 nm using both 1 Hz and 10 Hz pulse
‘;’ repetition frequencies. It is clear that multiple pulse damage does occur at this wavelength. The
oy

¥ scatter in the data make it evident that the damage mechanism involves interaction with inhomo-
i’ geneously distributed defects. This is supported by microscopic inspection of damage tracks, many
- of which initiate more than 100 um from the focal plane. In addition, although the majority of
o each damaged volume is spindle-shaped as in the other materials, in KC1 the damage tracks frequent-

f:) ly begin with a line of "bubbles" extending up to several hundred microns. Another possible cause
Wu of scatter in the damage data would be surface roughness. However, comparison of data taken on
¥ W samples cleaved and etched in HC1 with data on samples only cleaved tend to rule out this possi-
: s bility. Thus, although routine microscopy does not reveal inclusions in the unirradiated material,
>, it is probable that very small inclusions or other defects control the damage behavior, much as
!:} was found to be true in the 10.6 um data.
L
" 6. Discussion and Future Directions
g': It has been known since the early years of the Boulder Damage Symposium that microscopic de-
3 fects such as inclusions are important causes of laser-induced damage [9,10]. The subtleties of
ﬁ' multiple pulse damage observed in various studies [1-5] and the importance of color centers to
.“\ damage in at least one study [11] indicate that submicroscopic defects and impurities, even at the
s individual-atom scaie, must also be considered. The studies reported here provide mixed evidence
~ regarding the importance of such point defects, but may give indications as to the directions which
: further work should take.
e In commercially grown potassium chloride it appears evident that inhomogeneously distributed
» defects or impurities such as inclusions control laser damage at 532 nm. It is worth noting, how-
~ ever, that F-centers in this material absorb strongly at 532 nm. It may thus be possible to in-
"\ vestigate their effect on damage properties in highly pure samples.
Nu
[ J The comparison of multiple pulse damage behavior in BK-7 and fused silica provides indirect
o evidence that the presence of color centers in BK-7 is not important to the bulk damage problem.
ot Further work will be needed to confirm this conclusion. If it is true, the reason may be that the
~ two photon absorption possible in this material at 532 nm provides sufficient absorption and con-
e duction band electron density to initiate damage without the participation of color centers.
S
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‘:a: The most striking evidence of the influence of pre-existing defects on laser-induced damage
Chat is seen in the comparison of two crystalline quartz grades. The greatest difference in known pro-
o perties which may be correlated with the damage behaviors is found in the density of etch pits (and

( thus presumably of etch tunnels), but the observed damage morphologies do not seem to support such
e a mechanism. It is possible that differing concentrations of more densely distributed point de-
A fects may control the damage behavior of quartz. This could be consistent with the higher damage

[ xﬁx “threshold" of the Electronic grade sample if impurities such as Al or OH impede electron multipli-
e cation. In addition, numerous less common impurities may play a role.

g :ﬁ§ The quartz study is being extended by the acquisition of samples varying more widely in the

concentrations of known impurities and defects. In addition, certain of these defects can be modi-
fied by ionizing irradiation, further extending the range over which the defect parameters can be

£ _)8

\

51' varied. Systematic damage studies on quartz with differing defect content should reveal which
S species or structures strongly affect laser damage, and may lead to an understanding of the
) mechanism.

_ ey

In addition, spectroscopic measurements are being prepared to detect the absorption, lumi-
nescence and radiative recombination of laser-induced point defects. These studies should probe
the influence of point defects upon catastrophic damage much more directly.
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..t Figure 2. 532 nm multiple pulse damage data on "Premium Figure 3. 532 nm multiple pulse dam-
A Q" quartz (Thermo Dynamic 11-7-83-85). The data are in- age data on "Electronic Grade" quartz

) . 1 : .

- distinguishable for pulse repetition frequencies of 1 Hz (Thermo Dynamics 11-14-83-29). Al
'{.r. and 10 Hz. Filled circles and crosses represent experi- data were taken at a pulse repetition
\f. ments in which catastrophic damage was observed at the frequency of 10 Hz. Experiments in
N indicated number of pulses, open circles and triangles which catastrophic damage was observed
S representing experiments terminated without catastrophic are indicated by crosses, experiments
L damage. The vertical arrows on the latter indicate the without such damage by triangles.

P obvious fact that the pulse numbers at which these experi-

' o ments were terminated represent lower limits on the sur-

ol vival time of the material in those experiments.
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Picosecond Nonlinear Investigation of Accumulated
Damage in Molecular Crystals

Thomas J. Kosic#

, Jeffrey R. Hill and Dana D. Dlott*
School of Chemical Sciences

University of Illinois

Urbana, Illinois 61801

Accumulated damage in aromatic molecular crystals at low temperature is studied by
a variety of novel picosecond laser techniques. Damage in these materials is qualita-
tively different than in fused quartz, where dielectric breakdown is the predominant
mechanism. In the aromatic crystals, multiphoton ionization creates reactive chemical
fragments which are stabilized by the low temperature crystal matrix. These species
accumulate until a high concentration is reached. At that point, phonon and photon
assisted interactions release enough energy to damage the crystal. In a sense the
process can be viewed as a chemical explosion.

The picosecond YAG--dual dye laser system used for these experiments is described.
With this system we have demonstrated new methods to study damage. Subnanosecond damage
is time-resolved with a sampling technique. The mechanism of defect production and
crystal destruction is probed using damage detected spectroscopy. Scattering of the
optical phonons by the accumulating defects is detected via picosecond time-delayed
coherent Raman scattering.

Key words: accumulated damage; molecular crystals; nonlinear optics; picosecond lasers;
time-resolved coherent Raman scattering.

1. Introduction

We are a group of solid-state chemists who have recently begun investigating optical damage
in chemical materials. Most solid state chemical reactions are initiated at nucleation centers,
and the extreme conditions of optical damage in chemical materials simulates the initiation of
solid explosives. Our initial experiments were performed on acetanilide crystals at low tem-
perature [1,2]. Acetanilide crystals consist of hydrogen bonded chains of aromatic phenyl
groups. The phenyl group can be ionized to produce several reactive chemical species which are
stabilized in the low temperature crystal matrix. When these species accumulate to high concen-
tration, they begin to interact in photon and phonon assisted reactions, which produce damage in
the crystal.

In this work, we contrast the behavior of cold organic systems with optical damage in inor-
ganic glass at ambient temperature. We also describe our advanced picosecond spectrometer and
some novel techniques for studying the fundamental mechanisms of accumulated damage.

2. GOptical damage: organic versus inorganic

When a nonabsorbing glass is irradiated with intcnse pulses, bulk optical damage is caused
by dielectric breakdown [3]. The single pulse damage threshold is typically comparable to the
static breakdown voltage [3]. In accumulated damage, a material is irradiated with pulses below
the single pulse damage threshold. These pulses create defects which lower the single pulse
damage threshold. When this threshold is low enough, the material is damaged by the pulses
[4,5]. 1In most cases, only A small concentration of defects is created before the damage is
observed [4,5].

# Cuarrent address: Hughes Aircraft Corporation, El Segundo, California 90245,

Author to whom correspondence should be alds essed.
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In low temperature acetanilide crystals, multiple pulse optical damage is more like a
chemical explosion. The defects in acetanilide are very high energy centers (E = 3-9 eV) in the
vicinity of radicals or ions created by multiphoton ilonization. These defects are stabilized by
the low temperature crystal matrix and tend to reach very high concentrations (several percent)
before damage occurs. At a critical concentration, the metastable crystal is destroyed by phonon
and photon assisted processes which release the stored energy [1,2].

In our experiments, we used a 25 p laser spot size. Microscopic examination of damaged
cr§stals showed an inclusion of roughly the same diameter. To create a cavity of volume ~10"
cm about 20 uJ of irreversible work must be performed on the crystal. Thus the damage process
releases about 2000 J/cm3 of translational energy [2]. This is comparable to a TNT explosion; the
heat of combustion of TNT i3 22,000 J/cm” of which about 10% is released as translational excita-
tion. This "solid state explosion" is confined to a small volume within a cold crystal, and

typically occurs on the time scale of about 1 ns,.
3. Time-resolved laser experiments
3.1 Laser system

Figure 1 is a block diagram of the laser system we used for our experiments. The Nd:YAG
laser, shown in the inset, is continuously pumped and is pulsed with an acoustooptic Q-switch and
mode locker. It produces a very stable pulse burst of about 50 pulses, each 120 ps in duration,
and the largest about 80 uJ. The repetition rate can be varied from single shot to 1000 Hz. The
pulses are gaussian in time and in spatial profile, and are transform limited. This system
provides a particularly clean, reproducible source for damage measurements, especially multiple
pulse measurements. The gaussian beam can be focussed to a spot size of 5 u. This corresponds
to a fluence level of about 100 J/cm, and a power density of 10 “W/cm®, values which are above
the damage threshold of most materials.

SINGLE PULSE
80

e
G PULSE 12008 [ oOuBLERS
‘5'6%‘53 SELECTOR comA
PULSE TRAIN
T 2mJ Figure 1. High repetition rate high
$§§gq GREEN power picosecond laser system for optical
PULSE damage experiments, The inset shows the
ovE # |-—=0.5mdJ Green 100ps
ove S 3544 details of the YAG and dye lasers. In
15ud Ewz——05mJ Green the experimental arrangement shown, a
15 08 (REG) ExCITATION ) crystal in a cryostat is damaged by the
TUNE o PULSES " green pulses. The crystal phonon
zzt:‘A dynamics are studied by time-resolved
g#zﬂf CARS. In this technique, a phonon is
DELAY gsggg CRYSTAL excited by simultaneous pulses at w, and
LN N CEvER w5, and the intensity of anti-Stokes
M| YAG Q5 ML M emission produced by a delayed probe
{ 2
Wast| pulse is detected versus delay. Key:
’ZWFWZ‘ M = mirror, Pol = polarizer, PC = pockels
500Hz Som SFECTAOVETER cell, QS = acoustooptic Q-switch, ML =
AND PHOTOTUBE acoustooptic mode locker.
M) POL /PC ETALONS DYE My
COMPUTER
DISK
PLOTTER

The frequency doubled laser is used to pump two synchronous cavity dumped dye lasers shown in
the inset. The dye laser pulses are transform limited and spatially gaussian. A single pulse
from the YAG pulse burst is selected with a pockels cel. at the same time that the cavity dumpers
in the dye lasers are triggered. The dye lasers and the fundamental and harmonics of the YAG
laser can be mixed in nonlinear crystals to provide a tuneable pump and probe pulse in the
ultraviolent, visible, and near IR. Although this laser system was home built in 1980, similar
lasers are now commercially available.
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3.2. Time rescolving optical damage

Using a sampling technique, we have time resolved the damage process (1,2]. The sample =
irradiated with successive pulses of 85 ps FWHM, and the rate of damage is determined by counting
pulses. There is no fundamertal limitation to extending this technique to the 10 fs time scale.
The apparatus we used is shown in figure 2. Photodiodes and sample-and-hold circuits detect and
normalize the incident and transmitted pulses. In a typical run, thousands of pulses are trans-
mitted through the crystal before damage occurs. The computer acquires the time-dependent optical
cdensity 2f the crystal during the accumulated damage process.

Figure 2. Apparatus used for
time-resolved damage studies and

5‘2;%%'5!:0 4Q; ;darpage—detecte(.j spgctioscopy". The
ptical damage is time-resolved by
DELAY measuring the optical density change of
CRYOSTAT the damage pulses with photodiodes (PD)
before and after the crystal. Sample-
OVE . and-hold circuits (SH) and a computer

(PDP11) acquire the data. Each pulse
irradiates the sample for 85 ps.

The crystal may be damaged by time-
sequenced multicolor excitations whicn
are designed to pump a particular
vibrational or electronic level. The
rate of damage for each pulse sequence
is used to investigate the coupling
between light and mechanical
excitations of the crystal.

W N
B
[vaG | -"p
HARD
bisk e [PO}——[5AT ]
HARD
CoPY | I'phFT |—

Two such runs are shown in figure 3. Only the final 100 pulses of each run are shown in tne
figure, corresponding to 8.5 ns of irradiation. In the upper run, there is no apparent change in
optical density for several us (not shown)., About ¥ ns before destruction, some small fluctua-
tions are observed. The catastrophic damage event takes 5 pulses, or roughly 400 ps of irradia-
tion. In lthe lower trace, an oscillatory damage event is seen. Under the conditions we used,
this mode occurred on 10% of the runs. We believe that the oscillations in the optical density
of tne metastable crystal are driven by fluctuations in the defect pumping rate.

TIME—RESOLVED OPTICAL DAMAGE

ACETANILIDE AT 1.5k

OPTICAL DENSITY (X10)

oS |
.- s 1
2 4 L3 8
JRRADIATION TIME (NANOSECONDS)

{RRADIATION TIME (NANOSECONDS)

Figure 3, The time development of two damage events. Only the final 100 pulses of 85 ps
duration 4re shown. Each event was preceded by several thousand pulses (not shown).

The left figure shows the abrupt damage mode and the right figure shows an oscillating
damage mode.
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Time resolution of the optical damage introduces a new dimension to our measurements. Since
defect accumulation is the rate limiting step in accumulated damage, conventional N-on-1 testing
determines only the rate of defect producing processes. With our method, we determine the rate

o

- -

( of crystal destruction processes as well. We can distinguish between models where these two
g processes occur by different mechanisms.
N:. 3.3. Damage detected spectroscopy
}i‘ "Damage detected spectroscopy" involves setting up a time sequenced multicolor pulse train l
{r which pumps a specific electronic or vibrational level, and determining the effect of this pumping
o on the rate of defect production and damage. The apparatus in figure 2 is used. Usually we damage
t a number of identical volumes in a single crystal and average the result. The goal of these ex-
‘:’ periments is to determine how the radiation field couples into destructive mechanical excitations
e of the crystal.
J-::
’fu In a series of damage detected spectroscopy experimgnts, we have shown that the aefects in
!:\ acetanilide are created by a U-photon ionization process involving two sequential 2-photon absorp-
-~ tions [2]. The energy level diagram for acetanilide is shown in figure 4. Using the combinations
(' shown in the figure, we determined that the first step in defect accumulate was excitation of the
- S, state. We also determined that the ionization process was stepwise, rather than simultaneous,
-“f: by delaying the ionizing pulses behind the exciting pulses. In general, any proposed pumping
f?f‘ scheme can be investigated in this manner.
£
<. e
N IONIZED STATES

g \.

x’j Ve 612
X :. / nm DEFECTS Figure 4. Energy level diagram for
1 JON acetanilide. By using the one and
‘AN 2% ; two-color combinations shown in the

4 S32 —2H figure, we have determined that the

( . nm = L. g0 defects are created by 2-photon

:) 1 absorption to the S; state, and subse-
.;: \\\\ quent 2-photon ionization.

o

.~ 532 563

8 nm nin

i
o S0
! ,,/-::
4?* Since the crystal damage process occurs on a time scale which is faster than many vibrational

. relaxation rates in this material [6], nonequilibrium vibrational populations must play an impor-

5 tant role., In a preliminary experiment, we have demonstrated the feasibility of studying the

+: optical damage produced by pumping a specific molecular vibration or phonon with wavevector

\P. aligned along a particular crystallographic axis [1,2]. Using simultaneous pulses at 532.0 and

i' 561.9 nm, the 1000 cm_1 vibration of the phenyl group was excited via stimulated Raman scattering.
N Compared to a control experiment where this mode was not excited, vibrational excitation reduced
: the damage rate by one half. Most likely there are other modes which increase the rate of damage.
p - This will depend on the degree of coupling of a vibration with the translational degrees of

. freedom and the defects.

:f 3.4, Phonon dynamics and optical damage

\i The Raman active phonons in a crystal are sensitive probes of changes in crystal structure
?x during damage. Fauchet et al have used Raman spectroscopy to study structural damage in silicon
P crystals [7]. The damage caused a shift and broadening of the phonon spectrum. With a conven-
!! tional Raman spectrometer, the resolution is typically 1 em ', 1In silicon, a ! cm ' shift can be
/. brought about by pressure gradients of order of a few kilobars [7].
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In our lab, we use ps CARS spectroscopy [6] to measure the decay of phonons excited by
short laser pulses. At low temperature, thig decay is related to the width of the phonon
Raman spectrum by T, (ps? = 5.3/(width in ecm '). With our spectrometer, the resolution

is better than 0.001 cm '. 1In this case, pressure gradients on the order of a few bars are
detectable [6].

Figure 5 shows some ps CARS data on low temperature acetanilide crystals [1]. The phonon
lifetimes constantly decrease as the crystal is irradiated. This crystal was damaged at 29 us
of irradiation. During the first 5 us, one phonon lifetime decrea?ed from 674 to 540 ps,
corresponding to a broadening of the Raman spectrum of 0.00791 cm '. This broadening is caused
by phonon scattering from the accumulating defects and strain in the crystal [2].

ACETANILIDE PHONONS DURING
INCUBATION PERIOD

167ps
I 228ps 158ps

229%s

Figure 5. As defects accumulate in
185 the lattice, the optical phonon

PS lifetimes measured by ps CARS decrease.
The phonon lifetime is a very sensitive
probe of the predamage environment.
The open squares are for the 38 cm™
phonon_and the filled squares are for the
39 em ' phonon. The crystal was damaged
at 29 us of irradiation.

| ] I d | 1
a S 10 15 20 293

IRRADIATION TIME. (US)

This very sensitive probe of the predamage environment can be used to determine the
efficiency of various damaging or annealing processes. Using psCARS as a noninvasive,
nondestructive probe of the damage, the crystal can be irradiated until it is about to damage
(the "brink of destruction"). At this point the crystal is a very interesting metastable
system. It may prove possible to anneal these metastable crystals, either through optical or
thermal processes. Annealing would be detected by an increase in the phonon lifetimes.

4, Conclusions

In a series of experiments made possible by our development of an advanced picosecond laser
system, we have characterized damage in low temperature molecular crystals and demonstrated novel
time-resolved diagnostic techniques to study this "solid-state explosion". Our work includes 1)
First detailed study of optical damage in aromatic molecular crystals, 2) First picosecond time
resolution of the destruction process in an accumulated damage system, 3) First use of phonon
dynamics and ps CARS to detect the onset of damaging states, 4) First use of picosecond multicolor
pulse sequences to investigate the mechanism of damage production, and 5) First demonstrate of the
effect of non-equilibrium vibrational populations on optical damage.

This research was supported by the National Science Foundation, Solid State Chemistry through
grant NSF DMR 84-15070. Dana D. Dlott is an Alfred P. Sloan fellow.
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" photoconductivity; photoconductivity.
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THE SCRATCH STANDARD IS ONLY A COSMETIC STANDARD 1a-5

Matt Young
National Bureau of Standards
Boulder, Colorado

In this paper, I present a history of the scratch and dig standard for opti-
cal surface quality and show that this standard has since its inception been
recognized as a cosmetic standard and not as an objective or performance standard.
In addition, I attempt to dispel the myth that the scratch standard was changed
during the 1960's and show that scratch number cannot be related to scratch width.
Finally, I describe a preliminary aging experiment that suggests that the scratch
standards have not aged with time and are, in fact, extremely stable.

Key Words: optical polishing; scratch-and-dig standards; surface figure.

Since learning that [ was to give this paper at 5:30, I have had the recurring fantasy that
there would be only one person left in the audience. 1 would give my presentation and conclude,
“Thank you very much for listening," and she would reply, "Quite all right; I am the next
speaker."

Tnis paper is about the scratch and dig standard, mostly about its history. Those who do not
remember this history are perhaps not condemned to repeat it, but rather to misunderstand or
misuse the standard.

The scratch and dig standard was proposed in the mid forties by McLeod and Sherwood, who made
clear that the standard is cosmetic. They prepared comparison standards numbered 10 through 120
and commented, "If the scratch is made in a certain manner the numbers are the widths of the
sample scratches in microns." They went on to note “that there is little correlation between the
appearance or visibility of a scratch and its measured width. The shape of a scratch has a lot to
do with its visibility ., .. The samples .. . have been selected to look alike, not necessarily
to have the same measured widths.” Likewise, in 1945, Frankford Arsenal stated unequivocally,
“These numbers are arbitrary, and are not to be assumed as denoting the width of the scratch.”
(A11 italics mine.)

The standard we use today, MIL-0-13830A, is based on a set of glass artifacts that may have
been prepared as early as 1954. These artifacts are the primary or master standards against which
secondary or submaster standards are calibrated and sent into the field for inspection of many
kinds of optical element, whether transmitting or reflecting, transparent or metallic. The
scratch and dig standard is the most widely used indicator of optical quality in the United
States,

The dig standard is based on the diameter of the dig and so presents no problem. The secon-
dary scratch standards, however, are certified by a subjective brightness comparison with the
master standards. The standards are backlighted and viewed with the naked eye, by dark field
illumination, and usually within a few degrees of the incident beam. Primary standards with a
certain designation or scratch number (such as S$-20) come in pairs with high (S-20H) and low
{S-20L) visual brightness. A specimen that falls between the high and low primary standards is
given their scratch number (in this example, $-20). A certified set of submasters is then boxed
but not hermetically sealed. (It must therefore be resubmitted periodically for recertification.)
This set is in turn used for naked eye comparisons with scratches on optical surfaces.

The light scattered by an isolated scratch no more than a few micrometers wide is a small
fraction of the total light scattered by any surface. In part for that reason, the scratch stan-
dard can (with minor exception, such as inspection of reticle blanks) never be more than cosmetic.
In addition, the scratches are almost invariably much narrower than the limit of resolution of the
eye; since they can have almost any cross section, the naked eye can never, never, never! estimate
the width or depth of any scratch by a simple brightness comparison.

The standards document, MIL-0-13830A, was adopted in 1954 and revised in 1963, It contains
no specifications but rather refers to a 1945 drawing whose earliest versions apparently have been
lost. Originally, this drawing showed only how the sets were to be boxed. The earliest version I
could locate, Revision E {1956), has no relevant notes, but in 1960 a note was added saying,
"Scratch numbers do not denote width of scratch. The numbers indicate that the scratch has the
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{:3 same . . ., visual appearance as the master scratch , .. ." This is perfectly clear, Confusion began
! with Revision H (1974), which states that the number of a scratch i3 equal to its width in micro-
’,ﬁ\ﬁ meters. This revision probably resulted from a desire to define the standard so that the user

could manufacture his own masters, but within two years another revision proclaimed that the

AN scratch width was one tenth the scratch number and that, in any case, “Manufacturer-generated
! standards must be calibrated by Frankford Arsenal.," This calibration was effected by the same old
&80 visual brightness comparison.

A9k

1Sy During all this time, absolutely nothing in the certification procedure had changed, nor has
'::: it changed to this day. The current revision, Revision L (1979), uses the parenthetical and enig-
{\:} matic remark, "Dimensions are for reference only.,"

‘“5 [ argue that all reference to scratch width should be removed from the drawing. At best, a
v, width specification can provide a starting point for the manufacture of artifacts; at worst, it
'NV: can cause hopeless confusion. In any case, to be legitimate secondary standards these artifacts

s must still be compared visually with the primary standards located at Picatinny Arsenal. These
LA On primary standards were sent there when Frankford Arsenal closed in 1976 and are believed to be the
set used since the inception of the standard.

3 *n
(’ The effort to correlate the scratch's number with its width ended with the closing of

\ Frankford Arsenal but was probably doomed to failure anyway. Unfortunately, it contributed to

\ ;Q three distinct misconceptions: (a) that the number of the scratch is somehow related to its width
! o (or that it can be), (b) that the widths of the standard scratches somehow decreased by a factor

o of 10 and the standard had therefore become more stringent over the years, and (c) that width may
Al be measured instead of appearance (Fig. 1).
e
.- Myth-conceptions

R

;zf- (a) Scratch number is related to scratch width

>

V30 (i) Width may therefore be inferred from number

AR
( i (b) Scratch widths have decreased over the years

;{i (i) The standard has therefore become more stringent

"~

-

:;:‘_:: (c) Width may be measured instead of appearance

.r:‘.r

i
<:) Figure 1. The most common misconceptions about the scratch standard.

‘.:I‘_

o

-'_:J-

Ny Additionally, the startling factor-of-10 change between Revisions H and L has caused some
’j\zz users to speculate that the primary standards may have healed with the passage of time. Certainly
. the glass around a scratch cannot flow, but chemical weathering of the surface due to water vapor

el in the air is a possibility that could cause the primary standard either to heal or to worsen,
1'_1 There is evidence, however, that most weathering would take place and stabilize within a few hours
: ‘M} or days. In any case, a change has to be quite substantial before it is apparent to the naked eye
O and, I think, would be picked up by the trained inspectors when they make repeated comparisons
VU with secondary standards. More probably, it seems to me, small scratches that are reported to
M : : . . :
SN have "disappeared" have been contaminated by the volatile constituents of their wooden boxes and
;i. merely required a good degreasing,
.‘ Nevertheless, I performed a "preliminary" experiment on aging, Figure 2 shows polar scans of
S the scattering by a scratch that I made in a microscope slide. This scratch was rejected because
oy of the asymmetry in the scan. The sharp peak is the unscattered or undiffracted light, and the
SRS rest of the curve is the logarithm of the power scattered by the scratch as a function of angle.
S The interesting part, as far as the scratch standards are concerned, is the region between about 5
e and 10 degrees. This scratch has a side crack that gives rise to a two beam interference pattern
- beyond -20 degrees, Before placing some good samples into high humidity environments, I dumped
.' this one into a beaker of de-ionized water for a bit over one day. If we make the naive assump-
2 tion that concentration of water molecules is the only important factor, then this corresponds to
e aging over a period of about 150 years, assuming that each month is July and the lccation is New
tﬂ% Jersey. Despite the dramatic change at the larger angles, the scattering at 5 degrees -- where it
*Ab matters -- remains very nearly constant. With drying, even the large angle scatter recovers some-
iy what,
Ay M
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Figure 2. Power scattered by a scratch as a function of angle, on semi-logarithmic scale.
Scratch has been immersed in de-ionized water, as stated., Periodic pattern beyond -10
degrees is two beam interference pattern resulting from undesirable side crack.
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As in Figure 2, Scratch has been aged for 12 days in high humidity environment at 70
degrees Celsius. Scattering between 5 and 10 degrees is not measurably affected by
aging., Lower right shows scattering by substrate alone and demonstrates that increased
scattering at higher angles is due to etching of the substrate.
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I subjected many other scratches (which had acceptable scattering profiles) to various
stresses such as high humidity at 5, 20, and 70 degrees Celsius, and dry heat at 70 degrees for 12
days, and immersion i water for one or two nights, Only the scratches exposed to moist heat for
12 days showed measui ably changed scattering patterns.

- Figure 3 shows one such scratch, roughly an S-30, that was aged in a high humidity environ-

-_.\ ment at approximately 70 degrees Celsius for 12 days. The substrate was severely etched and

:.-f_' showed comparatively high scatterinyg (lower right); nevertheless, the power scattered by the

e scratch itself is not measurably affected at angles less than 10 degrees. This suygests that the
:'x scratches must be extremely stable over lonyg periods of time.

In recent years, I have heard speculation that laser damage threshold is related to the width
of surface defects; this quite plausible speculation has unfortunately led to the rebirth of mis-

i
o conception (a). | therefore recommend (Fig. 4) that all those introduced to the standard after
o Uctober 29, 1985 be required to write 50 times, “The scratch standard is only a cosmetic stan-
"y dard." All the rest of us should write it 100 times,
l.. ks
v

2.7,

.

<
,
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:} on/\/ The scrateh  stamdard s on/\/ The
:\\\3 a cosmetic ¢tandard.
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e The history portions of this paper were published roughly concurrently in Laser Focus,
November, 1985, pp. 138, 140, Based in part on a paper presented to the Workshop on Optical
o Fabrication and Testing, June 12-14, 1985, 1 am indebted to Dick Goldgraben, Jack Feeney, Jack
AN Stateler, Jim Shean, and Hans Guttwein for helping me with the history of the standard, and to
S george Mclellan and Brian Lawn for their explanations of crack formation and surface weathering.
..-:_ Keith Masterson encouraged the aging tests, and Edie DeWeese prepared the manuscript with her
S usual care. Any errors in this paper are, unhappily, my own. Contribution of the National Bureau
L of Standards, not subject to copyright.
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Table 1. An abbreviated history of the scratch and dig standard.
McLeod & Sherwood, 1945 "“Samples . .. have been selected to look alike, not necessarily to have
the same measured widths."
FED 1304, 1945(?) "Tnese numbers are arbitrary, and are not .. . the width of the scratch."
MIL-0-13830, 1954 and [Refer to Drawing C7641866]
MIL-0-13830A, 1963
Drawing C7641866, [No statement]
Revision E, 1956
Revision E-3, 1960 Added Note 2: "Scratch numbers do not denote width of scratch. The
numbers indicate that the scratch has the same weight or visual appear-
ance as the master scratch bearing the same weight number ... ."
Revision F, 196% Added to Note 2: “(Master scratch samples are maintained by the
Frankford Arsenal.)"
Added Note 6: "Only the item listed in this drawing .. . has been
approved by Frankford Arsenal . ... Substitute item shall not be used
without prior approval."
Revision H, 1974 Changed Note 2: "Scratch number denotes width of scratch in microns."
Changed Note 6: "Manufacturer has option to measure scratch width .. .
or to utilize comparison standards identical to those illustrated
herein, (Master scratch standards are maintained by the Frankford
Arsenal,)"
Revision J, 1976 changed Note 2: "Scratch standards width are (sic): (Dimensions are for
calibration purposes only.)
“#10 Scratch 1 mm t .1
"#20 Scratch 2 mm ¢ .2 ... "
Changed Note 6: "Manufacturer has option to generate visual comparison
. standards . . .or to utilize Frankford Arsenal visual comparison stan-
< dards. Manufacturer generated standards must be calibrated by Franford
- Arsenal . .. " (my italics).
2 Revision L, 1980 Changed Note 2: “(Dimensions are for reference only.)" (My italics.)
Note 6 unchanged except for replacement of Frankford Arsenal by ARRADCOM,
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Ion Exchange Strengthening of Nd Doped Phosphate Laser Glass

Kathieen A. Cerqua and Stephen Jacobs
Laboratory for Laser Energetics
and
Brian L. McIntyre
New York State Center for Advanced Optical Technology of the Institute of Optics
University of Rochester
250 East River Road
Rochester, New York 14623-1299
716-275-5101
and
William Zhong
Kigre, Inc.

5333 Secor Road
Toledo, Ohio 43623

Recent advancements in high repetition rate and high average power laser systems
have put increasing demands on the development of solid state laser materials with high
thermal loading capabilities.

We have investigated strengthening of commercially available Nd doped phosphate
glass via an ion-exchange process. Introduction of a compressive layer to the glass'
exterior surfaces through this exchange, results in dramatically improved
(approximately 4-5x) thermal shock resistance for specific sample geometries. This
resulting increase in strength was directly measured through thermal shock resistance
tests.

Our thermal shock test data showed extremely small (approximately + 5%) standard
deviations compared with data acquired through conventional mechanical fracture
techniques. Additional topics investigated were strengthened layer thickness and
effectiveness as a function of treatment time and the relationship of strengthening to
the overall optical gquality of the strengthened sample's surface.

Key Words: fracture strength; high-average power lasers; ion—exchange_surface treatment;
phosphate glass; solid-state laser glass; surface compression; surface
strengthening; thermal shock resistance,
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1. Introduction

Recent advances in high repetition rate and high-average-power (HAP) laser systems have put
increasing demands on the thermal-loading capabilities of solid-state laser materials. In
addition to the material's thermal properties, mechanical and optical limitations must also be
identified if a reliable, high-performance system is to be maintained. After considerable
effort in materials research at LLE and elsewhere, the physical limitations of various solid-
state laser materials have become better understood. This article describes specific efforts
to increase the thermal-shock resistance of a commercially available, Nd-doped phosphate laser
glass. Improvements in this physical property permit a glass to be pumped at levels that may
previously have led to its fracture, resulting in a capability for higher-average output
powers.

A recently completed HAP laser system at LLE, which serves as a high repetition rate source
for the in-house damage-testing facility, consists of a Nd:glass oscillator, rod preamp, and a
phosphate-glass slab through which a beam propagates in a series of zig-zag, total internal
reflections. Total internal reflection (TIR) makes efficient use of the entire gain medium.
The slab is pumped and cooled on the two TIR sides, which reduces thermal beam distortion often
present in alternative geometries. The slab is operated in a multi-pass configuration to
additionally amplify the oscillator output. These features illustrate how the slab geometry
lends itself well to HAP applications.

With renewed intcrest in dAr systems, empnasis needs to be placed on those properties of
glass that make it a better HAP lasing gain medium. It is essential that the gain of the glass
be high if a compact system is to be capable of high average powers. The requirement for a low
nonlinear index is not as relevant for these systems, since longer pulses (nanosecond vs
picoseconds) are frequently used. However, the issues of chemical compatibility and ease of
fabrication become increasingly i{mportant. Slabs in most HAP systems utilize cont inuous
cooling provided by a liquid flowing at a relatively high velocity across the pump faces of the
glass. The gain medium must be durable, as chemically induced degradation to the precision-
polished TIR surfaces would adversely affect output performance.

Fabrication issues become exceedingly important with HAP systems. Slab geometries, in
particular, require very tight tolerances. Large polished faces with sharp edges are required
to be extremely parallel, flat, and of excellent surface (scratch/dig) quality. Polished
Brewster-~angle end faces need to be parallel to within arc seconds and of comparable, if not
better, quality than the pump faces. For high-performance slabs these stringent fabrication
requirements frequently lead to high costs and long fabrication times.

In attempting to optimize the Physical properties of a material to be used in a HAP system,
it is necessary to define those properties which 1imit its performance. The primary limitation
of glass is its thermal-lcading capability, or more specifically, its relatively low thermal-
shock resistance. Byer [1] expresses the average laser power a HAP solid-state gain medium can
withstand as the product of the material's thermal-shock resistance and the ratio of plate area
to plate thickness. A material's thermal-shock resistance is directly related to its strength,

via its modulus of elasticity, thermal expansion, and thermal conductivity. These physical
constants determine the stress limit, the fracture stress, at which a material will fail.

160




g

o N
WA

T hT S

Pl o)

T T Dl

v
L

»
(SN

b
«

‘I

A

20

A
PR _\‘H’,,\

‘)‘l " ‘l 'l ;‘l'
‘W

)
"

P X

Pl ol

{,.. -,-
e 2 e [ ] o [
A :zﬁﬂuﬁ:ﬁﬂ

PRI

58S

R}

»
3

oneed

¥
.

.

AR
Sals

’

o
.
o
A
A~

.
e

The thermal-shock resistance of a material, Ty is the temperature difference (AT) at which
the fracture stress (commonly called the tensile yield-stress) is reached and failure occurs.
This relationship is illustrated in Eq. 1, [2]

Tsh = —wr—— ,

where O is the fracture stress, u, k, E, and a are the material's Poisson ratio, thermal
conductivity, Young's modulus, and Tlinear coefficient of thermal expansion, respectively.
Krupke [3] examined the (1 - u)k/a E portion of the term as a material figure of merit (FOM).
Data compiled for a number of crystalline and noncrystalline materials show that the FOM is much
larger for crystals than for glasses. The FOM, coupled with each material's known tensile yield-
stress, indicate that crystals are several times more thermal shock resistant than glasses.
While this is a plus, crystalline materials of high optical quality and homogeneity are
considerably more expensive than their glass counterparts and are 1in some cases simply
unavailable. Because of these limitations, we have chosen to examine the potential of external
treatments for improving the strength of commercially available high-performance laser glass.
Here we confine the discussion to Q-8%, a high gain phosphate-composition giass manufactured by

Kigre, Inc. [4]

2. lon Exchange Strengthening .

The goal of any external strengthening treatment is to introduce a compressive stress at the
glass' surface, so as to Jincrease the stress required to fracture the glass in tension.
Marion [5) has shown that by reducing surface and subsurface damage, present in the form of
microcracks (point sources where failure begins) via an acid etch, one can increase the fracture
strength of a material. This benefit comes, however, at the expense of a thickness of ~ 200 um
of material and leaves a surface of relatively poor optical quality. Our alternative approach is
to chemically treat the surface by way of an ion-exchange process (cracks included), in which the
surface becomes stronger through the introduction of a layer of compressive stress to the glass
surface. In principle, ion-exchange strengthening can be performed without sacrificing the
optical surface quality of the glass part.

Ion-exchange processing is routinely utilized by the glass industry for strengthening
various pgroducts. The mechanism involves the exchange of a mobile alkali-ion A* that is present
throughout the bulk material with a slightly larger ion B of identical valence. The exchange is
carried out in a molten-sait bath at an elevated temperature to accelerate the exchange of
diffusing ions. The mobile A+ jons readily diffuse out of the bulk, leaving vacancies behind.
The larger 8" ions migrate from the salt bath into the glass by occupying the small A* vacancies.
The important feature of this "crowding” mechanism, as outlined by Kistler, [6] is that it is
performed at temperatures sufficiently below the strain point of the glass. An optimized
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treatment schedule prohibits structural relaxation from occurring and the surface, as a result of
the larger ions, is "expanded" into compression. A number of factors will control the net

compressive stress that results from the process: [7]

0 the radius ratio of the exchanging ions

0 the degree to which the exchange occurs

0 stress relaxation due to structural rearrangement of the surface

) any change in thermal expansion coefficient

0 localized densification

) the depth of the compressive layer.

0f these factors, the depth of the compressive layer is the most important. The layer can
be thought of as a physical barrier that impedes the propagation of cracks. A thick layer will
be more resistant to crack initiation and thus failure, since any flaw would have to penetrate
past this depth to initiate fracture.

Considerable work has been done on the strengthening of silicate glass. To our knowledge,
the process has not previously been extended to phosphate laser glass. While the basic mechanism
remains the same, the composition of the base glass network determines the efficacy of the
treatment. Silicates lend themselves well to ion exchange, because their network consists of
openly spaced Si0, tetrahedra. This open network creates channels through whick alkali ions can

\ :}. easily migrate.
::: The structure of phosphate glass is more complex. Whereas 510“ tetrahedra are able to bond
::: exclusively to each other to form a network, phosphate glasses are composed of PO, tetrahedra,
-:f' which ere 1limited in that they can only bond to three 1like structures during network
< formation. [8] For this reason, Al1,0, is frequently added to assist as a network former in a

phosphate-glass matrix. This, coupled with relatively large amounts of another network modifier,
Ba0, leads to a much more closed structure. This tighter matrix impedes the diffusion of alkali
ions deep into the glass. Silicate glass systems strengthened via ion exchange are known to
develop thicker compressive layers than phosphates.

The diffusion process that controls the exchange mechanism ‘s very sensitive to changes in
the exchange bath. Physical variations due to particulate, moisture, ion concentration, and

other forms of bath contamination severely decrease the effectiveness of the process. In this
work the primary A+ alkali ion is Li+, a major constituent in Q-89 in the form of Li,0. The
exchanging B" ions are Na+ and K+, present in the bath as nitrate salts. Figure 1 depicts the
ion-exchange mechanism in Q-89 and 1lists the other major constituents of this glass. The
stoichiometry of the nitrate salts used in the bath is important; a large Na+/K+ ratio would be
. . + . . . + . . .
desired since Na is the predominant exchanging ion. However, Na is corrosive, and in
applications such as these, where post-treatment surface guality is critical, a tradeoff must be
made .

3. Characterization of Exchange Process and Experimental Results

Several experimr~nts have been conducted to examine methods for optimizing the strengthening

process. The various test geometries and results are described as follows:
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Fig. 1 Ion-exchange mechanism in Kigre Q-89. Mobile Li* jons diffuse out of the glass,

leaving vacancies behind. {arge Na* and k¥ ions preferentially diffuse from the

bath into the small Li' vacancies, creating a compressive layer on the glass

surface.
3.1. Thermal-Shock Tests

The improved strength through ion-exchange treatment was determined by a series of thermal-
shock-resistance tests. Samples of Q-89 were faoricated into right-circular cylinders, %" in
diameter by %" in length with fine ground surfaces (#400 grit) and acid etched in NH, HF,

The cylinders were then evaluated for their thermal-

for
~ 6 minutes prior to exchange treatment.
shock resistance through a soak/quench test.
and "soaked" at that temperature for ~ 30 minutes to guarantee

Treated cylinders were placed in an oven, raised
to a prescribed temperature,
sample-to-sample temperature uniformity.
water {5-7°C).
fracture.

The samples were then removed and plunged into ice
ice bath, each sample was visually
the AT(T ., - T.ater) Was recorded and the process
increased by +1(°C.  This continued until all samples had
Results from these tests are shown Cylinders were treated in the
2, 4, 6, and 10 days. The treatment time (in (hours)%) is plotted in

Fig. 2 versus measured thermal-shock resistance, in degrees °C.

Upon removal from the inspected for
If no fracture occurred,
repeated at a soak temperature
fractured. in Fig. 2.
exchange bath for 0,

The treatment was carried out
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Fig. 2 Fivefold increase in thermal shock resistance in cylindrical, Q-89 samples.
Excellent statistics (#5%) can be attributed to a clean, contamination-free bath.

ok

.

~s

P )

2t an exchange-bath temperature of 320°C, with samples treated statically (no agitation) and
removed and rinsed with deionized water every other day to remove any residual material buildup
on the sample surfaces.

-

;:y Introduction of a cumpressive layer through ion exchange resulted in a fivefold increase
:. in thermal-shock resistance. Our thermal-shock test data show extremely small (approximately
“:: +5%) standard deviations compared with the 50%-100% variation observed in data acquired through
) conventional mechanical-fracture techniques.

;& The widening spread in data for days 1-6 are a result of an increase in the level of bath
:: contaminants. Depletion of diffusing ions and increased moisture content of the treatment bath
:: are believed to have led to a larger standard deviation and poorer sample surface quality. The
- treatment of 15 samples for 10 days in a new, presumably dry bath restored the low standard
8

a deviation and improved sample surface quality. Although samples treated longer than 10 days
:! were not tested, it is important to note in Fig. 2 that we did not observe any leveling off in

<

o the strength improvement data. Thus, the ultimate levels of strength improvement are not known
f( at this point and deserve further investigation.
'ﬁ: Ion penetration depths of approximately 60 ym were measured via electron microprobe
‘i;‘ analysis. [9] A depth profile for the Tlight, highly mobile Nat jon that preferentially
-~
-
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Fig. 3 (a) Ion-exchange depth profile for six-day treated sample, as determined by

electron microprobe analysis.

(b) Edge profile of alkali (Na+) ion concentration as a function of treatment time.
Rollover after six days may be due to stress relaxation mechanism in glass
network, which allows migration of Na+ ions away from surface and further into
the bulk.

diffuses into the glass is shown for a six-day treated sample in Fig. 3a. Similar profiles for
one-through four-day samples showed an alkali-ion dropoff to the detection 1limit at depths of
35 to 40 um. However, six and ten-day samples remained at ~3%-5% levels considerably further
into the bulk. This observation is useful in explaining alkali-ion edge concentration data
shown in Fig. 3b. Here, we plot the edge concentration of alkali (Na+) ions as a function of
days of treatment. The rollover that occurs after six days may be due to stress-relaxation
processes occurring in the glass network at the elevated bath temperature of 320°C. This
stress relaxation could allow ions in high concentrations at the material's edge to migrate
further into the bulk, thus decreasing the concentration at the edge.

Current work is focused on answering a number oi questions relating to the details of the
exchange mechanism. Reproducible profiles of light-ion concentrations are difficult to obtain,
and can be improved by fabricating samples with very clean edges. Supplemental analytical
techniques will assist in confirming the details of the ion exchange, specifically in the
analysis of the compressive layer.
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3.2. Refractive-Index Variation in the Surface Layer

In examining the optical effects of the strengthening process, experiments were designed
to investigate the "new" compressive surface layer. The surface refractive-index variations were
measured as a function of days of treatment. A polished half cylinder was measured
unstrengthened and then remeasured following additional one-day increments of treatment. These
measurements were made on an Abb® refractometer, at A = 632.8 nm and at a temperature of 22°C.
The results of these tests are plotted in Fig. 4. The observed index decrease in the third

[ ]
1557 —
O
& ®
N
I 1.556 ~
= ° ®
£
S 15551 ° ~
o
3
[y
1.554 - -
! I | i 1
0 1 2 3 4
Days of Exchange Treatment
G1666
Fig. 4 Refractive-index variation in surface layer as a function of days of treatment.

Measured index decreases as L1'20/R20 ratio decreases.

decimal place is consistent with Kigre bulk-glass data for Q-89, which indicate a decrease in
refractive index with decreasing Li20/R20 ratio. This decrease continues to occur in the
strengthened layer with additional days of treatment. It is not expected that this small
reduction in the surface index causes any deleterious effect on the TIR propagation of the beam
through a strengthened slab,

3.3. TIR Transmission Tests

This experiment focused on treatment-induced degradation to optically polished surfaces.
Thin slabs of Q-89, 15 x 75 x 3 mm, were fabricated for TIR transmission measurements, at
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A= 1064 nm at a glass-air interface. The objective was to examine surface degradation and

increased scatter as well as possible limitations to TIR as a function of exchange-treatment
time. Measurements on treated slabs were compared with the transmission through an untreated
control sample. A YAG () = 1064 nm) laser was injected at ~45° (> critical angle, 8. = 40°) into
the slab through a BK-7 prism, which was index-matched to the Q-89 surface, as shown in Fig. 5a.

(a) BSC prism:
air n = 15040 — Yo 0il, n =~ 1.5480
NESLY R IVAVAVAVAVAVAVAVAVARR
9 = 45° P *———Q-89, n = 15489
P = horizz. — 1cm
6. = 40°
{0) T
1.0 0987 -
_____ “a__

()

Q

S 09 —

®

- ® reflectance per bounce

<)

a 08 —

o ® after gentle buff

= 0.722 +0.005 to remove surface film

S 07k -

(8]

Q

g

06 -
L ! L !
0 1 2 3
Days of Exchange Treatment

G1667

Fig. 5 {a) TIR experiment on thin slabs of Q-89, 6=45°, X = 1064 nm. Measurements were made in
air,
(b) Reflectance per bounce decreases as a function of days of treatment. Gentle buff of
treated surface restores TIR reflectance to the >99% level.

After a series of TIR bounces the beam exited the sample and the total transmission drop was
monitored. From this observation the reflectance per bounce was calculated. The result is shown
as a solid line in Fig. 5b.

Surface films may become apparent after as little as three days of treatment. Visible
inspection of the samples after treatment shcwed a very irregular, mottled film, which gradually
worsened with treatment time. This film caused the steady drop in reflectance that was observed
as treatment time was lengthened. A gentle buff removing the surface film was found adequate to
restore TIR reflectance to the 99% level (dotted line). Minimal (<€9.5 um for three-day sample)
material removal was required to achieve this improvement. We believe the results of this test
to be based on a worst-case experiment, due to the use of an old, contaminated salt-bath. We
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SN suspect that the observed surface film is the result of moisture contamination in the bath, [10]
:}:: which can be eliminated with proper preventive measures.
N N
{
! :“‘:.;:: 4. Summary
‘\.I‘\
i
’\' The details of the process as outlined here support the claim that phosphate laser glass
‘.-' ,,( can be strengthened effectively. The demonstration of a fivefold increase in thermal-shock
x resistance of Q-89 illustrates the potential of this technique. A first step in assessing the
-‘"2 impact of the ion-exchange process on the optical surface quality of fabricated parts is
: $: completed.
" Ion-exchange strengthened phosphate glass is not yet available commercially. A number of
oy materials scale-up issues are yet unresolved, Work is continuing to address the issues of bath
: a',:. contamination, optical surface degradation due to moisture, the effect of exchange treatment on
::_: the interferometric quality of fabricated parts (optical surface deformation due to compressive
:E_\_ stress), and the compositional gradients of the compressive-stress layer. The scalability of the
Py technology to larger, full size slabs will ultimately prove the feasibility of the process, and
’»;55 serve as a basis for increasing the capabilities of high average power laser systems.
"
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INFRA-RED ABSORPTION SPECTROSCOPY OF Nd:YAG AND 19-4-85
Nd:GSGG SURFACE CONTAMINANTS

BY

DR. M.A. ACHAREKAR
LITTON SYSTEMS, INC.
LASER SYSTEMS DIVISION
2787 SOUTH ORANGE BLOSSOM TRAIL
APOPKA, FL 32703

Neodymium doped yttrium aluminum garnet (Nd:YAG) is a commonly used laser
material for solid-state high power, high PRF lasers. Gadolinium scandium gallium
garnett doubled doped with neodymium and chromium (Nd:Cr:GSGG) shows higher
efficiency than the Nd:YAG Taser. We previously reported the bulk and surface damage
thresholds of the Nd:Cr:GSGG crystal. It was shown that the buik damage threshold of
the Nd:Cr:GSGG was as high as the Nd:YAG crystal.

The surrace damage threshold measurements for the Nd:YAG and the Nd:Cr:GSGG are
reported in this paper. Infrared absorption spectroscopy was used to analyze surface
contaminants., The data show that the organic contaminants, CHn, derived from
hydrocarbon (skin 0il) associated with improper parts handling, signifantly reduce
the surface damage threshold.

Key Words: co-doped GSGG; infrared absorption spectroscopy; laser induced damage;
Nd:Cr:GSGG; Nd:YAG; optical surface contaminants; solid-state laser; surface damage.

1. INTRODUCTION

Neodymium doped yttrium ajuminum garnet (Nd:YAG) lasers have found numerous uses
in scientific, military, and industrial applications. The typical overall efficiency
for Nd:YAG is limited to 2-3 percent. Gadolinium scandium gallium garnet doubled
doped with neodymium and chromium (Nd:Cr:GSGG) shows higher efficiency than the
Nd:YAG laser. We previouslv reported (1] the bulk damage thresholds of Nd:Cr:GSGG
crystal. It was shown that the bulk damage threshold of the Nd:Cr:GSGG was as high
as the Nd:YAG crystal, In table 1, Nd:YAG and Nd:GSGG material properties [2]’[3%
are surmarized.

The surface damage threshold data collected for Nd:Cr:GSGG material are reported
in this paper. Ffor the optical damage measurements, a stable, TEMoo’ Q-switched,
Nd:Cr:GSGG laser oscillator was set up. The unusual laser damage morphology is
associated with Nd:Cr:GSGG samples. This statement follows from microscopic
examination of hundreds of damage sites. Therefore, the samples were studied using
infrared spectroscopy. The results of the infrared spectroscopy of the test
specimen coniaminants are also provided in this paper.
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TABLE 1 GSGG and Nd:YAG Material Properties

PROPERTY

Nd:YAG

Thermal Conductivity, «
Thermal Expansion, a
Young's Modulus, E

Breaking Strengtht (4-pt bend), S

Poisson's Ratio, v

Thermal Shock*, RT

Index of Refraction, 1060 nm
Density

Nd-Segregation Coeff.

10 ns Damage Threshold (Bulk)

7-9 W/m°C {Conc. Dep.)
7.8 x 107%/°¢

~21,000 kg/mm®

15-20 kg/mm®

0.65 = 0.04

~13 W/m°C

7.8 x 10°8/°c
~31,700 kg/mn’
~20 kg/mn’

Not Reported
~800 W/m

1.815

4.55

0.18

20 J/cm?

* RT = {1 - v) KST/aE
+ Depends on Fabrication
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f} 2. SURFACE DAMAGE MEASUREMENTS

%

{' 2.1 Test Specimens

‘o For measuring the surface damage threshold of Nd:Cr:GSGG and Nd:YAG, optically
}, polished discs of 0,38 cm diameter by 0.1 cm thick were prepared. The discs were

: prepalished prior to final polishing by the various methods. In the prepolish, the
’H discs were diamond lapped to a specular but sleek finish. The following three

3 methods were used for the final polishing.

j Test samples in Group "A" were fine polished on a lapping surface of medium hard
'j polishing pitch on a planetary lap. The polishing agent was 0.3 um alpha alumina

; mixed thin in water.

g’ Test samples in Group "B" were fine polished on a lap of Pyrex (Tm Corning

: Glass). The lap was plane-ground with 30 um alumina to an even roughness and

\ cleaned. The polishing was done with 0.3 um alpha alumina applied to the Pyrex lap.
3 For this mothod the solid alumina content was high and a substantial part of the

" vehicle was a commercial 1igand-surfactant. The polishing was done by hand in the

- traditional figure 8 stroke.

;: Test samples in Group "C" were polished by a hybrid of the other two polishing
2: methods. The discs were substantially polished-out on the pitch polisher and then

': touched up to improve flatness on the Pyrex polisher. A11 the samples were flat

( within A/5 at 632.8 nm.

N 2.2 Experimental Techniques

O

o For the optical cdamage measurements, a stable, TEMOO, Q-switched, Nd:Cr:GSGG

/ laser oscillator was set up. The experimental set up is shown in figure 1. In the

| pump cavity, 0.5 cm diameter by 6.50 cm long, the Nd:Cr:GSGG laser rod was pumped

i~ using a -Xenon gas filled at 400 torr pressure in a cerium doped fused silica envelope
N flashlamp. The laser resonator coasisted of a 5 meter radius mirror coated for

: maximum reflectivity, spaced 40 cm apart with an output coupling mirror of 40 percent
? reflectivity. In the resonator, a lithium niobate Pockels cell with a polarizer was
. used as the Q-switch. Q-switched output energy of 135 mJ was obtained in a beam

} divergence of 2.18 mR with 8 J/P input energy at 10 pps. The pulsewidth of the

: Q-switched pulses was measured using a EG&G 580 radiometer and a Tektronix Model 454A

oscilloscope. The typical full width at half amplitude (FWHA) pulsewidth for the

q laser was 17.0 ns.

)

{
b )
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The Q-switched, Nd:Cr:GSGG laser system described above was used for the surface
damage threshold measurements. The desired power density on the test sample was
obtained using focusing lenses of different focal lengths. The spot size was
calculated and actually measured on photosensitive film; however, calculated spot
size was used in obtaining the damage threshold.

The surface damage threshold measurements were conducted using single and
multiple shots. In this work, "damage" is defined by the appearance of a flash of
light and the attenuation of a transmitted HeNe beam through the sample. This
definition and method are widely used in the study of single and muitiple shot
damage, and the details of the methods can be found in reference [4].

3. EXPERIMENTAL RESULTS
3.1

The Nd:YAG and Nd:Cr:GSGG Surface Damage Threshold was initially measured using
the sample discs in Group "A" (pitch lap polished). The damage threshold for single
and multiple shots was measured. It was observed that the Nd:YAG crystal single shot
surface damage threshold was 13.51 + 1.26 J/cmz, while the Nd:Cr:GSGG crystal single
shot surface damage threshold was 16.38 = 3.11 J/cmz. However, the multiple shot
surface damage threshold for the pitch lap polished samples shows the Nd:YAG crystal
at 9.74 + 0.95 J/cm2 while the Nd:Cr:GSGG crystal was 11.03 + 1.07 J/cmz.

The significant increase in mean deviation for the single shot damage threshold
as compared to the multiple shot damage threshold is associated with the stability of
the laser output. Generally, higher pulse-to-pulse stability is observed at 10 Hz
repetition rate due to the thermal compensation in the resonator [5]. However, the
mean deviation difference for the single shot surface damage threshold between the
Nd:Cr:GSGG {+3.11) and the Nd:YAG (+1.26) led us to believe that the surface quality
for the Nd:Cr:GSGG may not be as good as the Nd:YAG samples. Therefore, Nd:Cr:GSGG
discs were Pyrex lap polished (Group "B" samples). The surface damage threshold of
15.62 + 0.72 J/cm2 was observed for single shot and 10.58 + 0.72 J/cm2 for multiple
shot. It is clear that the single shot surface damage threshold for the Pyrex lap
polished samples did not improve the higher mean deviation (+3.01). Hence, a hybrid
polishing technique of pitch and Pyrex lap was used (Group "C” samples). The data
collected for all the samples are summarized in table 2. As seen in the table, the
polishing technigue did not seem to change the higher mean deviation observed for the
single shot surface damage threshold of the Nd:Cr:GSGG crystal.
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Teble 2. Surface Damage Threshold in J/cm? for Nd:Cr:GSGG

Group "A" Group "B" Group "C"
PITCH LAP PQLISHED PYREX LAP POLISHED HYBRID PITCH + PYREX
SINGLE MULTIPLE SINGLE MULTIPLE SINGLE MULTIPLE
SHOT SHOT SHOT SHOT SHOT SHOT
24.76 10.51 20.51 9.75 18.14 9.82
12.88 8.85 15.72 12.99 15.19 10.86
12.78 9.64 12.02 9.04 13.73 12.36
16.96 13.47 21.69 9.57 18.31 10.39
12.70 11.55 12.34 10.33 11.44 12.14
15.78 13.38 11.02 10.60 16.79 10.36
21.60 11.41 18.71 10.89 19.02 11.24
14.40 10.84 15.86 10.94 19.72 10.01
19.70 11.05 11.67 11.21 14.29 9.00
12.01 11.38 12.99 11.21 13.59 11.05
15,78 9.45 20.69 10.46 15.00 11.72
17.30 12.02 14.30 10.05 15.45 10.39

16.31 + 3.1% 11.03 = 1.07 15.62 = 3.01 10.58 + 0.72 15.89 = 2.09 10.80 + 0.79

3.2 Damage Morphology

A1l the samples were examined with a microscope and scanned to find any
outstanding surface defects at 10X magnification. Any areas that became suspect were
then examined at 120X. Based on the microscope scan, less than two percent of the
samples were rejected for the damage threshold measurements.

In figure 2A, a microscopic photograph for the Nd:YAG front surface damage with
single shot at 1.061 um (Nd:Cr:GSGG laser output wavelength) is shown. When this
damage site is compared with the typical damage site on the Nd:Cr:GSGG, as seen in
figure 2B, several differences are observed. It may be noted that the Nd:YAG crystal
is pink-violet in color while the Nd:Cr:GSGG is green in color. The most notable
difference in the damage sites was that the Nd:Cr:GSGG surface damage always was
associated with dark color rings around the damage site. This fact led us to believe
that the surface was contaminated with organic material.
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z
SRR,

‘.

Figure 2. Damage Morphology Nd:YAG and Nd:Cr:GSGG
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4. INFRARED SPECTROSCOPY
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4.1 Typical Surface Contaminants

7

Typical surface contaminants of optical elements can be analyzed using infrared
absorption spectroscopy. Using a tatanium blade Micro-Spatula wetted with
chloroform, the damage site is gently scraped, and if any contamination is present
the chloroform will dissolve or soften it to adhere to the Micro-Spatula. The
Micro-Spatula is then dipped into the 50 cc beaker which contains ~20 cc of Burdick &
Jackson infrared spectroscopy grade chioroform. The contaminants are then dissolved
into the beaker. This procedure is repeated until, using a 10X illuminated
magnifier, as much of the contamination as possible is removed. The solvent in the
beaker then is gently evaporated, using a warm hot plate, until approximately 200 ug
remains. This quantity then is transferred while still warm to a potassium bromide
infrared sampling plate using a 100 ug Micro-Pipet. Thus, a micro-cast film of the
contaminants is prepared onto tie plate.
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This plate is now analyzed using a Perkin-Elmer Model 783 infrared
spectrophotometer. The infrared spectrum from 4000-500 cm'1 is obtained from a six
scan signal-average run, typically using a 5.4 cn” s1it and noise suppression factor
4. The spectrum is analyzed using a Perkin~Elmer Model 7500 infrared data system.
The spectrum is Computer Library searched for identification of all possible
molecular structural units and spectral matching. In figure 3, the typical infrared
spectra for organic contaminents, viz., skin oil, is shown. Using a similar method,
infrared spectrum features were identified for —CHn vibrational modes associated with
organic contaminants by Lewis and Arthur (6] at the Royal Signal and Radar
establishment, Malvern, UK.
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4.2 Test Specimens Contaminants

s

The method described above was used to identify surface contaminants on one disc
of Nd:Cr:GSGG from Group "A" and one disc of Nd:YAG crystal. These samples were
selected by a 10X microscope examination of the damage sites. The discs were
selected particularly for the appearance of dark rings around the damage site. The
infrared spectra collected from the contaminants is shown in figure 4. The infrared
spectra collected for Nd:YAG and Nd:Cr:GSGG did not show a significant difference,
indicating that organic contaminants were not the cause of the higher mean deviation
observed in the Nd:Cr:GSGG surface damage threshold.

177

A G RN G s C R L (RS e

' ‘ . - - - » - v’( ' “ , -~‘~ .‘*‘ - - ’>h'* ‘
T A e R RN




ah {—-"j . - L3
1@ Lt ol

R AAA,

k- HA=109.69 T /
i REPRESENTATIVE SKIN SHER. BURN

::’l,}‘_

4 N7
x', «" ,ls '.'.l"."'l

.lq..

L e

PR S Y

(P 7 a2 T Ed

rHIN=MB I

00 5 MW B 0w 1504 e ol S

TN .

Figure 3. Typical Infrared Spectra for Organic Contaminant

' l’t‘-':' x

AN

T RN

gl
EALF AR S

178

[
;’\

OO f-u o iy, AV g B P AT Uty Py S vh AN NN
i el Lo

U

¥ ,\f :l! o e MM 0' .}&.“ d'.. .d". e, ".l' ¥y o A ATy LA H l\.:‘n 'n‘i‘s 0‘!‘&‘\ I'Q‘l::.l.é l".“"'.l'" '. ’ .."'.‘ '



0"

e

:.l

I

)

N

N-

b " RED=KBr BASELINE

v tﬂﬁx-lae-“ ! GREEN=ROD #5, CHLOROFORM EXT,

¢-.
YYSss
Y
l
>

]
151
N o
N
\S
N A
T
')
8 -
-
) 5
R
L~
"
- L
-

SHERT M

00 58 e 500 200 1503 e Ot 56

L

- X 23

Figure 4. Infrared Spectra for Nd:Cr:GSGG Surface Contaminants

s 3 -
‘\.ll lnLLl\l o'

179

A INAERSS @ Y ANAS!




. — r J‘

Lo P

L S U N

-~

- P
A3 PSSl i a

PR N

DM ‘-.v.- ': '.‘\‘- Ly NS -

Jo@ Lt

5. CONCLUSIONS

a. The surface damage threshold for Nd:YAG, pitch lap polished, using 0.3 um
alpha alumina mixed thin in water, was measured to be i3.5 + 1.¢6 J/cm2 for
single shot and 9.74 z 0.95 J/cm2 for multiple shots. For the damage
measurements, a stable, TEMoo’ Q-switched Nd:Cr:GSGG laser operating at
1.061 um was used.

b. The surface damage tnreshold for Nd:Cr:GSGG, pitch lap polished, using 0.3 um
alpha alumina mixed thin in water, was measured to be 16.38 + 3.11 J/cm2 for
single shot and 11.03 + 1.07 J/cm2 for multiple shots at 1.061 um.

c. The higher mean deviation for the single shot surface damage threshold as
compared to the multiple shot surface damage threshold is associated with
poor shot-to-shot stability in the single shot operation of the laser.

d. The mean deviation for the single shot surface damage threshold observed for
Nd:Cr:GSGG (+3.11) is substantially higher than the mean deviation for the
single shot surface damage threshold observed for Nd:YAG (+1.26).

e. Three different methods of polishing used did not seem to make a difference
in the single shot surface damage of the Nd:Cr:GSGG or the high mean
deviation. The single shot surface damage threshold for pitch lap polished,
Pyrex lap polished, and hybrid pitch plus Pyrex polished was measured at
16.31 + 3.11 J/cen®, 15.62 + 3.01 J/cm’, and 15.89 + 2.09 J/cmP, respectively.

f. The damage site comparison shows that the Nd:Cr:GSGG surface damage always
was associated with dark color rings around the damage site.

g. Infrared absorption spectroscopy of the damaged Nd:Cr:GSGG and Nd:YAG did not
show significant difference in organic contaminants on the surface.

h. Finally, the Nd:Cr:GSGG surface damage threshold is as high as the surface
damage threshold of the Nd:YAG, but the mean deviation in the Nd:Cr:GSGG
surface damage threshold is higher and the damage sites are surrounded by
dark color rings.,
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A Excimer Radiation Colouration Processes and
K" Surface Damage to Single Crystal
o™ CaF, Substrates
.
‘x
AN

I. Laidler and D.C. Emmony

N Department of Physics
" Loughborough University of Technology
A :. Loughborough, Leicestershire, LEI1 3TU
e
1 . This paper considers the effects of a 249nm excimer pulse on CaF, substrates and is
(. concerned with both surface damage and bulk colouration processes.
5 The effect of different polishing procedures on the surface damage threshold of
qf CaF, has been investigated.
N' L]
ﬂ CaF, has been shown to develop colour centres under prolonged U.V. irradiation.
"-, A technique has been developed to monitor the transient excited states created in the bulk
N material when irradiated with a 25ns excimer pulse. This involves a simultaneously pumped
° dye laser pulse probe operating at the absorption wavelengths of the excited species.
(73 From the results information about the photon absorption cross sections can be derived,
s the concentration of defect states at any time during the excimer pulse may be estimated
- and a knowledge of the maximum safe fluence levels established.
o
"
. Key Words:- CaF, single crystal; surface finish; laser damage; colour centres; transient
{ defects.
> _‘.
‘Y .
1 1. Introduction
+, \'
v

Calcium fluoride is an important material for those working at the excimer wavelengths, both
within and external to, the laser cavity. Damage in CaF, optics may manifest itself in one of two
ways. Bulk and surface mechanic:1 damage, or the long term degradation of the material's optical
properties due to the irradiation induced generation of colour centres. Both these effects have

',
)

U‘n

& been investijated using a 249nm, 30ns excimer laser with an output pulse energy of around 700mJ.
;; The experimental configuration and beam characteristics can be seen in figures 1 and 2.
:?j 2. Sample Preparation
il; In order to study surface effects eight sample surfaces were prepared and the damage threshold
® and damage morphology of each studied. The surfaces were variations on a standardised polishing
.. technique consisting of an alignment and cutting stage, an intermediate and then final polishing
e stage. Each surface was damage tested, then chemically etched and retested. The variations
e enabled conclusions to be drawn as to the effect of sample purity, surface stress induced during
~ the cutting stage, the effect of surface scratches and chemical etching. The surfaces can be
gt classified as follows and are given with their damage thresholds.
N
Lo i) Standard Material and Standard Polish 6Jcm™2
:: ii) As in i) plus a chemical etch 9Jem?
;s{ iii) Optipur Material and Standard Polish 6Jcm™2
x
o iv) As in iii) plus a chemical etch. 9Jcm-?
:-r v) Standard Material but stress reduced Standard Polish 5Jcm~2
s vi) As in v) plus a chemical etch 11Jcem™2
- vii) Standard Material plus ultra fine Surface Polish 7Jcm™2
YQ: viii) As in vii) plus a chemical etch 12Jcm™2
s
X
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A1l figures have a * 0.5J tolerance.

Damage has been defined as the fluence required to produce any visible damage (using a 1000 x
Nomarski microscope) in 507 of the shots. The figures quoted are single shot thresholds and the
spot size is large enough to remove any statistical dependence of damage threshold.

3  Discussion

As well as Nomarski microscope a Transmission Eiectron Microscope (T.E.M.) was used to look at
the surfaces, both before and after damage testing. Prior to damage the surfaces looked identical
except for samples vii) and viii) which were much more scratch free. No differences could be
detected on the chemically etched surfaces. Visually they looked the same as the un-etched
substrates. Practically, however the chemical etch raised the damage threshold by at least 50% and
up to 100. Figures 3a and 3b contrast a Standard Polish with an Ultra Fine Polish.

Observations of the damage sites has revealed the following points:-

a) cleavage occurs along scratch lines or grooves. This was true on all surfaces.

b) Sample v) with the Towest damage threshold has embedded impurities causing localised absorption
and circular damage sites and cleavage centering on the impurity. See figure 4. The
surounding area was untouched by the radiation. The chemical etch appeared to have removed
these impurities.

¢) Although cleavage was the most obvious form of damage in all samples it did not appear to be
the first form except in sample v). All the other surfaces showed, without exception, that
the onset of damage was iight pitting and melting. The presence of scratches were irrelevant
to this mechanism.

d) A1l cleaved areas show that the actual cleaved surface has flowed, i.e. melted, again
indicating that melting is the first form of damage.

e) Samples vi) and viii) had a large difference in surface roughness as seen in figures 3a and
3b and yet only a 1J difference in damage threshold.

Firstly it would appear from these results that the purity of the bulk material is not
significant in surface damage. Mass spectrographic analysis of the two grown sample materials
show trace impurities of the rare earths in the ppm level of the naturally occuring fluorspar
which is not present in the optipur material.

The cause of cleavage in CaF, has previously been discussed |1,2] and attributed to the
plastic deformation of the material during heating. This causes slip planes to appear along the
(111) faces and specifically orientated (111) surfaces to be pushed up out of the surface,
figure 5, [3]. On cool down the plastic deformation results in a residual stress which may cleave
the crystal, figure 6 . We can assume that at room temperature CaF, can withstand a specific
degree ot internal stress but above this value it must yield and cleave. (Remember it can
plastically deform at high temperatupes). Around scratches and grooves the intrinsic stress is
enhanced by a factor of the order ( )z where 2 is the length of the crack and r is the radius of
the crack tip. For surface feature$ characteristic to these polished sampies an enhancement of
30x is typical. Thus cleavage, a stress related phenomena, first manifests itself around such
features.

The results, however, would indicate that it is necessary for the surface first to melt before
there is enough thermal cneryy to cause significant plastic deformation giving rise to residual
stresses large enough to cause cleavage. Even around typical scratches the cleaved material has
first flowed.

The exact role played by surface scratches is still uncertain, but does not seem all that
great in CaF,, especially in the light of vi) and viii). Perhaps their most important role is as
a trap for absorbing impurities. The scratches themselves would not appear to play a part in the
damage initiating mechanism. The chemical etch has greatly increased the thresholds without
significantly changing the volume of the surface features and it is suggested that it has acted
purely as a thorough cleanser. Damage may be initiated by surface dirt or grease etc, heating the
substrate to a sufficient temperature for some instrinsic temperature dependent effect to take over
i.e. avalanche ionization. This mechanism may then take the whole surface to the melting noint.
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4. Colouration Processes

The role of colour centres in bulk damage processes is continually being debated |41, With
this in mind an experiment has been devised to monitor, during the damaging radiation pulse, the
concentrations of primary defects produced by this pulse. This work has two aspects of interest
Firstly to try and understand if the laser induced, transient defects play any role “n bulk damage
phenomena. Then secondly to investigate the precesses that Jead to radiation induced colour
centres in single crystal CaF,. With the increasing interest in large single crystal CaF, as an
excimer window material the long term degradation of the window's transmission through colour
centre generation is a frustrating and expensive problem.

5. Experimental Arrangement

The experimental arrangement can be seen in figure 7. It uses an identical damage facility
as employed for the surface work. The samples are now, however, cubic in geometry. Immediately
on leaving the laser the excimer beam is split, 157 of the 249nm 1ight being used to pump a dye
laser. The dye beam is T.E.M._ _ with a beam diameter of 2mm and a temporal profile corresponding
to that of the excimer pumping pulse, though clipped in the wings. Figure 7 shows the dye beam
split into two arms, a probe and a reference arm. The probe arm interrogates the crystal, entering
perpendicularly to the excimer and passing concurrently in time through the excimer's focus. The
reference arm traverses a 35ns delay line. Both beams are then incident upon a vacuum photodiode
and the signal recorded by a fast oscilloscope capable of resolving their temporal profiles. Thus,
direct comparison of the two pulses shown on the oscilloscope, the time dependent absorption of
the dye beam can be ascertained. This beam is tuned to the absorption band of the excited species
and primary defect of interest. The focussing optics of the probe beam is such that refractive
index changes in the sample will not result in a loss of light and hence an apparent absorption.

The first excited state to be considered was that of the V, centre or "self-trapped hole". 1In
CaF, it is this state that leads to the production of metastab]é F and H centres. The V, centre
is formed every time an electron can be excited out of the valance band to the conduction band or_to
impurity traps. The hole relaxes to its lowest energy configuration, i.e. it forms a covalent X
molecule with the neavest neighbour halogen ion. The V, centre, providing a highly efficient
electron trap, does not, in CaF,, directly revert back %o the perfect lattice by straight forward
recombination. Rather the V, centres rotates into the (111) direction and a close F-H pair is the
result |5|. The close F-H p%ir may then radiatively recombine or separate, depending upon the
environment, forming the stable F centre and H centre and colouring the crystal. It is hoped that
the experiment described will give us a better insight into the conditions for colour centre
generation and ways of avoiding them.

The experiment was initially performed using two different grades of CaF,. Crystals were
grown using optipur material and also a naturally occuring fluorspar. Mass spectrographic analysis
of these materials showed the naturally occuring fluorspar to contain between 0.1 and 10ppm of
the rare-earths whilst the optipur material, within the detection capability was free of these
eiements. The rare-earths will enter the fluorite lattice as a 3 ion sittjng above the valance
band and accessible to U.V. photons |6]. On trapping an electron the new 2° state now lies within
a photon's reach of the conduction band. A method of V, centre generation is thus available,
and it can be seen that a single impurity may give rise to more than cne V, centre due to the

cyclic nature of its production. The lifetimes of such states and formati%n rates need to be
understood.

6. Results and Discussion

Figure 8 shows the increasing optical absorption caused by an increasing V  centre
concentration as theexciting pump fluence is raised. Trace A is that of the na%ural1y occuring
fluorsyar, A; 15 ns into the excimer pulse, A, 10ns later. Trace B which indicates no optical
absorption is that for the optipur material. Simultaneous fluorescence due to the first excited
state of the Vk centre was observed in the fluorspar material but not in the optipur.

Analysis of the results usinr a knowledge of the excimer's spatial and temporal profile
energy content and crystal impurity level enables an estimation of the V. centre creation cross
section (10719¢m™2), The continuous lines on the graph represent a firs% order theory from which
is derived the V, centre creation cross section. It will be noted that the graphs tend to saturate
at a level definéd by the rare earth impurity concentration and exciting photon fluence. After
saturation a gradual linear increase is experienced 1g V, concentration. This is dge to the cyclic
nature of the rare-earth trapping process where the 2 state is ionized becoming a 3 impurity
available for valence electron trapping. It would appear that the time for one cycle to be
completed is of the approximate order of the excimer pulse.
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7.  Summary
Two forms of damage have teen investigated. Work on surface finish of CaF, surfaces indicates
that the damage threshold of the surfaces is not dependent upon ionic impurities, and not as
dependent upon surface topography as believed. Surface cleanliness is by far the greatest factor
affecting damage thresholds.

Colouration processes have been investigated and a sensitive technique developed to monitor
the concentration of primary defects. So far work indicates the presence of rare earth 3 ions
is crucial in the formation of both transient and metastable colour centres. It is hoped to
continue the work to see how these states affect the bulk damage phenomena.

The authors would like to thank B.D.H. Chemicals, England for their help and sponsorship of
this work, through an SERC CASE award, for providing and preparing the crystals and most
importantly, the initial impetus for the work.
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Figure 6. Cleaved surface of CaF, due to thermal expansion
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;;\ > Electrical and Computer Engineering Department and
‘oY Electronics Research Center
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ooy
oo The experiments in this study were focused on the N-on-1 laser damage and sub-
o damage threshold ion emission of gallium arsenide. The initial goals were (1) to
e determine the N dependent damage threshold due to N-or-1 laser irradiance and (2) to
:} correlate ion emission with surface damage events. A Q-switched Nd:YAG laser (1.064 um,

{"‘ 45 nsec pulse, 580 um spot diameter) was used to irradiate the <100> single crystal
gallium arsenide samples.

S

\3?: Using values of N from 1 to 100, we obtained accumulation curves based on 5(%
O damage probability. Corresponging damage threshold fluences were 0.4 - 0.8 J/cm® for

Y N>1 and approximately 1.5 J/cm® for N=1. We observed large site-to-site fluctuations

- in ion emission, and emission occurred before surfgce damage was initiated. We found

W the onset of ion emission at a fluence of 0.2 J/cm® for all cases, whereas the damage

o threshold fluence was two to five times larger and dependent on N. Experimental mea-
. surements of linear and nonlinear absorption coefficients were made to check for
g anomalous absorption. The measured values were in agreement with those previously
‘;¢; reported. Once surface damage occurred, ion emission was greatly increased. This type
,uj} of behavior seems to support a surface cleaning model for ion emission which precedes

s surface damage.
! -"‘s
; | Key words: gallium arsenide; charged particle emission; N-on-1 laser damage threshold.
::ﬁ} 1. Introduction
;:j: The interaction between laser radiation and solids has been a perplexing problem for many
S years. Often the Tifetime of an optical device is determined by its susceptibility to optical
: (: damage. There has been much controversy and unexpiained phenomena associated with the energy

transfer mechanism of normal Taser damage as well as the physical nature of surface damage.

@]

e The objectives of the experiments reported here were to characterize the statistical nature
':?Q of surface damage for gallium arsenide, to observe the relationship of charged particle emission
:{?. to surface damage, and to observe the damage morphology of gallium arsenide. In silicon it has
.\ﬁ- been reported that charged particle emission is coincident with surface damage [1]. A relation
A between charged particle emission and surface damage has yet to be reported for gallium arsenide.
0y To explore the statistical nature of surface damage of gallium arsenide, we performed various sin-
o gle shot and N-on-1 sub-threshold laser tests. We measured the positive charged particles emitted
'xj} during each Taser pulse to correlate the charge emission events with surface damage. Theoretical
. calculations for a thermal model, as well as an electron-hole production model, have been carried
:2){ out to determine the mechanism responsible for the surfaca damage.

RS
[~ 2. Experimental Setup and Apparatus

® 2.1. Samples

<%
f':u The gallium arsenide samples used in the experiment were supplied by the microwave integrated
o, circuit production group at Texas Instruments in Da]]as, Teﬁas The samples had a <100> orienta-
- tion and were very lightly doped with chromium (%1x10 but otherwise ungoped and unan-
0 nealed. These samples wege characterized by a res1st1v1ty of greater than 1x10’ @-cm and an etch
[~ pit density of 40-60 x 10 Only the front face of the wafer was polished to optical qual-
T ity.
F’.‘

- To prepare the sample for the vacuum tank we sequentially cleaned the gallium arsenide wafers
: in boiling solvents of trichlorethylene, acetone, and methanol to assure that all contaminants

had been removed. While in each solvent, the wafer was ultrasonically cleaned before proceeding.
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After the final cleaning in methanol, the wafer was rinsed in deionized water (less than 5 min-
utes at room temperature) and placed into the vacuum tank.

To measure the linear and non-linear ahsorption c~2€filienils in the transmission tests, the
gallium arsenide wafers were given an optical quality finish on both sides. The backside of the
wafer was mechanically polished in a two step process. Rough polishing with a grinding pad with
six micron diamond ferrous paste was used to initially buff the wafer. The finishing pad used a
liquid, 0.05 micron alumina, non-ferrous, suspension as a grinding media. After polishing, the
wafer was chemically cleaned as described above.

2.2. Experimental Setup

The experimental system is shown schematically in figure 1. It utilized a Q-switched Nd:YAG
laser with a full width half maximum (FWHM) pulse length of 45 nanoseconds, TEM,, mode, and wave-
length of 1.064 um. A knife edge scanning technique was used to measure the focused spot diameter
on the sample surface which was found to be 580 um. The laser stability fluctuated from pulse to
pulse resulting in a 2-5 percent standard deviation in energy for each data run. The laser was

operated at a 15 Hz repetition rate and the incident energy was attenuated by rotating a half-wave
plate in front of a polarizer.

A computer was utilized to control and count the laser pulses striking the gallium arsenide
sample and to record the charge collected. The computer had a Z80 microprocessor and supported
several data acquisition ports via sample and hold amplifiers and a multi-channel A-to-D convert-
er. The delay for the sample and hold amplifier was set to 130 usec in hardware. This assured
that the integrated values read for the charge emission were near the peak value, but were col-
lected well after the laser noise burst. The electronics were triggered by a vacuum photodiode.

A shutter, controlled by one of the computer's digital output ports, was used to select pulses for
sample irradiation. To allow time for data computation and storage between pulses, the shutter
selected every third pulse from the laser train.

A 760 mm focal length lens focused the beam onto the sample. The long focal length gave a
region of constant spot size approximately 3 mm deep at the focal plane and permitted greater

error in the placement of the sample. A system of 90° prisms was placed after the lens to scan
the beam across the sample in the vacuum tank.

To detect charged particle emission the sample and detection device were placed into the
vacuump environment. The system was dry pumped to achieve experimental pressures of less than
1x107° Torr. A Hamamatsu electron multiplier tube model R596 served as the ion detector and was
placed inside the vacuum system at a 36° angle tc the laser beam path. The sample surface was
normal to the optical path. The output of the detector was connected to a capacitive voltage
divider and amplifier. The dynamic range of the data acquisition system was increased by making
one channel 100 times less sensitive than the other. The electron multiplier current gain was
estimated to be approximately 0.75x10° at a voltage of -2kV. A data value of 1000 in ¥9e more
sensitive A-to-D converter channel corresponded to a charge of approximately 1.5 x 107'/ Coulombs.

3. Data and Analysis

Three experiments were conducted on the cleaned samples: 1) an emission scan of the gallium
arsenide sample at a fixed laser fluence, 2) an N-on-1 emission/damage threshold test, and 3) a
transmission test. All of the tests were performed in vacuum with the exception of the transmis-
sion test. The calibration and beam profiles were checked at the start and end of each experi-
mental session to assure accurate beam fluence measurements.

The emission scan of the gallium arsenide sample checked the uniformity of charge emission
under constant laser fluence. The scan spots were separated by 0.8 mi]lime%ers and 42 samples
were taken. The sample was irradiated with a constant fluence of 0.63 J/cm 7%). The
results in figure 2 show a bi-level emission contour. A different pattern of emission variations
was observed on each sample. Site-to-site fluctuations of the defect density in gallium arsenide
have been previously noted [2] and could disrupt the statistics of charged particle emission and,
possibly, the emission threshold. To minimize the effects of these site-to-site variations, we
conducted the emission/damage tests over a small area of the wafer.

Other experiments were concerned with the multi-pulse and single pulse irradiance of gallium
arsenide. In the multi-pulse experiments, fluences below the single pulse damage threshold were
used to search for accumulation effects associated with either emission or damage. The objectives
of these experiments were (1) to identify accumulation effects associated with surface damage, (2)
measure a damage threshold based on 50% probability statistics, (3) search for correlations
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inhomogeneous processes is made apparent by examining the laser absorption in the sample. From
the slope and intercept of the linear fit of the inverse transmission versus intensity shown in
figure 10, we extracted the nonlinear absorption coefficient, gy, and the linear absorption coef-
ficient, ay. First ag was found from the equation:

2
To = (1-R) exp(-aoL) (1)

where T_ is the zero fluence transmission intercept, R is the reflectivity at the air-gallium
arsenide wafer interface, and L is the thickness of the gallium arsenide sample. In our case T,

was 0.447 (from figure 10), R was calculated to be_ 0.306, and L = 0.0635 cm. Substituting these
values into eq. (1) and solving yields o_=1.18 cm” -1 With agy known, the nonlinear absorption coef-
ficient, gy, can be calculated from the 90110w1ng equat1on:

n = solexp(agl)-11/[ay(1-R)] (2)

where m is the slope of the linear fit to the inverse transmission versus incident intensity data.
Equation (2) was derived from eq. (3) as described in reference [6]. From figure 10, we obtained

= 40.2. Solving for By in eg. (2) yields 85=0.42 cm/MW. When the pulse length is accounted for,
the values of g and g are in agreement w1th those previously reported by Bechtel and Smith [7]
and Lee and Fan [8] ?herefore there is no evidence of anomalous homogeneous absorption.

4.1. Thermal Model
To determine the mechanism responsible for the laser induced damage, we examine the tempera-
ture change of the surface. The linear and nonlinear absorption must be included in the heating

model because the laser energy is absorbed throughout the gallium arsenide sample. For uniform
illumination, the intensity relative to that at the surface is given by the differential equation:

dl/dx = - ol - 8512 (3)

where I = I(x) is the intensity at a depth x into the absorbing medium, «. and By are the linear
and nonlinear absorption coefficients, respectively. Assuming that all tﬁe absofbed energy is
thermalized without diffusion, the peak surface temperature rise can be written

= (dl/dx)g e t) /€y o (4)

where t_ is the pulse Tength, Cv is the heat capacity, and p is the mass density. Substituting
eq. (3)"into eq. (4), and taking the surface reflectivity into account gives

LT = [ao * 8 I0 (1 - R)JO1 - R) IO tp /Cv 0 (5)

where [, is the incident intensity. For gallium arsenide at room temperature, we have CV 0.327
J/g- °K and o= 5.32 g/cm3. Using a typical damage intensity for the single shot case, I, = 19
MW/cm?, we obtain a maximum temperature rise of 2.3°C. This diffusionless model assumes homogen-
eous energy absorption and temperature independent reflection and linear and nonlinear absorption
coefficients.

From the results of the previous calculation we conclude that uniform heating is not suffi-
cient to explain the melting effects observed on the gallium arsenide surface. A similar conclu-
sion has been reported for silicon by Merkle, Uebbing, Baumgart, and Phillipp [9]. However, this
does not exclude the possibility of an abnormal absorption, or point absorption in defects at, or
near, the gallium arsenide surface.
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$ﬁ between surface damage and charged particle emission, and (4) determine the damage morphology as a
,‘jg function of fluence and number of pulses.

For each value of the number of pulses N used (N =1, 3, 10, 30, and 100) we irradiated 150
{ to 200 different sites in order to obtain the statistics of surface damage. Surface damage on the
front surface of the sample was identified by searching for surface changes with a Normarski opti-
« cal microscope at 200X. The damage data for N =1, 10, and 100 are plotted in figures 3-5, respec-
§ o\ tively. In each plot we used a linear curve fitting program to obtain the damage probability.
314 From the linear fit we obtained the 50% probability fluence for each value of N, and used this
: value in the accumulation plot in figure 6.

\ For all velues of N, we observsd the onset of charged particle emission at an average
- fluence of 0.2 J/cm? { + 0.069 J/cm?)

N The values for the onset of emission and the 50% damage
X threshold are ¢iven in Table 1.
fﬁt Table 1. Onset of Emission and 50% Damage Threshold
b Fluence of N-on-1 Experiments.
L\
o ‘N Charged Particle 50% Damage
T Emission Onset Fluence [J/cm¢]
W Fluence [J/cmé]
o)
I;b
o 1 0.18 1.518
L J 3 0.15 0.7751
W 10 0.17 0.6357
ﬂj 30 0.32 0.7907
o 100 0.17 0.6781
g
B«
A
g '-
{ From these damage fluence values and their plot in figure 6, it is apparent that an accumulation
1N effect was present. As the number of la er pulses incident on the wafer increased, the 50% dam-
>, age fluence decreased. Similar curves to the one shown in figure 6 have been reported for metals
‘jw [3], polymethylmethacrylate and modified polymethylmethacrylate [4].
_:: The positive charged particle emission data was collected on a pulse-by-pulse basis. A typi-

cal profile for N = 30 is shown in figure 7. The site from which this emission profile was
obtained was damaged. From these data we note that the first few pulses (from 2 up to 10 depend-
ing on the case) induced a charge emission that decreased as the pulse number increased. After

Ok

1oy this, the emission increased greatly. We interpret the decrease in the first few pulses as a sur-
5{- face cledning effect. These first pulses cleaned any residue left from either the chemical clean-
o ing process or that had been ejected from previously laser irradiated sites. This emission could
- also be due in part to the depletion of the more volatile specie, As, from the surface atomic
s layers. Figure 7