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Forword

These proceedings report in detail the formal papers and discussions presented at the 3rd Annual
Symposium on Damage in Laser Materials held at the National Bureau of Standards, Boulder, Colorado on
May 19 and 20, 1971. This meeting was jointly sponsored by the National Bureau of Standards and the

American Society of Testing and Materials. The major topics covered were Diagnostic Development, Damage
Testing and Assessment, Damage Theory, and Physical Characteristics of Optical Media of importance in

controlling damage, as well as Damage to Thin Film Coatings and Nonlinear Optical Materials.

The co-chairmen, Dr. Alexander J. Glass of Wayne State University, Detroit, Michigan, and Dr.

Arthur H. Guenther of the Air Force Weapons Laboratory, Kirtland AFB, New Mexico, take full respon-
sibility for synopsis of comments following each paper as well as the summary and conclusions of the

meeting

.

It is suggested that individuals interested in the subject of this meeting obtain publication
NMAB-271, "Report of the Committee on the Fundamentals of Damage in Laser Glass" which is available for

sale from the National Technical Information Service, Springfield, Virginia 22151, at a cost of $3.00.
Proceedings of the 1969 ASTM Symposium were published in December 1969 as "Damage in Laser Glass", ASTM
Special Technical Publication No. 469 "Library of Congress Catalog Card No. 74-102757". Proceedings of
the 1970 Symposium were published in December 1970 as "Damage in Laser Materials", National Bureau of

Standards Special Publication No. 341 at a cost of $1.25, with "Library of Congress Catalog Card
Number 73-609162".

It is our intention to convene another symposium next year in Boulder during June to update and

document the state of the art on Damage in Laser Materials at that time. This meeting will cover the

subject historically presented at these symposia with additional emphasis on thin film damage and

surface damage as a function of surface preparation and characteristics, e.g. surface scatter. We shall
endeavor to address the problem of the damage of materials and components at 10,6tim, an area of in-

creasing importance. We wish to encourage the reader to contact us on matters pertinent to the intent
of these conferences.

A. H. Guenther

Library of Congress Catalog Card Ntimber: 77-181048
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Damage In Laser Materials
3rd ASTM Symposium
May 19-20, 1971

Abstract

The third ASTM Symposium on Damage In Laser Materials was held at the

National Bureau of Standards in Boulder, Colorado, on May 19-20 of this year.

This symposium is held as part of the activity of Subcommittee II on Lasers

and Laser Materials, of the ASTM. Subcommittee II is charged with the re-

sponsibility of formulating standards for laser materials, components, and

devices. The chairman of Subcommittee II is John D. Myers, of Owens-Illinois,
Inc. Co-chairmen for the damage symposia are Dr. Arthur H. Guenther, of the

Air Force Weapons Laboratory, and Professor Alexander J. Glass, Chairman of

the Department of Electrical Engineering at Wayne State University.

Approximately 50 attendees at the symposium heard 17 papers on topics

relating to laser-induced damage in glass, crystalline materials, nonlinear

optical materials, thin film dielectric coatings, and mirrors. Particular

attention was given to the processes of plasma formation at dielectric surfaces,

and to the role played by self-focusing in bulk damage in solids. The principal
conclusions arrived at the Symposium, the content of each of the papers, and

recommendations for future investigations are summarized below.

The proceedings of these Symposia represent the major source of information

in the field of damage in laser materials. The Symposia themselves, along with

the periodic meetings of Subcommittee II, provide a unique forum for the ex-

change of information regarding laser materials specifications among the manufac-

turers and users of laser devices, components and systems. The Symposium also

serves as a mechanism of information gathering, to enable the Subcommittee to

write informed and realistic specifications.

Key Words: Laser damage, laser materials, self-focusing.

Summary & Conclusions

1. Principal Conclusions

It was apparent from the content of the papers presented at this Symposium that considerable
progress has been made in understanding the nature of the processes which lead to material damage under
intense illumination. It is now unequivocally demonstrated that surface damage is always accompanied
by the formation of a luminous plasma, composed mostly of materials ejected from the surface itself.
The process whereby this plasma is formed is sensitive to the cleanliness of the surface, and to the
history of the surface finish, which may be the same thing. It is indifferent to the composition or
absence of background gas at the surface. It seems possible to affect the surface damage threshold, at

least in some materials, by immersing the surface in a liquid, or optically contacting it to a surface
of different composition. Some features of the surface damage mechanism remain unclear, such as the
effects of surface roughness, the possibility of altering the surface damage threshold by chemical
treatment or ion implantation, and the physics of the initiation process whereby the plasma is formed.
Since surface plasma formation remains the principal limitation to the operation of glass lasers, and
since there is evidence that the threshold for surface damage can be increased, perhaps by factors of
ten, by various surface treatments, methods of raising the surface damage threshold in laser glass
should receive high priority.

The extension of the discussions of the Symposium into the areas of nonlinear optics materials and
coated surfaces does not come about from a diminution in interest in damage in laser glass, but instead
reflects the increased understanding of the processes whereby glass damage can be avoided. Bulk damage
in laser glass resulting from heating platinum inclusions is now a problem of production control, and
is well enough understood to be avoided.

Once this source of local damage is removed, the threshold for bulk damage in glass, as in most
transparent solids, is the threshold for self-trapping. It is now clear, from the elegant work of John
Marburger, of the University of Southern California, and Concetto Giuliano, of the Hughes Research
Laboratory, independently confirmed by Michael Bass, of Raytheon, that the damage track observed in a

broad range of materials is the fossil record of the moving focus generated by dynamic self-focusing of
the incident light. The observed threshold for this process, as shown by Edwin Kerr, of Perkin-Elmer

,

is sensitive to the beam geometry, and to the duration of the incident pulse. On the basis of Kerr's
work, however, one can relate the effective threshold for self-focusing with a given set of operating
parameters to the intrinsic threshold for bulk damage in the material.
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There is also evidence that the self-trapping process plays a role in surface damage. Even if no

bulk damage occurs during a pulse, the light intensity at the exit face of a sample is increased by

self-focusing to produce regions of high electron emission, which initiates plasma formation. It is not
clear at this time if surface plasma formation takes place only via the self-focusing mechanism, or if

the photo-current densities which are produced in an unfocused beam are sufficiently high to lead to

plasma initiation.

It was emphasized by Bass that the damage process is intrinsically statistical. Accordingly, one
must define the concept of damage threshold in terms of the probability that damage will be observed at

a given power level in a certain number of laser shots. Given a model of the damage process, the likeli-
hood of damage for a given material can be stated in terms of the single-shot damage probability, p,

,

which is a function of incident intensity. Experimentally, it is observed that the relation for a large

class of materials can be written as p-j^ ~ exp(-K/l'^), where K is a constant for a given sample of material,
and I is the incident laser intensity.

It is apparent that in any measurement of damage phenomena, it is essential that one be able to

measure the local intensity of the incident light. In general, this requires that damage testing be done
with a single mode (TEM|_|q) laser. Evidence is reported in this Symposium indicating that in the presence
of multimode illumination, even the mechanisms of damage may be different from that under single mode il-

lumination. There seems to be little chance of interpreting observations of damage in an quantitative
fashion under the action of multimode illumination.

Damage studies in nonlinear optics materials are more difficult to interpret than studies in glass
and ruby. One reason for this is the lack of homogeneity and reproduceable properties in most crystal-
line NLO materials commercially available today. Significant variations of scattering loss, UV absorp-
tion, and optical quality are seen from sample to sample of the same material. Accordingly, different
samples exhibit significantly different damage levels. In addition to the variations in material, there
is the added effect that damage in the presence of two or more optical frequencies , in a nonlinear
medium, occurs at a power density much lower than the single frequency damage threshold. The reasons for
this discrepancy are currently unclear.

The emphasis of the ASTM Damage Symposium is shifting away from laser materials themselves to other
components of the laser system. We can look forward to continued interest in damage to thin films and
multilayer coatings. There is increasing interest in damage at infrared wavelengths, especially at

10.6 jUm, and to reflecting surfaces. The sensitivity of the damage threshold to the way in which the
surface is fabricated remains an important topic of interest.

2. Summary of Papers

2.1 Damage in Glass

The first group of presentations at the Symposium were concerned with damage to various laser and
optical glasses. While the bulk damage mechanism is rapidly becoming well defined, inprovements in the
understanding of surface damage mechanisms are required to achieve higher threshold values. In part, in
most situations, surface damage is the limitation in high power system applications. The improvement in

our understanding of bulk damage mechanisms is in no small part due to improved diagnostic techniques,
the prime area covered in this group of papers. They include results on damage resistance of a recently
developed Schott glass, holographic techniques of damage diagnosis, spectroscopic characterizations of
the plasma accompanying surface damage, the chemistry relating to the plasma formation, and finally a

description of a new direct non-destructive measurement of self-focusing in laser glass.

Dr. Norbert Neuroth of the Schott Company led off the Sjmiposium by reporting damage results on
their improved 1% efficiency LG 630 and LG 650 glasses doped to 3% and 5% Nd respectively. The passive
loss of these glasses is in the range of 0.15 to 0.2%/cm. He reported, as well, on glasses containing
up to 10% Nd , at which level concentration quenching was observed. Evidence of concentration quenching
was a reduction in lifetime from 600 /Llsec to 400 (Usee. Damage testing was generally performed at 40 nsec
with either a 20 mm or 60 mm f.l. lens. As expected, two types of damage were reported. For the short
focal length lens, localized, star-patterned pictures were observed, while with the longer focal length
lens, filimentary damage was evident. Surface damage thresholds ranged between 20 and 40 j/cm^ in a 30
ns pulse duration. Additional comparative tests were performed both on passive and pumped samples.

Of considerable interest were results of tests performed on colored filter glass and undoped op-
tical glass. For the filter glass study, damage exhibited both fracture and melting, and an analytical
relation was developed between damage threshold and absorption coefficient. This relation states that
the energy at threshold was equal to 185 j/cm^ divided by k^ • ^'^ were k is the absorption coefficient
in cm"l. A correlation was observed between the surface damage thresholds for different optical glasses
and specific glass properties. Observed damage thresholds were correlated with the percentage of glass
forming oxides, the specific heat and viscosity-related temperature for softening.

The application of pulsed holography to laser induced damage was the subject of a paper by Dr.

Norman Boling and Robert Beck of Owens-Illinois Inc. The study concerned the association of various
distinctive fringe positions and fringe motions with acoustic disturbances and plasma characteristics.
Once the importance of not employing focused beams for this study was established, characteristic
acoustic phenomena associated with longitudinal, shear and rayleigh surface waves were easily identified.
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A detailed study of the surface^plasma produced concurrent with damage indicated an initial ex-
pansion velocity greater than 7 x 10 cm/sec at an ion temperature of greater than 5 x 10^ °K, with
corresponding electron densities between 10 ° and 10^^ e/cc. These holographic results were employed to
assess the possible role of electrostriction , Stimulated Brillouin Scattering and plasma produced shock-
waves and ionic bombardment of the surface in the damage process.

An important result of work relating to the reduction of inclusion damage was reported as well, Pt
inclusions are caused by the presence of oxygen in the melting environment. One can not arbitrarily
remove 0^ completely by use of inert atmosphere, for there the Pt crucible is attacked by components
of the molten glass, such as Si. Therefore it was deemed that 0^ concentration was critical, and
through the application of thermodynamic considerations a buffer of CO and CO2 was employed as a pumping
gas to control the O2 concentration within narrow limits.

In a paper read by Dr. Arthur Guenther of the Air Force Weapons Laboratory for Prof. Chiyoe Yamanaka
and his coworkers at Osaka University, Japan, a rather complete review of that institute's research into
passive and active glass damage was presented. Previously reported results were confirmed, such as
plasma formation concurrent with damage, a damage threshold at the exit surface lower than that at the
entrance surface of optical elements; and improvement in surface damage susceptibility through the use

of various chemical treatments. It was found that HF etching raised the damage threshold for Barium

Crown glass from 28 j/cm^ to 40 J/cm^, for a 10 minute etch in a 10%, HF solution. For 25 nsec exposures,
bulk damage threshold did not appear to be sensitive to the concentration of platinum inclusions.

The damage threshold for glass with platinum inclusions was approximately 12 i 3 J/cm^, while for

inclusion- free glass, it was reported to be 400 j/cm^. Considerable attention was paid to the analysis

of both integrated and time resolved spectroscopy of both internal and surface plasmas, and the inter-

pretation of these spectra in light of various damage mechanisms.

Dr. George Leroi reported, in review form, research accomplished in the Dept. of Chemistry at

Michigan State University, on plasma formation on laser irradiation of dielectric materials. The
measured positive and negative particle emission currents were analysed with regard to a proposed
phenomenological model. The observed currents were ascribed to laser heating of surface contaminants,
with subsequent production of high energy photons, and thermionic emission of electrons and ions. An
important result is that these emission currents can be greatly reduced (but not completely eliminated)
by careful precleaning and repeated laser irradiation at power levels below the damage threshold. Much
smaller emissions have been obtained from "clean" surfaces than were previously considered to be in-

trinsic to the dielectric materials tested. These included soft glass, pyrex, fused quartz, suprasil
quartz, CaF2 , LiF and sapphire.

In a paper related primarily to the onset of bulk damage, Brian Newman and Lawrence DeShazer, of
the University of Southern California, discussed the development of a direct but non-destructive test

for measuring the onset of self-focusing in laser glass. This was accomplished by comparing the tem-
poral shape of the transmitted on-axis pulse with the input pulse, and constructing a non- linear wave
equation. It was shown that if the response of the medium is fast enough, the critical power for self-
focusing, P^ and the non-linear refractive index n2 could be calculated without regard to specific
mechanisms. A result for BSC-2 glass under 10 nsec irradiation at 0.6943 um indicated a value of
P^ = 0.9 MW, and n2 of 2 x 10 esu, which is similar to results reported by Duguayat the 1970
Symposium on Laser Damage. It was pointed out that a well controlled transverse distribution was re-
quired of the irradiating laser to make accurate measurements of the pulse sharpening of the on-axis
contour during self-focusing.

2.2 Damage in Crystalline Materials

Experimental studies of both bulk and surface damage in crystalline materials were reported by
several of the participants in the Symposium. Materials studied included crystalline quartz, ruby,
sapphire, and a variety of nonlinear optical materials. A common feature of all the investigations was
the emphasis placed on the difference between damage generated with a single mode (TEM ) laser and
that incurred in the beam of a multimode laser. Since each investigation is carried out under different
conditions, no direct, quantitative comparison of the results is possible. The damage threshold
numbers quoted were dependent on the experimental conditions.

Professor David Edwards, of Colorado State University has investigated bulk damage in crystalline
quartz, using a ruby laser system operating both in the TEM mode, and with a spatially multimode
output. Significant differences were seen in the threshold and morphology of damage incurred in the
multimode beam and the single mode beam. It is difficult to provide a quantitative interpretation of
multimode results due to the lack of reproducability of the beam intensity distribution from shot to
shot. It was observed, however, that the multimode damage threshold was correlated with the elastic-
wave velocity in the medium, with the threshold being highest for that geometry in which the resultant
elastic-wave had the highest velocity in the medium. This effect was confirmed by the spatial prop-
erties of the bulk damage. When the elastic-wave velocity was isotropic in the plane perpendicular to
the incident laser beam, the resultant damage volume was circular in cross-section. When the wave
velocity was not isotropic in the transverse plane, however, a cruciform pattern was observed. With a
single mode laser, no such spatial dependence was observed. It is proposed that the multimode damage
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results from strong coupling to the phonon spectrum of the crystal via the electrostrictive mechanism
which is sensitive to gradients in the laser intensity pattern. In single mode damage, the interaction
seems to be of a different nature, and may be due either to self-focusing , or to direct interaction with
the electrons rather than coupling to the crystal lattice.

Dr. Concetto Giuliano, of the Hughes Research Laboratory, reported the first direct observation in

solids of the effect of the moving focal spot caused by self-trapping. Experiments were carried out
with a ruby oscillator amplifier system, operated in the TEM^q mode. Bulk damage was observed with a

focused beam in sapphire and ruby samples. The light emitted from the luminous plasma formed at the
damage site was recorded on an STL streak camera, to give a temporally and spatially resolved record of
the locus of the damage. The damage locus was observed to start at the geometrical focus of the beam,
and progress towards the laser as the pulse intensity increased, creating a damage track in the sample.
The track terminus was reached at or near the peak of the laser pulse. For a temporally modulated pulse,
the damage locus was observed to dwell in the medium at each local maximum of the pulse, creating a

local damage star. The results of this investigation showed good quantitative agreement with the theo-
retical model proposed by Marburger , which is described below.

The probabilistic nature of the damage process was emphasized by Dr. Michael Bass, of the Raytheon
Research Division. He pointed out that at any level of irradiation, there is a non-zero probability of
observing damage. This probability increases monotonically with increased local light intensity. At a

given level of irradiation, the prob^I^ility that damage will occur on the nth pulse is given by a bi-

nominal distribution, p = (1-pj^) p^, where
pj^ is the single shot probability of damage. On a model

similar to that proposed by Shockley for avalanche breakdown, the single shot damage probability is

shown to be proportional to exp (-K/E) , where K is a constant determined by the material and experimental
conditions; and E is the electric field of the light wave. Experimental evidence was obtained in a large
number of crystalline and amorphous materials showing that a plot of log p^ vs. \Jl (where I is the local

laser intensity), yielded a straight line dependence as predicted on the avalance model. Data are pre-
sented for surface damage in these materials observed at the focus of a TEM , Nd:YAG laser. Addition-
ally, Dr. Bass presented streak-camera records of bulk damage in lucite acrylic plastic and glass.
Evidence is obtained of a moving focal spot due to self-trapping, similar to that presented by Giuliano.

Results were reported by William Fountain, of Sylvania Electric Systems, on bulk and surface damage
in three nonlinear optical materials: LiNb03

,
LiI03, and proustite. The beam of a TEM^^^^ , Nd:YAG laser

was focused with a long focal-length lens, and each sample was then placed in the diverging portion of
the beam, downstream of the focus. By moving the sample towards the focus, the incident power density
was increased to the point where damage occured. Proustite exhibited catastrophic damage, ascribed to

local heating due to absorption, at an incident power density of a few hundred watts /cm cw, or 10 MW/cm^
in a 10 nsec pulse. If this absorption is intrinsic in the material, proustite will not be a useful
candidate for near-IR applications.

2
Lithium lodate showed damage at the entrance surface at about 400 MW/cm in 10 nsec pulses. This

damage may have been due to the conditions of the surface polish. When used as an external frequency
doubler, LiI03 , exhibited bulk damage at power densities of only 30 MW/cm^ in the fundamental, and

15 MW/cm^ at the harmonic. Evidence of chemical decomposition of the material, in the form of free
iodine deposits, was found in the damage regions.

2
In lithium niobate , exit face damage, accompanied by visible plasma, was seen at about 170 MW/cm

in 10 nsec pulses. When the crystal was immersed in Dow Corning 200 fluid, a plasma was seen in the

fluid at the interface, but no residual damage to the crystal was observed. When the crystal was op-

tically contacted to either quartz or YAG plates, the exit face damage threshold was raised to about

700 MW/cm . In a mode-locked YAG laser beam, no damage was seen in LiNb03 at single pulse energy den-

sities up to 0.32 joules /cm . The crystal did show entrance face damage at incident energy densities

close to 0.70 joules /cm in the beam of a mode-locked glass laser. Like lithium iodate, lithium niobate

showed a much lower damage threshold in the presence of the green harmonic, when used as a frequency

doubler

.

The damage threshold reduction, in the presence of harmonic generation, was explored in detail by

Robert Webb, of Holobeam. In his studies, a crystal of barium sodium niobate was used as a frequency

doubling element inside the cavity of a single mode, Nd:YAG laser. It was found that the efficiency of

conversion that could be obtained was limited by surface damage to the nonlinear crystal. Damage was

seen at power levels of 3 MW/cm^ at the 1.065 H fundamental, and 10 KW/cm^ in the harmonic. The ob-

served damage levels were approximately the same for crystals coated with either thorium fluoride or

magnesium fluroide. Two mechanisms were proposed as possible causes of the damage seen in the presence

of the harmonic. One was the possible presence of absorption in the material at the sum frequency, i.e.

at the third harmonic, coupled by a nonlinear interaction to the two waves present in the medium. The

other possible cause discussed was the presence of stimulated Brillouin scattering in the medium leading

to amplification of the phonon field. The presence of reduced damage thresholds in the presence of the

harmonic emerged from both Webb's and Fountain's papers as a point of significant concern in the design

and use of frequency doubling crystals.
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2.3 Theoretical Contributions

Obviously, these experimental investigations must be supported by the development of theoretical
models for the processes involved. The dynamics of electrostrictive self-focusing, the moving focus
picture of self-focusing, and laser-enhanced diffusion phenomena, were each the subject of a theoretical
investigation reported at the Symposium.

Edwin Kerr, of Perkin-Elmer , discussed calculations of solutions to the equation of light propaga-
tion the presence of electroc trictive self-focusing. The latter was described by a sound equation re-
presenting the finite rate at which density changes can occur in the medium. It was found that the
threshold for self-focusing increases rapidly over the steady-state value for pulses short compared to

the time for acoustical propagation across the focal diameter. For trains of short pulses, such as are
produced by mode-locked lasers, cumulative effects are predicted to occur. Above the threshold for

trapping, one is interested in the relation between the maximum power density achieved in the medium,
and the power incident ,on the entrance face of the sample. This dependence has been calculated, and
computed results are given. Experimental confirmation was obtained by plotting the incident power level
required in a beam of given radius to cause damage in a glass sample. The damage threshold for a given
sample was then obtained from application of the theoretical relations. Bulk damage thresholds for

pulses of 55 nsec duration are reported for Flint Glass (2.5 GW/cm^) , BSC Glass (60 GW/cm^) and Fused
Silica (180 GW/cm^),

If the incident power density is sufficiently high to cause self-focusing in the sample, the maximum
power density at the focus is undetermined since the theoretical results diverge. Dr. Kerr showed that

if one includes the effects of gradients in the nonlinear refractive index, which become significant in

the vicinity of the focus, this singularity is relieved, and one can obtain predictions for the trapped
minimum radius as a function of the incident power. The theory also predicts significant depolarization
of the transmitted beam, which has been experimentally confirmed.

Professor John Marburger, of the University of Southern California, presented a brief review of the

theory of self-focusing, and then described a dynamical model of the moving focal spot induced in self-
focusing media. The essential features of the motion of the focal spot were computed. While the inci-

dent light intensity is increasing, one branch of the solution corresponds to a focal spot moving towards
the laser. This portion of the process is well accounted for by Marburger 's theory, and experimental
evidence in support of the theory was presented in Giullano's paper. A qualitative description was given
of the behavior of the other branch of the solution corresponding to a secondary focus downstream of the
geometrical focus in the medium. Marburger also described the effects to be expected from the retrograde
motion of the primary self-focus on the decaying portion of the laser pulse. The effects of both the

prompt and delayed nonlinear response of the medium were discussed.

Professor Wilbur Franklin, of Kent State University, proposed a theory of enhanced ionic diffusion
in crystalline solids in the presence of Intense electromagnetic fields. Several forms of interaction
are possible. If the Incident light leads to direct phonon excitation, diffusion processes will be
enhanced. If, Instead, the effect of illumination is primarily to excite conduction electrons, this
can decrease the activation energy associated with the diffusion of defects. Increased local pressure,
due to electrostrlction , can also decrease the free energy for ion migration. The explicit form of the
dependence of the activation energy for defect diffusion on the population of phonon and conduction
electron states is exhibited. Professor Franklin also pointed out that ion diffusion can be driven by
strong thermal gradients induced by the incident light. Possible consequences include local deviation
from stolchiometry , or even the formation of cavities In the medium. These in turn, can act as "free
surfaces" for the initiation and propogation of mlcrocracks . Possible mechanisms for photon-phonon
interaction Include direct absorption, Raman scattering, and electrostrlction. As proposed by Robert
Hellwarth, of the Hughes Research Laboratory at the 1970 damage symposium, conduction electrons (which
couple strongly to the Incident light) can interact with the lattice via polaron interactions.

2.4 Thin Films and Mirrors

As a final topic of this year's symposium, laser Induced damage to dielectric coatings and mirror
surfaces, particularly at 10.6 |Jm, were discussed. Four different aspects of this problem were dis-
cussed. They were; a) the requirement for careful control of the beam intensity distribution of the
damage producing laser source; b) a survey of the relative damage resistance of a large number of
candidate materials; c) the morphology of damage as determined by both optical and electron microscopic
techniques, with an attended correlation to the film systems structural characteristics, and finally;
d) a detailed presentation of the physics and engineering practices relating to the reflectivity and
absorption of metallic mirrors In the 10.6 (Jm region of the spectrum.

Although Dr Francis Turner of Bausch and Lomb was unable to attend the symposium due to ill health,
his very complete survey of the relative damage resistance of single laser dielectric films and various
multilayer systems, Is included in the proceedings. A general observation of the damage threshold for
Q-swltched ruby laser operation indicates that damage thresholds for multilayer dielectrics fall between
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those of their component films. Thresholds were determined by correlation of the damage spot sizes
with incident laser power. Extrapolation of spot size to zero radius gives the threshold energy. The
obtained tabulation of relative damage thresholds should be of considerable use to manufacturers of thin
f i Im coatings

.

Professor Lawrence DeShazer and Joel Parks of the University of Southern California stressed the

importance of careful control of the intensity distribution of laser sources. Of particular importance
is the transverse mode control required, and much of their paper is concerned with the transient trans-
verse behavior of Q-switched lasers. Their intention during the next year is to evaluate monolayer
damage in the UV, visible, and IR regions of the spectrum by employing N2

,
ruby and Nd"*"^ lasers. Their

program will study damage of films on crystalline substrates by scanning electron microscopy, electron
diffraction, determination of chemical changes produced in films, and by attempting correlation with
transmission and reflectivity measurements.

R. Russell Austin, of Perkin-Elmer , and Dr. Arthur Guenther , of the Air Force Weapons Laboratory,
undertook a determination of the damage resistance of four typical anti-reflection coatings. It was

attempted to correlate observed damage thresholds with the residual stress developed in single-layer
and multilayer coatings, all of which had been deposited on fused quartz substrates using electron-beam
heating. Coatings evaluated included quarter-wave (A.o = 1.06 U) layers of MgO-MgF2

,
MgF2-S-[^02, MgF2-

ThF^-MgF2 , and MgF2 . A great deal of insight into the morphology of damage was obtained from examination
by optical and electron microscopy. It was important to note that there are many more types of laser-
induced damage to thin films than are observed in optical substrates or elements. Values of single shot

damage, always accompanied by visible plasma formation, ranged between 1 and 2 GW/cm^ for 30 ns exposures
on both entrance and exit surfaces. Numerous suggestions for the development of damage resistance coat-
ings, as well as experimental precautions, were made. In addition, research efforts were proposed to

afford an insight into the physics of laser-induced damage to thin film coatings.

The question of minimizing the susceptibility to damage of CO2 laser mirrors was the topic of a

paper by Harold E. Bennett of the Naval Weapons Center. The absorption of mirror coatings is of major
concern in CW laser operation and becomes even more critical in high-power, pulsed operation. Reflecting
films exhibiting very low absorption can be made employing multilayer dielectric coatings in the visible
and near infrared spectral region. At longer wavelengths, however, due to the thickness required and

lack of suitable materials for multilayer films, it is advantageous to use evaporated metal films. In

this paper, the effects of evaporation conditions, surface finish, overcoating of the surface, tarnish,
and anomalous skin effect on the achievable reflectivity and absorption of metal . surfaces were discussed.
It is concluded, that at 10.6 (Jm , a properly prepared, un-overcoated silver or gold surfaced mirror may
be the best choice for high-power laser applications.

3. Recommendations

Great progress has been made in the development of damage-resistant laser material as well as in

developing an understanding of damage mechanisms and increased sophistication in the analysis of damage.

By improved manufacturing and fabrication procedures, metallic inclusions have been eliminated as a

source of bulk damage in active laser material. At present, the threshold for bulk damage is determined

by the threshold for self-focusing. Although it may be possible to affect the threshold for self-focusing

by changing the formulation of the material, in particular in the case of laser glass, it seems unlikely

that any large increase in the self-focusing threshold will be obtained. As a result the tendency has

been to avoid self-focusing by the use of segmented configurations such as slab or disc lasers, particu-

larly as amplifier stages in high powered glass laser systems. Consequently, the single most important

limit to high power glass laser performance at the present time is that imposed by the threshold for

surface damage. This is an area in which considerable improvements are required in order to realize the

full potential of solid state laser systems.

In addition to improving the performance of glass laser systems, research in this area can also have

a profound impact on the durability of the other optical elements required in the utilization of high

powered laser systems. It is strongly recommended that work be pursued in the area of surface physics

and chemistry to develop new methods of increasing the damage threshold of optical surfaces. In any

studies of surface damage it is essential that careful attention be paid to surface cleanliness and to

obtaining a detailed characterization of the surface finish. Much of the work carried out to date on

damage in optical materials has been conducted using pulses of a 30 to 50 nanosecond duration. Still

lacking is any systematic investigation of damage of optical materials in the picosecond regime. There

is evidence that the dominant damage mechanisms will indeed be different for pulses of picosecond dura-

tion. Once a thorough understanding has been obtained of damage in the picosecond regime, one could

then attempt the development of a complete time-dependent theory of laser induced damage particularly as

it relates to the limits imposed by self-focusing.

In the study of the damage resistance of nonlinear optical materials, we have barely scratched the

surface. It is recommended that damage characteristics of nonlinear optical materials be vigorously

pursued. Both bulk damage and surface damage are of importance in these materials. As is the case in

the study of laser materials, it is important that well controlled sources of illumination be employed,

and that the nonlinear optical materials under test be carefully prepared and well characterized. The
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influence of the simultaneous presence of multiple wavelengths on the damage threshold in nonlinear

optical materials warrants special investigation. However, there is no question at this time that the

greatest improvement in the damage resistance of nonlinear optical materials can be obtained through an
improvement in the quality and reproduceability of these materials. At present it is not possible to

obtain absolute measurements for damage thresholds in nonlinear optical materials due to the variation
in the materials themselves.

Very little work has been carried out to date on the study of damage to thin film dielectric coat-
ings. However, as the damage resistance of laser materials is improved, it is obvious that the damage
resistance of dielectric doatings must be increased accordingly. The characterization of damage to

multi-layered dielectric coatings is made more difficult by the presence of several distinct types of
damage failure. A number of suggestions for improvement in the damage resistance of thin films have come
forward in the course of this symposium. These suggestions should be investigated. It has also been
pointed out that the damage threshold in the case of dielectric coatings requires special definition,
since the physical disruption of the coating itself may not be disastrous, but rather that failure might
result from concurrent effects, such as a degradation in the surface reflectivity or in the coating's
environmental durability. It is recommended further that a systematic study be carried out of the damage
resistance of coatings deposited by several different techniques, and that specialized coatings such as

inhomogeneous or periodic coatings also be investigated. Although these coatings are somewhat difficult
to fabricate and may prove somewhat expensive to manufacture, their use may also lead to significant im-

provements in the damage resistance of coated optical elements. With the advent of high powered lasers
operating in the Infrared region of the spectrum, it Is essential that the damage symposium now direct
its attention to the problems of damage at long wavelengths. Of particular importance here are reflec-
ting elements, which have received little attention by the symposium up to now. Since in many cases we
are considering metallic surfaces rather than dielectrics, a new variety of physical mechanisms must be
understood in connection with the damage process.
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Introductory Remarks

Alexander J. Glass

Wayne State University
Detroit, Mich. 48202

It is a distinct pleasure to welcome you once again to the A.S.T.M. Symposium on Damage in Laser

Materials. This year the scope of our discussion has been broadened somewhat, to include not only

glass and crystalline laser hosts, but also nonlinear optical materials, and coatings. This is true

in part because the advances made in recent years in glass damage levels have made it necessary to

examine the other components of high power laser systems in terms of their resistance to damage under

intense illumination. Like the Deacon in Oliver Wendell Holmes poem, the "Wonderful One-Hoss Shay",

we work to perfect a system so evenly balanced that all components will fail simultaneously, with no

one weakest link in the chain.

There have been many advances in laser technology in the three years that this Symposium has been
meeting. I think that it is still true, today, however, that Nd-doped glass remains the major material
for the construction of high energy, high peak power, low repetition rate systems. The glassy state
provides a unique combination of optical, physical and spectral properties which render it particu-
larly suited to the storage and sudden release of large amounts of energy. As system designs improve,

and efficiencies rise, we shall see larger and larger systems. In particular, due to the growing
Interest in glass lasers as sources for plasma heating, the ability of glass to withstand damage is

continually being challenged. Higher damage levels yield more energetic and more efficient systems,

and consequently, higher plasma temperatures and larger heated volumes. We can expect this cycle to

continue, as long as interest in laser-produced plasmas persists.

In the papers presented in this symposium, we are mainly concerned with surface damage, both in

glass and in nonlinear optics materials, and self-trapping. The problem of inclusions, which played
so large a role in our previous discussions, has been brought under control, and now no longer limits
the damage level of laser glass. That fact alone is a substantial mark of progress. We shall hear,
today and tomorrow, fairly detailed theoretical descriptions of the trapping process, and of the

processes of plasma formation at dielectric surfaces. We shall see elegant experimental data, which
should stimulate further refinements of theory. The understanding of these damage processes is

growing less empirical and more analytical year by year, as the record of these symposia will testify.
The final session of this year's Symposium will be devoted to damage in dielectric coatings.
Dr. Guenther has borne the burden of organizing this session, for which we are indebted to him.

Optical coatings were not unknown in the pre-laser era of optics, but it is only since laser usage
that coatings have been required to withstand gigawatt flux levels, in addition to meeting all the

usual specifications of durability, uniformity, and spectral selectivity. The inclusion of coatings
in this year's discussion stems from the fact that our parent body. Subcommittee II on Laser
Standards, is charged with developing standards for laser materials, components, and for systems,
and must eventually face the problem of what is a reasonable damage specification for a coated
component

.

We are once again indebted to the National Bureau of. Standards, and especially to Mrs. Pauline Smith,
and Dr. Harold Boyne, for their generous aid in the organization of this Symposium, their hospitality
in accommodating us here, and their patience and persistence in helping us edit and prepare the pro-
ceedings of this Symposium.
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Keynote Address

John D. Myers
Chairman Subcommittee II, Lasers, ASTM

The American Society for Testing and Materials is again sponsoring the Symposium on Damage in Laser
Materials. As you have no doubt noticed, we have expanded our topics of interest somewhat to include
damage in optical coatings and components. It seems that no sooner do we begin to understand what is

happening to the laser, than the rest of the system demands attention too.

In my remarks last year, I devoted some time to the subject of "incomplete communication" with
regards to damage threshold claims and tried to illustrate some of the embarrassment and frustrations

which result. This year I would like to make some comments on another pitfall misinterpretation of
evidence

.

I 'm sure we have all been party to disputes wherein the laser systems engineer blamed the degraded
performance of his system on poor coating and inferior material, while at the same time, his counterpart,
who supplied him with the coatings and materials is complaining about the engineer who designs hot spots
and focusing reflections into his systems.

Obviously, one or perhaps both have misinterpreted the evidence. As is usually the case, the mis-
interpretations are influenced by and tend to strengthen attractive or prevailing notions of what is

going on, inaccurate or incomplete as they might be. To illustrate this malady without alluding to the

laser industry, consider the case of the two women physicists on vacation in Scotland. It seems that
they were strolling through the woods one afternoon when they came upon a Scotsman wearing kilts,
asleep under a tree. The women gazed at the Scot for a while, wondering about that age-old question,
"What does a Scot wear under his kilt?" Finally, their scientific curiosity got the best of them and
they quietly, so as not to perturb the system, lifted the kilt and observed .. .nothing.' Scotsmen don't
wear anything under their kilts. Amused at their discovery and wishing to leave some evidence of their
bold investigation, one of the women tied a blue ribbon around the item of interest. Then they quietly
left the scene. Some time later, the Scot awoke and sensing that something was different, lifted the
kilt and spied the blue ribbon. Somewhat startled, he said, "Hoot, Mon...I don't know where you've
been or what you've been doing... but I'm glad to see you've taken first prize.'"

Obviously, a misinterpretation of the facts.

Preconceived ideas regarding what has or has not happened are a constant source of misleading
information. Within ASTM and the standards which we generate, we attempt to prevent misinterpretation
of evidence by specifying clearly those constraints and areas of relevance wherein the specific tests
are applicable. We include, of course, such factors as where it has been and what it has been doing.

On behalf of ASTM - WELCOME - to The Third Laser Damage Symposium.
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Damage by Laser Radiation of Improved
Neodymium-Actlvated 'Laser Glass, Colored

Glasses and Optical Glasses

N. Neuroth, R. Hasse and A. Knecht

JENAer Glaswerk Schott & Gen., Mainz, Western Germany

The optical loss of Nd-activated laser glass (absorption 0.15%/cm at 1060 nm)

has been reduced resulting in a substantially increased operating efficiency. Recent

materials have given Induced emission efficiencies approximately triple the results

obtained with previously produced glasses. The damage (surface) threshold is re-

ported to be 1.3 X 10^ watts/cm for active (lasing) operation. When Irradiated

passively (from external^source) our measurements have shown the damage (bulk) limit

to be 2.5 X 10 watts /cm . Metallic inclusions are eliminated by the melting process,

which does not employ platinum.

Since optical or colored glasses are often used in laser applications, studies

have been made of damage processes and limits of these materials also. A number of

different glass types were irradiated with 0.7 millisecond laser pulses, and the energy

level at which surface damage begins was determined (preliminary data) . Among the

colored glasses, the damage threshold is primarily a function of the material absorp-

tion at the wavelength of the laser beam.

Key Words: Colored glass, damage threshold, laser damage effects,
laser efficiency, neodymium glass, optical glass, solid state lasers.

1. Improved Laser Glass

We have succeeded in reducing the optical losses in glass, within the wavelength range around 1060

nanometers, and thus in improving the laser efficiency. Previously, in a glass containing 2% Nd^O^, the

loss at 1060 nanometers was measured to be approximately 0.5% per cm whereas it is now 0.15%,, approxi-
mately 1/3 as earlier. In a glass containing 5% Nd202, the loss was reduced from 0.7% to 0.2°L per cm.

This results, naturally, in an increase in the laser effect, which is shown in figure 1 where the

emitted energy of a rod of length 170 mm and thickness 12 mm: made from the old glass (LG 56) and one
made from the new glass (LG 630), is plotted under identical stimulation conditions. The output energy
of the LG 630 rod is about three times as high as that of the LG 56 rod with identical input.

Table 1 summarizes a few key properties. The fluorescence life time for Nd202 contents of 3% and

57o is above 600 microseconds. In case thin rods or activated light-conducting fibers are to be made,

the Nd202 concentration can be Increased up to 10% without an overly strong concentration quenching,

Table 1. Properties of Improved laser glass

Glass type LG 630 LG 650

NdgO^ content % - 3 5

aosorption at lo6o nm {%/cm)

fluorescence life time (usee)

optical homogeneity

temperature coefficient
^

of refractive index n at lo6o nm ( C

thermal expansion oc (°C )

(ff
- (n-1) ^)-(°C-^)

stress optical constant at
n_

2

0,15 o,2

64 o 650

+ 2-lo ^
+ 2- lo"'

-2,2-lo"^ -l,9-lo

97 95

-2,8-lo"^ -3,0- lo

535 nm (
—^

5) 2, bo
kp/cm
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I.e., substantial reduction of fluorescence lifetime. A 10% Nd^O^ doping results in a fluorescence

decay time of approximately 400 microseconds, using the new "600 series" glass host. The optical homo-

geneity has been maintained at the^previous high levels, i.e. over some 10 cm the maximum variation of

the refractive index is ± 2 x 10 . Furthermore, the temperature coefficient is negative, so that

even with extremely heavy pumping there is only a small deviation of the beam wave front in passing

through the rod. The divergence of the laser beam output from a rod of LG 650 glass, 170 mm length and

8 mm diameter, operating at a radiant energy of 2 joules, is approximately 2.5 mrad and, at a radiant

energy of 16 joules, 2.8 mrad.

Figures 2 and 3 show the laser efficiency as a function of the reflectivity of the output mirror

for a rod 170 mm in length and 12 mm diameter (fig. 2), and for a rod 76 mm in length and 8 mm diameter

(fig. 3). These rods have been stimulated, in both cases, with a xenon flash lamp (equal in length to

the rod) in an elliptical aluminum reflector (large axis 50 mm). Even in such a conventional type

device an efficiency of 1% was attained with a 76 mm long rod, when using Nd202 concentration of 5%.

Table 2 summarizes results of tests carried out on an 8 mm diameter, water cooled rod operating in

rapid impulse sequence. The efficiency is 1/3 to 1/4 percent. With a repetition rate of 3 pulses per
second, an energy of 2 joules/pulse is possible.

Table 2. Radiation energy at high pulse frequency. Rod: LG 630 glass, 8 mm diameter,
170 mm length, water-cooled. Lamp: FX 65, water-cooled distance from laser'

l'iim|n'iij; ciicigy

|ici pulse

(.);>ulc)

rod approximately 20 mm. Reflector:
light-mirror): Reflectance of output

Selective reflectini
mirror 72%.

I'uisc
1 iiciyy |ici I'uisc Mc.in oiitpiii

lici|iicncy single pulse (.hn iilion power
(pps.) (.loulc) (nis) (W.ill)

I,<> 5 1,0 «
1,6 2,5 0,65 4
1,6 1,5 0,60 2,4
.^,2 2,6 0,7 N,.1

.1,2 1,2 0.6 -1,S

1,2 0,5 0,4 1,6

0,05 0,1 0,1

1400

8S0

650

1000

600

450
.120

2. Damage Threshold of the Laser Glasses

Figure 4 shows the device used for measuring the damage threshold of our glasses. A rod of LG 650
glass, 76 mm in length by 8 mm diameter, is pumped in an elliptical reflector by means of a xenon flash
lamp. The resonator mirrors consist of a roof prism and a resonant reflector, being rotated at a speed
of 16,000 r.p.m. The distance between prism and face plates is 53 cm. The half band width of the
pulse is normally 40 nanoseconds. A glass plate which laterally reflects approximately 8% of the laser

beam intensity is inserted in order to monitor the pulse duration and half band width. The beam inten-
sity is varied with neutral density filters. To focus the beam, we use two lenses of different focal
lengths as the beam spot diameter, measured in the focal plane, has been found to be particularly crit-
ical. We have determined this value by measuring the optical ^reakdown in air. In [l] it is stated
that this breakdown occurs at a power density of 24 x 10 W/cm (pulse duration: 40 ns) . The intensity
of the beam diverging beyond the focal point is measured versus increasing energy. So long as no break-
down in air occurs, the same energy is measured as before focusing. When breakdown in air occurs, how-
ever, the energy of the beam diverging from the focal point is lower. We have learned that the energy
density of the beam differs slightly for rods of identical size. (The values in Table 3, marked by an
asterisk, are less certain because the rod was damaged before the determination of the spot size.)
Using the shorter (20 mm) focal length lens, lower damage thresholds are obtained than with the 60 mm
f.l. lens. The character of the destruction within the glass is also different (fig. 5). In the
samples damaged with the short focal length lens, the cracks are star-shaped, originating from a point.
However, in the samples damaged with the 60 mm focal length lens the cracks occur along the beam
direction. To clairfy this phenomenon, further tests must be made.
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Table 3. Damage threshold of SCHOTT laser glasses.

Glass Type Kelt No.

Passlv
SCHOTT
f = 22

(J/om^)

mm

(GW/cm^)

^0 ns
f = 60

(J/cm^

^ ulse
mm

) (GW/cm^)

T.H. Munich
f = 150 mm

(J/cm^) (GV./cm^)

Pulse
Length
(liS)

Aotiv
CGi£

3o ns

( j/cm^

Pulse

) (CV./cm^)

Old Types:

LG 55 14829 41 2,6 16 30 1,0

LGN 55 15066
16177 73(«) 1,8(*) I06 2,6

4o 2,7 15

LG 56 14990
I530I 5o(«) 1,2(«) 90 2,2

51

55
3,4
3,7

15
15

4o
4o

1,3
1,3

LG 57 I6058
16145 67(«) 1,7(*) 94 2.3

50 3.6 14 30 1,0

improved Types:

LG 63o I609I
16161

67
47

1, ?

1 , 2
lo2
124

2,5
3,1

49
42

2,9
3.0

17
14

2o
4o

0, 1

1,3

In Table 2 the passive damage threshold is listed according to our measurements with pulses of 40

nanoseconds, and the results obtained at the Technische Hochschule, Munchen (Prof. W. Kaiser and Dr. H.

Puell) using pulses of 15 nanoseconds, as well as the data supplied by the Compagnie Generale D'Electri-
cite, Marcoussis, (Mr. J. Davit) on the active damage threshold. This is the energy or power density
which can be produced with a rod from the glass melt involved, without any damage occurring. At higher
energies surface damage may occur. The glass rods were of lengths from 300 to 700 mm. The samples for

measuring the passive destruction were of the following dimensions: 20 x 20 x 20 mm and 20 x 20 x 30

mm. The lowest energy or power density at which a damage can be noticed with the naked eye is stated.

The focal length of the focusing lens used at the Technische Hochschule, Munchen was 150 mm. There,

also, the spot size of the beam in the focal plane was determined by breakdown in air.

The results of our measurement with a focal length of 60 mm are in satisfactory accordance with the

results of the measurements made at the Technische Hochschule, Munchen taking into account the different
pulse duration. The ratio between active (surface) and passive (interior) damage threshold (measure-
ments by CGE vs. measurements by Schott and by Technische Hochschule, Munchen) appears to be between
1 : 2 and 1:3, The improved glasses show the same damage threshold as the glasses from earlier
productions

.

3. Surface Damage of Colored Glasses

Colored glasses are used in laser technology in many ways. For example: a) The radiation of the
flash lamp is filtered, so that only the spectral range is transmitted which is useful in stimulating
the laser material, b) The stimulating radiation is filtered off from the laser radiation, c) Filter
glasses are used for eye protection, i.e. the filter itself must absorb the laser radiation, while
transmitting in other areas of the visible spectrum (where there is no laser energy).

It is interesting to know the damage threshold of these glasses. For this test we have applied
no giant pulses but only pulses with a duration of approximately 0.7 milliseconds. These pulses were
generated with a 170 mm long Nd-glass rod of diameter 12 mm and the radiation was directed at the

surface of a sample of 40 x 20 x 5 mm by means of a lens with focal length 22 mm. The beam spot size
at the focal point of the lens was measured in this case as follows: The light diverging from the

focal point was focused on a photocell by means of a large aperture convex lens. Between the focal

point of the first lens and the second focusing lens an iris was placed at varying distances from the

focal point. Laser pulses of identical intensity were generated, and the aperture of the iris diaphragm
was reduced until the photocell indicated 50% of the intensity of the unlimited beam. This method
yielded, to a precision of 20%, the same beam spot size at the focal point as the method, described
above, of measuring the air breakdown with giant pulses. With lenses of 20 mm focal length, the image
defects are so large that conventional evaluation of the beam cross section in the focal point from the

divergence of the laser beam is not possible.

For practical considerations, surface destruction was measured first--as it occurs normally at a

lovjer energy than the internal (bulk) destruction which is to be measured and reported later. In most

5
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cases the surface damage site shows molten residue (fig. 6). In some glass types, cracks or chips are

observed extending vertically from the damage spot. In figure 7 the damage threshold is plotted as a

function of the absorption coefficient for the laser wavelength (1060 nm) . The higher the absorption,

the lower the damage threshold. When you attempt to approximate the correlation by a straight line in

the double logarithmic scale, the "best fit" straight line is found to be given by the following

formula

:

E -
thr ,0.74

k

E = threshold energy in joule /cm'

k = absorption constant in cm (according to the relation K = — In
>

where means d = sample thickness and Ti = internal transmission)

.

-2
This empirical formula is valid for k-values in the region 10 to 50. The measured deviations

from this approximating function are fairly large. This is due to the different chemical composition of

the various glass types considered and the formula is offered only as a practical "guide". This repre-

sentation is also suited to estimating the order of magnitude of the damage threshold in the case of

laser beams having different wave lengths
,
provided the absorption of the colored glass at the wave

length in question is used. In cases where the absorption coefficient is smaller than 0.01 cm"^, no

statement can be made because properties other than the absorption are then more important in predicting
the destruction process. Also, this can be the case where short laser pulses (nanoseconds, picoseconds)
are involved.

4. Surface Damage of Optical Glasses

The laser technology offers many applications for optical glass: in the laser as a resonator
mirror or as a totally reflecting prism, or for beam focusing or beam expansion. In these applications,
it is interesting to know the energy density to which our glasses can be used without being damaged.

Here, also, we have investigated the destruction of the surface, because it occurs at a lower
energy than the internal damage. The threshold value of the surface damage is, however, a function not
only of the glass type, but also of the surface finish. On all samples (40 x 20 x 5 mm) a high quality
"pitch polish" finish was obtained in order to match the practical conditions in an optical apparatus.
In colored glasses there is a dependence on volume absorption. However optical glasses show practically
no bulk absorption, and this process is therefore not of major importance in the damage mechanism. How-
ever, small absorbing particles (undissolved melting residues, small crystals, or dissolved crucible
materials--in praticular, platinum) may be present in the glass. Such absorption centers cause heavy
localized heating which generates stresses exceeding the ultimate stress limit of the material. Thus,
the damage threshold will be a function of the concentration of such localized centers, i.e. of the
purity or microhomogeneity of the glass or the surface. According to [2], particles smaller than 0.1
micron are of no significance in irradiation with laser pulses having a duration of 30 nanoseconds or
more, since the heat dissipation into the environment takes place so fast that no major thermal stresses
can build up. This would naturally apply to the relatively long pulses such as we have used here and
only those centers of 1 micron and larger diameter are to be considered critical. The second relevant
factor is the internal strength of the glass against mechanical pressure and tension. The phenomena of
ionization and electrostr iction , which are essential for nanosecond pulses, are of no significance for
the relatively long pulses (0.7 msec.) applied here.

Table 4 is a listing of the lowest energies at which damage could be detected with the naked eye
for the various materials. The differences between the various glass types cannot be explained in
detail at this time. Roughly speaking, crown glass types seem to be more durable than flint glasses.
Exceptions are the types Sk, SSK, LaK, whose behavior differs very much according to type number, or
whose damage threshold is only very low. Among flint glasses, there are few types with high damage
threshold, such as KF , KzF , KzFS

, TiF.

In very many of these glasses, the damage site on the glass surface shows molten residue similar
to those in the colored glasses , in contrast to the internal failures observed after descruction by
giant pulses.
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Table 4 Damage threshold of SCHOTT optical glasses. Min. energy density
causing visible damage.

1 <^ -f-VDP Ds.m.a.ge ThirGshold, (^1 c; 1"vnPVJ J- CA o O L« y h-*^ Damage Threshold
kJ/cm^ kJ/cm2

FTC 1 > 1 fi SK- 2 15,2
FK 1 ?• 1

6

SK 3 8,2
FK 3 16,9 SK 4 9,8
FK 5 > 16 SK 5 6,6
FK 6 > 16 SK 6 5,3
FK 50 16,9 SK 7 12,3
FK 51 16,9 SK 8 6,8

SK 9 8,4
PK 1 > 16 SK 10 12,9
PK 2 > 16 SK 11 12,8
PK 3 15.3 SK 11 16,8
PK 50 16 SK 1

2

12,8
SK 13 9,6

PSK 2 > 16 SK 14 16 ,0

PSK 3 > 1

6

SK 15 11,6
PSK 50 > 16 SK 16 > 16

PSK 51 16 SK N 18 ? 16

PSK 52 16,1 SK 19 6,2
PSK 53 16,1 SK 20 12,8

SK 51 10,0
BK 1 > 16 SK 52 7,8
BK 3 7 16
BK 4 7-16 KF 1 15,5

BK 4 13,3 KF 2 14 ,2

BK 5 ^16 KF 3

BK 6 > 16 KF 6 716
BK 7 ^16 KF 8 5,6

BK 8 > 16 KF 9 13,8

BK 10 > 16
BK 50 16,7 BaLF 1 3,3

UBK 7 7 16 BaLF 2 6 ,0

BaLF 3 5,0

Ba LK 1 15,1 BaLF 4 7,8

Ba LK 3 > 16 BaLF 5 4,7

Ba LK 3 > 16 BaLF 6 4,3
BaLF 7 5,0

<^ -L U BaLF 8 6,8
V A 7 J. O BaLF 50 7,6

^ J- u BaLF 51 12,4
K 7 ^ J. u

K 10 r-1 6 SSK 1 6,7

K 11 ?-16 SSK 2 2,1
K sn i u SSK 3 1,6

SSK 4 4,1
SSK N 5 2,9

ZK 1 14,6 SSK N 8 7,8

ZK 2 > 16 SSK N 18 7,0

ZK 5 15.9 SSK 50 3,4

ZK N7 > 16 SSK 51 6,5

ZK 8 7 16
LaK 3 3,6

DCLI\ J, X O , X LaK N 6 12,9

BaK 2 15,8 LaK N 7 16 ,0

BaK 3 15,6 LaK 8 V 16

BaK 4 > 16 LaK N 9 4,4

BaK 5 14 ,3 LaK 10 12 ,0

BaK 6 16 ,3 LaK 11 15,9

BaK 50 8,1 LaK N 12 < 0,2
LaK N 13 4,4

SK 1 5,2 LaK N 14 5,9

SK 1 15,4 LaK 16 16 ,0
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Table 4, continued

Glasstype Damage Threshold Glasstype Damage Threshold
kJ/cm2 kJ/cm

LaK N 16
"7 0 jDabr LZ 3,0

LaK 17 0 nZ ^ U Babr 1

o

1,8
LaK N 18 Babr 14 5,0
LaK N 19 / ,b Babl lb 2,8
LaK 2

1

> J. b Babr bO 0,7
LaK 22 4 ,U Babr bl 4,3
LaK 23 D / z Babr bZ < 0,2
LaK 24 i Z ^ 0 Babr b3 2,7
LaK /b zl R Babr b4 0,8

Babr bb 2,4
LLF 1 4 , S Babr bb 2,6
LLP 2 0 f 0 BaSF 56 1,8
LLF 3 J / ->

LLF 4 4 , Z LaF N 2 4,1
LLF 6 LaF N 3 10,3
LLF 7 4 ,U LaF N 7 1 ,0

Lar N 0 5,6
BaF 1 Z / 0 Lar y 1 ,0
BaF 2 ^: Qb , 9 T —1 TP TvT ITIjar N 11 0,9
BaF 3 / ,U Lar 1

Z

3,2
BaF 4 0 , z LaF 1

3

2,5
BaF 5 D , b LaF 20 5,5
BaF 6 0 r Z LaF 2

1

2 ,0
BaF 7 b , D LaF 2 2 ^ 0,2
BaF 8 4 , 3 Lar z3 11 ,9

BaF 9 J , b LaF 2 4 11,6
BaF N iu 0,4 LaF 2 5 7,3
BaF N 11 0 r Z

BaF 1

2

7 7J f ' LaSF 1 8,8
dBll 1 J 1,3 LaSF N 3 5,1
BaF 50 1 91 , Z LaSF 5 0,8
Bar 3l i , J LaSF 6 1 /I
bar Dz ± / b LaSF 7 2 ,0

LaSF 8 3,7
LF 1 b ,D LaSF 9 1 ,8
LF 2 4 / J- LaSF 11 9,4
Lr J LaSF 12 1 ,0
Lr 4 4 , Z LaSF 13 3,2

lit O R 9 SF 1 0,9
LI /

Q A9 f 4 SF 1 1 ,0
LF 8 SF 2 3,4

SF 3 < 0,2
1 1 T 7 SF 4 <.0,2
r z 9 RZ / 0 SF 5 1,5
F 3 T ET

i , t) SF 5 1 ,0
m /IF 4 9Z , D SF 6 0,5
F 5 /I4 ,0 SF 7 1 ,0
1^ b 9 Qz,9 SF 7 2,2
TTl -7
r / J , 3 SF 8 1,5
r /

4 94 , Z SF 9 1,8
TP Qr 0 3 , 4 SF 10 0,7

3 ,4 SF 11 0,2
F 10 T 7 SF 12 1,2
r ±1 1 9± , Z SF 1

3

1 , 1

r ID 0 / b SF 14 0,8
r 1 4t i , 3 SF 15 < 0,2

3 /O SF 16 1 ,1

SF 17 1,6
fabr 1 1 71 / ' SF 18 0,4
riaor 1 0 / b SF 19 0,8

Q.'Prsaor ^- J- / y SF 50 4,6
BaSF 3 br b 1 1,4
BaSF 5 2,7 SF 52 1,3
BaSF 6 2,4 SF 53 0,7
BaSF 10 5,6 SF 54 0,4
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Table 4, continued.

Glasstype Damage Threshold
kJ/cm^

Glasstype Damage Threshold
kJ/cm

SF 55 < 0,2 Kz F 1 > 16
SF 56 0,3 Kz F 2 > 16
SF 57 < 0 ,

2

Kz F 4 ^16
SF 58 < 0 ,2 Kz F 5 ^16
SF 59 0,2 Kz F 6 >16
SF 61 0,4

Kz FS 1 ? 1

6

Ti K 1 7 16 Kz FS 2 7 16
Kz FS N 4 2,1

Ti F 1 11,6 KzFS 5 13,8
Ti F 2 16,8 Kz FS 6 15,8
Ti F 3 ^16 Kz FS 7 16

1 1

Ti F 5 1,8
Ti F 6 4,8

We have Investigated which properties are essential for the resistance of the glasses to laser

beam pulses. A certain correlation exists between the portion (percent by volume) of the glass-

forming oxides and the damage threshold, as has already been mentioned in [3] (fig. 8). Normally, the

content of glass-forming agents is higher in crown glasses than in flint glasses. Furthermore, there is

a correlation between the damage threshold and the specific heat (fig. 9) and also between the product
of the specific heat and the temperature at which the viscosity of the glass is 10 poises (fig. 10).

The same order of magnitude of the damage threshold in laser beam pulses of a duration of 1 ms has

been found in [4] and [5], Most bibliographic references concern the destruction by bombardment with
pulses of nanoseconds and shorter where, primarily, processes other than thermal stresses are essential.

The values stated are provisional and not guaranteed for general production, since--in most cases--only
one melt of each glass type has been analyzed and, as yet, the variations between several melts are

undetermined. We recommend one should remain considerably below the value of the damage threshold

reported, if possible, due to these uncertainties.
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output mirror damage threshold (giant pulses)

10



ig. 6 Surface damage of SCHOTT optical color glasses
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Damage threshold versus specific heat
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COMMENTS ON PAPER BV NOREERT NEUROTH

In A.^6pon^>e. to qadistlom {^Kom the, {,toon.,a nambun. o points 0|$ zxpe.n.lmiinta.t pKocz-
dafie. in conne.c.tlon mlth thA^i, ^nv^ittgat-ion we^e cla^i{,A.&d . It Mai z6ta.bZ^ih(id that thz
ptxmpzd iamptm we^a pnottcttd {^lom the uZtfia\}iotQ.t fiad-icLt^on o thz {,taih tamp by en-
ctoitng the. sample -in a iup/iemax tube. Vufitng damage teittng wh-Lch Mai cafiKted out on
a iingle ihot baiti, a-in. cooling wai employed; while waten. cooling u)ai employed during
fiapld palie iequencei . The output ojj the teit laien. inai, not iubject to tfiamve^ie mode
control. In the tziti the {,utl output the laizfi wai uied. Tmo methodi, wefie uied
to meaiute the peak powen. denilty In the laiefi output. One wai the obi,en.vatlon the
thKZihold {^oK the (^ofimatlon 0() an aln. ipaKk. at the (,ocal point o(^ a lent,. The othen.
wai a technique wheneby an luli wai placed In the beam o{, the laien. and the apeKtune
dlameten. at which hal{^ oij the total enetgy wai tfiammltted wai determined. Tfiom thli
meaiuKement the peak powen. demlty could be eitlmated {^fiom the meaiunement total
energy and pulie duration. The two methodi agreed to within 30%. The de{^lnltlon em-
ployed (jOA. damage thueihold wai the {following: the damage thfieihold wai de{,lned ai the
loweit powen. demlty at which vlilble damage ojj the iample wai obierved with the un-
aided eye. Some ipxead In the Kciulti wai obicKved. A much greater variation In the
obierved damage threihold wai ieen In {filter glaaei than In laier glaa. Thli wai
attributed to the much higher degree o{, reproducibility required In melting laier
glaa. Tor a given iample laier glaa the obierved damage threihold wai ieen to
depend on {,ocal length 0($ the lem employed In the teit and {^or a given f^ocal length
and given iample, damage threiholdi were obierved to be reproducible to within about
351. The dl{i{^erence In the damage threihold obierved In active teiti and paalve teiti
wai attributed In part to thermal itreaei Induced by the pump light In the active
meaiurementi , and In part to the iel^- iocuiing o^ thelncldent laier beam In pumped
iamplei, which In turn ralied the local power demlty. The lower extinction coe{^(^l-

clent quoted {,or the new Schott laier glaaei wai attributed primarily to a reduction
In the Iron content o{i the glaa but alio, poalbty , to a decreaie In icatterlng
loaei. Two rtiulti lor damage with plcoi econd puliei were quoted by the ipeaker.
Jean Vavlt at C.G.E. hai reported a damage threihold In a plcoiecond regime 20
joulei per iquare centimeter {^or {filamentary damage. Thli reiult wai iomewhat de-
pendent on iample ilze and wai reported In the Proceedlngi o^ the 1970 Sympoilum on
Damage In Laier Materlali . Recently, damage well above threihold hai been obierved
at the Max Planck Imtltute In Munich at power Izveli o{ 50 glgawatti per iquare
centimeter In 10 plcoiecond puliei.
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Laser Glass Damage Threshold Studies At Owens-Illinois

N. L. Boling and R. W. Beck

Owens-Illinois Inc.

1700 N. Westwood Ave.
Toledo, Ohio

Owens-Illinois is continuing its efforts toward an understanding of damage

induced in laser glass materials exposed to high intensity laser pulses. While

previous efforts have been directed toward a characterization of the magnitudes of

the threshold damage due to particulate inclusions, surface interactions, and self-

focusing, current work concerns itself primarily with an investigation of the

mechanisms responsible for surface damage. To this end, a high intensity, TEM^^

mode, neodymium glass, oscillator-amplifier system is used to induce surface damage

in damples of laser glass, while a TEM mode ruby laser is used to record high

speed holograms of the damage interactions. This technique not only allows an in-

vestigation of the plasma produced at the sample surface but also detects the

creation of shock waves within the sample. With various time delays between the

damaging and the recording laser pulses it is possible to evaluate the temporal

development of both the plasma and the shock wave. By using multiple exposure tech-

niques further information is obtained from the recorded refractive index variations.

A brief discussion of the glass and ruby lasers as well as the holographic

technique will be presented with primary emphasis placed upon the interpretation of

the recorded plasmas and shock waves and their significance to laser glass surface

damage

.

Key Words: Holography, inclusion damage, plasma and shock waves, and self-
focusing surface damage.

1. Introduction

The continuing effort at Owens-Illinois to further increase the damage threshold of laser glass
has been divided into two areas, inclusion damage and surface damage. The problem of inclusion damage,
having previously been characterized in this and other laboratories, is being approached at the glass
melting stage, the goal being to completely eliminate all damaging inclusions from the finished laser
glass. Surface damage is being studied from two complementary aspects, investigations of mechanisms
responsible for surface damage and studies of the efficacy of various treatments of the glass which
might increase the damage threshold. The problem of self trapping or bulk damage is under investigation
only to the extent that it is related to surface damage and/or the experimental technique used for

studying surface damage lends itself to this end. High speed holography is the technique employed to

study damage. The holograms obtained yield information about acoustic disturbances in the glass and
plasmas on the surface immediately after the passage of a damaging pulse through a glass sample.

The laser employed for inducing damage is a high power, Q-switched, glass laser. It is currently
undergoing modification to yield an output in the TEMqq mode.

2. Inclusion Studies

Several types of inclusions have been hypothesized to cause damage to laser glass but the most
likely suspect in glass melted in platinum crucibles is platinum inclusions. Consequently, in attempt-
ing to prevent the occurrence of inclusions it is proper to address the question of possible mechanisms
by which platinum can enter the glass during the melting process. Many such mechanisms have been
suggested but the most probable culprit is oxygen in the melting environment. Obviously, then, the
thing to do is to eliminate oxygen from the melting environment. However, this can be done only to a

degree with glass melted in a platinum crucible. When the partial pressure of oxygen is lowered too
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tar, the platinum of the crucible is attacked by components of the glass, silicon being the first to

react with platinum as the oxygen partial pressure is lowered. The trick is to lower the oxygen

content far enough to prevent formation of platinum inclusions in the glass but not so far as to cause

crucible attack.

During the past year we have theoretically examined the thermodynamics of the melting of laser

glass in a platinum crucible under a reduced partial pressure of oxygen. These studies have indicated

that it is indeed possible to strike the happy medium between introduction of platinum into the glass

and crucible attack. The desired partial pressure of oxygen can be attained and maintained through the

use of CO-CO2 as a purging gas during melting. This acts as a buffer which controls the amount of

oxygen within relatively narrow limits.

In the near future, melts will be made utilizing CO-CO2 as a means of oxygen control. The glass

from these melts will be analyzed for platinum and damage tested by a high power laser beam.

3. TEMqo Mode Laser

In the past many studies of surface and self trapping damage have been conducted by various groups.

Some of these groups have used low energy output lasers operating in the TEMqq mode. The laser beam is

focused in order to obtain the power densities required to cause damage. Other investigators have used
high energy output lasers operating multimode. Several objections can be raised to either of these

procedures. The validity of these objections is suggested by the fact that wide discrepancies exist
among reported damage thresholds.

Because of these various objections raised to focused or multimodal systems we have decided to
modify the glass laser system which we have been using for damage studies at Owens-Illinois. Until
recently this oscillator-amplifier system was operated multimode and was capable of delivering more

than 100 joules in a 40 ns pulse. The modification, which is still in process, will result in a system
which operates in the TEMoo mode with an output of 40-50 joules in 30-50 nanoseconds. The oscillator
and two amplifiers of this system have been assembled. A diagram of the oscillator is shown in Figure 1.

The Brewster-Brewster rod is of 3/4" diameter x 12" length, with 9" pumped by two close wrapped helical
flashlamps. The energy to each lamp is nominally 3500 joules. The TEMqq mode is achieved through the

use of a 2.0 mm aperture in the cavity. The output of the oscillator is approximately 250 mj

.

A plano-plano mirror configuration is utilized in the oscillator, although it is expected that
improved operation could be obtained with a plano-concave arrangement. The lack of difficulty in

obtaining the TEMgo mode and the fact that we were anxious to proceed with other work caused us to

forego experimenting with curved mirrors. We plan to do this soon.

Figure 2 shows the oscillator-amplifier system as completed up to the present time. The two
amplifiers are similar in construction to the oscillator lamp and rod configuration described above.
One more similar amplifier will be added soon. The output of the system in its present form is about
8 joules in a 5.5 mm diameter beam. The divergence of the beam from the 5.5 mm aperture varies from
140 microradians to 230 microradians depending on the energy output.

Although the system is not complete and further modifications even of the oscillator and two
amplifiers described will probably be made, some comments concerning some of the problems encountered
in constructing the system are perhaps in order.

In the first attempt to obtain the TEMqo mode no particular emphasis was placed on the quality of
the oscillator rod used. With the same configuration as that shown in Figure 1 and a rod with one wave
full aperture stress in it, we were unable to obtain any single spatial mode, even with an aperture as
small as 0.5 mm diameter. Replacement of this rod with a carefully selected rod exhibiting less than
1/5 wave full aperture optical distortion resulted in easy attainment of the TEMqo mode, even with an
aperture as large as 3,5 mm.

Another point of interest is the effect of an inclusion in an amplifier rod. When the rod of the
first amplifier was utilized in the previous multimode system, an inclusion present in the rod did not
manifest itself in any apparent way in the output beam. However, when the TEMqq mode beam was amplified
by this rod the presence of the inclusion became very apparent in the near field burn pattern. Figure 3
shows this burn pattern. The relatively large hole probably stems from the heating of the inclusion by
the laser pulse, and the fact that it shows up in single mode operation while it does not in multimode
operation can be attributed to the spatial coherence across the entire single mode beam.
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The use of apertures in the system has been found necessary in order to obtain a "clean" output.

However, the positioning of these apertures is critical. The slightest misalignment results in the loss

of the circular symmetry in the output beam.

Finally, it should be mentioned that the system described here is the result of a modification of

an already existing system. The system would be different in several respects if it had been designed

from scratch.

4. Surface Damage Studies

4.1. Damage Mechanisms

Several investigators have hypothesized various mechanisms to be responsible for surface damage of

glass subjected to a high power laser pulse. Some of these are as follows:

(1) The electrostrictive interaction between the laser beam and the glass causes a radial
constriction of the glass. The Poisson effect resulting from the squeeze causes a

compression wave to be propagated along the laser beam. When this compression reaches

the surface the unloading effect causes rupture of the surface.

(2) Stimulated Brilloiun scattering initiates and amplifies an acoustic wave which propagates
along the forward direction of the beam. This wave ruptures the surface upon incidence.

(3) The surface plasma, which invariably accompanies surface damage and which forms in the

first few nanoseconds of the laser pulse, rapidly expands upon partial absorption cjf the

tail end of the pulse. This expansion creates a shock wave which damages the surface.

The plasma originally stems from desorption of impurities from the surface.

(4) The surface plasma of (3) bombards the surface with thermally energetic ions. This results
in thermal erosion of the surface.

Self trapping could play a role in any of these mechanisms. It would be particularly effective in

cases (1) and (2) where the magnitude of the internal acoustic disturbances would be much greater in a

trapped portion of the beam.

4.2. Holographic Studies of Damage

We have been using high speed holography to investigate the mechanisms responsible for damage.

Figure 4 is a diagram of the essentials of the experimental arrangement. A 40 ns damaging pulse from
the glass laser is passed through a one inch cube of ED-2 laser glass. (Some of the samples in this

paper were 3/4" on one side.) The damaging beam was passed through a lens prior to incidence on the

sample. This was either a 10 or 25 cm focal length lens. In the 10 cm case the surface to be studied
was placed near the focal point, this inspite of the objections alluded to above. The reason for this
was that only one amplifier was in the glass laser system at the time and such operation was necessary
to easily achieve damaging power densities. When the 25 cm lens was used the focal point was several cm
from the exit surface of the sample.

At a selected time after the damage pulse, a hologram is made of the sample through the use of a

ruby laser which emits a TEMqq pulse of 20 ns duration. The time interval between the damage pulse and
the hologram pulse can be varied from 0 to several microseconds. Up to 500 ns the interval can be

controlled to within 10 ns.

Two types of holograms are made with this apparatus, single exposure and double exposure. The
single exposure, in which the ruby laser is fired only once, results in a shadowgram superimposed on

the hologram of the sample. The shadowgram shows regions in which the optical density changes rapidly
in space. The double exposure technique, which is of course quite well known, requires that a hologram
first be made of the sample without the damaging pulse. Next, the sample is subjected to the damaging
pulse and another hologram is made after the selected time interval. The result is a hologram of the
sample with fringes due to the difference in its state between the two holograms, A shadowgram is also
present in the resulting hologram.

Figure 5 is a photo of the virtual image of a hologram made by a single exposure. The damaging
beam was passed through a 10 cm lens focused just beyond the exit surface. (The exit face is in the

right hand side of the photo in this and all other photos in this paper.) The delay, that is the time
between the damaging pulse and the ruby pulse, is 190 ns. The damage to this sample took the form of a
small pit, which is characteristic of exit damage. Two acoustic waves can be seen clearly in the photo.
Note that the origin of these waves is obviously the damage site in the surface and that no other
disturbances are seen inside the sample.
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The plasma associated with the damage can be clearly seen in the photo. A salient feature of this

plasma is that part of it is opaque to the ruby laser used to make the hologram. This can be interpret-

ed to mean that the electron density in the opaque region is large enough to render the plasma frequency

greater than the ruby laser frequency. Simple calculations show that the cutoff density for light of

the rub wavelength is approximately 2 x 10^-'- electrons/cm"^. Although this interpretation of the

opaqueness is in keeping with the results of other investigators^-*-' who have observed that a large

part of the damaging pulse is absorbed by the plasma, some of the double exposure holograms we have

taken cast doubt on it. Another possible interpretation is that the opaque area is due to the glass

expelled from the damage site.

The conditions described for Figure 5 also apply to Figure 6 except the delay is 1400 ns. Again

two waves are clearly seen moving away from the damage site.

Interesting features of Figures 5 and 6 are the shape of the plasma and the pear shaped shadow

visible just in front of the opaque region. Figure 7, which was taken from a double exposure hologram,

and consequently exhibits the fringes characteristic of such a hologram, shows this pear form even more

clearly. That this particular shape is not solely the result of the interaction of the laser beam with

the surface is evidenced by Figure 8 which shows a double exposure of the air spark formed at the focal

point of the 10 cm lens. The characteristic shape of the plasma in Figures 5-7 is obviously due to two

air breakdown points near the focal point of the 10 cm lens.

This, incidentally, points up the danger of using a focused beam to study damage. One can easily

imagine that results of damage threshold measurements could be affected by a damaging beam of this sort.

Returning to Figure 7, in which the delay is 1500 ns, note again the opaque region. A troublesome

aspect of this is the failure of the fringes to grow more dense as the opaque area is approached.

Calculations indicate that one fringe in this plasma corresponds to an electron density change of about

3 x lO-'-^ electrons /ciji-^. Thus a plasma frequency greater than the frequency of ruby light should yield
a great number offringes. Also troublesome is the idea that the plasma is dense enough to be opaque

at such a long time after the damaging pulse.

In Figures 5-7 two distinct acoustic waves can be seen propagating away from the damage site. In

Figure 6 the first wave has reached the surface of the sample and been reflected as two waves, the first

(leading) a longitudinal wave and the second a transverse wave. This is also the relation between the

two waves propagating away from the damage site. Taking the measured values of the bulk modulus, the

shear modulus, and the density of ED-2, the glass used in these experiments, the speeds of a longitudi-
nal wave and shear wave are calculated to be 5.5 x 10^ cm/sec and 3.8 x 10^ cm/sec respectively. The

ratio of these is 1.7. Measurements of the distances traveled by the two waves on several different
holograms taken with various time delays consistently yield a ratio of 1.8.

In Figure 7 a distinct "kink" can be seen where the transverse wave meets the surface of the sample.
This is probably due to a Rayliegh surface wave propagating along the surface away from the damage site.
The speed of such a wave in a material is 0.9 times the speed of a transverse wave, so the relative
distances from the damage site of the transverse wave and the "kink" in Figure 7 are about right to

support such an interpretation.

Figure 9 is a single exposure taken with a delay of 190 ns. The 10 cm lens is focused inside the
sample and self tracking damage can be seen. Surrounding the track is a cylindrical acoustic wave.
Close examination shows that this cylinder is an envelope of a series of waves propagating away from
the damage track. Figure 10 shows this even more clearly. Waves can be seen propagating in both
directions; e.e., toward the exit and entrance faces.

Another interesting feature of Figure 10 is the appearanceof an acoustic wave at the entrance face.
In fact, the purpose of this particular shot, in which several joules were focused on the entrance
surface with the 10 cm lens, was to attempt to create an acoustic wave at the entrance surface. A small
amount of pitting at the entrance was observed but the major damage was internal and on the exit face.
Figure 11, which is a photo of the damage shot taken with an open shuttered camera, indicates how much
more extensive the exit and internal damage are than the entrance damage. Damage tracks from previous
shots are also seen in the photo. Note that the exit plasma is about as large as the entrance plasma
even though the lens was focused at the entrance.

Figures 12-16 are all photos of double exposure holograms. The damaging beam was passed through a
25 cm lens whose focal point was several cm beyond the exit surface. The energy density is about the
same for every photo - approximately 100 j/cm^ at the exit face. Delay times, corresponding to the
numerical order of the Figures, are 270 ns, 580 ns, 880 ns, 1600 ns, and 1900 ns. In the longer delay
photos reflections from the surface are seen.
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From this series of photos the rate of expansion of the plasma can be obtained. This expansion

rate, which is the speed of sound in the plasma, depends upon the ion temperature of the plasma and is

given by(3)

= rv( - 1) el (1)

where a is the internal energy per gram of the plasma and Y is the effective adiabatic exponent.

The internal energy for air has been calculated(3) to be

e « 2.7 X 105 t3/2 (p/|^)°-^2 erg/gm, (2)

where p/p^is the density of air referred to standard conditions.

Using this as a rough approximation of the internal energy of the surface plasmas in these photos

we obtain, with V =1.2,

Ti :s 5.4 X 10-'^ V^^'^ (3)

Table 1 lists the average transverse (to the direction of the laser beam) velocities <V.j > obtained
by measuring the expansion of the plasma between two times t-^ and t^.,

That is

<V„> = r? - ri , (4)

t2 - t^

where is the radius of the plasma at time and the radius at t-^. The listed values of T^ are
obtained from (3).

Table 1. Plasma expansion velocities and ion temperatures.

ti(ns) t2(ns) <Viji> cm/ sec Ti°K

0 270 7.4 X 10^ 3 X 10^

270 580 2.6 X 105 9 X 103

580 880 2.3 X 105 8 X 103

880 1600 1.5 X 105 4 X 103

1600 1900 1.4 X 105 4 X 103

The ion temperature Tj^ of 3.6 x 10 K obtained from the average expansion velocity between 0 (the

peak of the damaging pulse) and 270 ns is probably appreciably lower than Ti in the inchoative plasma
near the end of the damaging pulse. Studies of ion temperatures in air sparks(2) indicate that Ti drops
sharply in the first few tens of nanoseconds after the pulse.

4.3. Discussion

Although much analysis remains to be done and more extensive and well characterized experiments
using the holographic technique presented in this paper need to be performed, some rough conclusions
can be tentatively reached.
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In none of the holograms taken thus far has any acoustic disturbance been detected moving toward

the exit surface, except when there is gross internal damage of the sample. Acoustic disturbances are

usually not seen at the entrance surface. Based upon the information presented in this paper and other
holograms not presented herein, electron densities in the exit and entrance plasmas are generally
between lO^^ and lO-*-^ electrons/cm^, and perhaps much higher in the exit plasma in some cases. A
typical expansion velocity of the exit plasma in its incipient stage is greater than 7 x 10^ cm/sec.

The ion temperature in the exit plasma is probably initially greater than 5 x 10^°K.

In general, any hypothesis that purports to explain the surface damage phenomena must take into
account the great difference between the entrance and exit damage thresholds. Most of the proposed
mechanisms do this. The stimulated Brillouin acoustic wave travels toward the exit surface. In the

plasma shock and thermal erosion hypotheses the well known tendency of the plasma to grow into the

laser beam accounts for entrance and exit differences.

There appears to be another difference between exit and entrance damage and that is that the exit
plasma is at least as dense and hot as the entrance plasma and usually appreciably larger, at least
after the damage threshold has been reached. (It is reported(^) that the entrance plasma appears be-
fore the exit plasma as the energy density is increased toward the damage threshold.)

A phenomenological model which accounts for both the larger exit plasma and the higher entrance
damage threshold is the following: At the exit surface a plasma is initially formed by desorption of

impurities by the leading edge of the laser pulse. This might be enhanced by self trapping in the
material. This plasma remains in close contact with the surface due to its' propensity to grow into
the laser beam. UV radiation from the plasma raises electrons in the surface to the conduction band
and this leads to increased absorption of the still incident laser pulse, and, consequently, to an
increased rate of plasma growth. The characteristic pit is due to either thermal spallation or a
combination of thermal effects and the shock from the expanding plasma acting upon the already
thermally weakened surface.

The effectiveness of the shock in producing damage is enhanced by the acoustic impedance match
between the surface and the plasma in close contact with it. (The velocity of sound in the plasma
is not far removed from that of the shock wave in the glass.) The entrance surface damage threshold
is higher and the plasma smaller because the plasma grows away from the surface. Consequently, the
entrance is not as effectively subjected to either radiation or shock from the plasma. Any damage to
the entrance surface is thermal in origin.

5. Plans For Future Work

Future work on surface damage will have several facets. Some of these are as follows:

(1) Finish assembling the high power glass laser to obtain the proposed characteristics
presented in the first part of this paper.

(2) Further study the holographic technique used in an attempt to improve the quality of the

holograms obtained.

(3) Further analyze the data already obtained.

(4) Continue to explore methods of surface treatment which might be efficacious in raising
the surface damage threshold.

(5) Further modify the damage test glass laser to emit pulses in the nanosecond regime. We
feel that this will eventually be necessary in order to completely study the phenomenon
of surface damage. In fact, it will be desirable to be able to operate in the picosecond
regime eventually, although we anticipate difficulty in attaining the TEMqq mode in this
case.
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7 Double Exposure, 1500 ns Delay- Fig. 8 Air Breakdown at Focus of 10 cm lens
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Fig. 13 Double Exposure Delay 580 ns Fig. 14 Double Exposure Delay 880 ns
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The. ipeakzn, commentud on tkz pKeti.mi.naKy nataiz 0(5 th-ii papzK. TheKZ ii> a Qfizat

dtal 0() In^^oKmatlon contained in the hologfiaphia fiecondi,, not all ojj which kai btzn
extKactzd. The method itiel^, howeven., 4?iow4 gxeat ptomlie, ai> a mzani o{, deteKmi^ni^ng
the dynamics o laise.fi damage. It wa4 poi^nted out In the di.i> cdis i, io n that lai,e,K i.n-

dace.d damage e^^^ecti o{^ thti, type, afie istfiongly geometKy dzpe.nde.nt and that it would be.

uie{iU.l to examim both the ca-iei 0(5 damage in a {,oca6ed beam and in an an{iOCu.!>zd bzam.
In iome o^ the pictuKei, pKziented thzfie wai evidence o^j jjou-^ acoustical wavei. Thei>e

we>ie identi{iizd ai, a longitudinal wavz, a iihzan. wave, a iuK{,ace wavz, and a {^ouKth
wave 0(5 undetenminzd oKigin. It wai> iuggzited that this ^oufith wave might aKiie. {^nom

a shock wave gzneKated outside the suK^ace o^ the damaged mate.Kial by spafik {^oKmation
in the.- aifi, which then impacted at a laten. time on the matzfiial sufi{^ace. Thzfie was
considzKable discussion, as usual, on the mzans by which thz spatial chaKacte.K o jj

the
lasen. beam was evaluated. The evidence o{, singlz mode behavioK was {^itst the, size and
homogenzity o{^ the bun.n pattern obszKvzd in the nzan. {,izld and szcondly, the appzaKancz
0() stfLong intefi{jefience Kings ovzK thz entiKe apzKtuKz whzn small inclusions wzkz pKz-
sent in thz ampli{,izK Kod. This lattzK zH^zct was pKoposed as zvidzncz that whatzvzK
the intznsity pKof^ilz 0|5 thz bzam might bz, it was indzzd cohzKznt ovzK thz zntiKz
apzKtuKZ. Thz maximum znzKgy density KzpoKtzd in thz laszK bzam opzKating in thz
lowzst oKdzK mode was appKoximately 40 joules pzK squaKz czntimetzK ovzk an apzKtuKz
0(5 5 millimztzKS diamtzK.
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Measurements have been made of the change in the forward scattering component

relative to the incident radiation of the multimode laser. The results are incon-

clusive but evidence is observed of the effects of microscopic damage and the evo-

lution of microscopic into catastrophic damage in crystalline quartz. The cata-

strophic damage threshold is shown to be dependent on the propagation and

polarization directions for the multimode laser. No dependence was observed for

the TEMqo laser. A phenomenological model is developed that consistently describes

the experimental observations.

Key Words: Catastrophic damage, damage threshold, directional dependence,

mechanism, microscopic damage, multimode laser, quartz, TEM laser.

1. Introduction

Microscopic damage in transparent solids can take the form of defects created by the intense radi-

ation of a Q-switched laser pulse [1]^. The presence of microscopic defects, normally invisible to low

power optical inspection, can be verified by special diagnostic methods. Microscopic damage in a laser
system component can cause a change in the beam quality seriously affecting the system's operation. By

comparison, laser produced catastrophic or macroscopic damage in a transparent solid results in "bubbles"
pits, or cracks easily visible to the unaided eye. Catastrophic damage in a laser system component such
as the laser rod, window or lens can cause the termination of laser operation.

The objectives of the research program being described here have been the following: to develop
diagnostic methods to detect microscopic damage, to make an investigation of the criteria governing the
onset of laser produced damage and of the damage mechanisms, and to study the evolution of microscopic
into macroscopic damage in transparent solids.

For our investigations the transparent solid that received the most attention was crystalline
quartz. The reason quartz was selected is that it is crystalline, photochemically inactive, and first-
order Raman active. Chemically, quartz has properties similar to those of the laser glasses. The hydro-
thermally grown quartz crystals that were used were relatively free of intrinsic defects and inclusions.
Also the crystals are inexpensive and an appreciable library of data exists on the material.

This work was sponsored in part by a contract with the Air Force Cambridge Research Laboratories
Office of Aerospace Research, USAF.

Electrical Engineering and Physics Departments.

°hysics Department.

Electrical Engineering Department.

Figures in brackets indicate the literature references at the end of this paper.
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2. Experimental Procedure

The damage was produced in the quartz samples by either of two ruby laser systems. The first laser

was constructed such that the output beam was restricted to a single longitudinal mode and the single

lowest order transverse mode. This output pattern was verified by detailed probing of the near- and

far - laser fields [2]. This laser is called the TEMqq laser. The output of the second laser was con-

fined to a single longitudinal mode but no restrictions were placed on the transverse mode pattern, and

as a result several transverse modes oscillate simultaneously giving an irregular beam profile. This

laser is called the multimode laser. Shown in Fig. 1 are isodensity contour plots of the beam profiles

for these two lasers. These contours were made by photographing each beam in the focal plane of a lens

using fine grain Kodak type 649-0 film. The laser beam was first attenuated to prevent saturation and
possible destruction of the photographic emulsion [3]. Each contour line in the figure defines an area

of equal energy in the beam profile. The smooth and approximately Gaussian distribution of the iso-
density contour lines for the TEMqq laser output can be seen from Fig. la where the time integrated beam
diameter is about SOy. In Fig. lb are shown the isodensity contour lines for the output of the multimode
laser. The time integrated beam diameter is measured to be 275)j. From the contour lines regions of ir-
regular energy distribution are apparent in the beam. These regions, sometimes called "hot spots,'' vary
from pulse to pulse and vary with time for any given pulse. This variation during a given pulse has been
analyzed experimentally and theoretically by McAllister et al, [2] who find that transient effects of

gain saturation can lead to non-Gaussian output intensity profiles, "hot spots," and irregular time be-
havior. The isodensity contours of Fig. 1 show the time integrated energy output for the two lasers.
It has been shown [3] that the irregular energy distribution illustrated in Fig. lb can be enhanced using
beam attenuators such as Corning glass filters that have nonlinear absorption properties under intense
laser radiation.

The light scattering properties of transparent solids have a sensitive dependence on the density
and distribution of microscopic defects [A] and thus two light scattering methods were developed for in-
vestigating the laser induced microscopic damage. The first method is that of quantitative Raman spec-
troscopy and the second is the observation of the change in forward scattering intensity caused by laser
produced microscopic defects. Shown in Fig. 2 is a schematic representation of the Raman scattering
process. The excitation radiation of frequency a)^ interacts with the electrons of the solid represent-
ed by the interaction Hamiltonian H^j^. This energy absorbed by the electrons from the optical field is

deposited immediately into the lattice. A phonon of frequency m is created by the electron-lattice
interaction, H^l, and later a photon of frequency u)g is scattered from the solid by the interaction

^ER* radiation of frequency oig is the Raman scattered radiation. Including dissipative effects,
the Raman scattered radiation, centered at ojg , will have a finite linewidth, Auj , dependent on the

details of the losses. Laser produced microscopic damage might be a mechanism for altering these losses
and thus might produce a change in linewidth. Quantitative Raman spectroscopy is the investigation of

the linewidth and intensity of the Raman scattered spectral line in addition to the line position. Ex-
amples have been given before [5] of the effects of laser microscopic damage on the quantitative Raman
spectra in quartz and will not be repeated here. The application of forward light scattering as a diag-
nostic method for laser produced damage will be described.

A schematic of the forward scattering experiment is shown in Fig. 3. The Q-switched ruby laser is

focused into the sample as shown. A fraction of the incident intensity is deflected by the beam splitter
P2 to the MgO scattering plate and from there to the photodiode. The incident beam pulse shape is reg-
istered on the Tektronix 519 oscilloscope. Part of the laser pulse transmitted through the sample is

recollimated , sent along a delay path and also is scattered by the MgO plate onto the same photodiode.
By selecting the proper delay path both the incident and forward scattered laser beams can be recorded
on the same oscilloscope trace. Examples of four such traces are shown in Fig. 4 for the multimode
laser with no sample in position. The objective of this forward scattering experiemnt is to record the

incident and transmitted pulse shapes for a series of laser pulses, each below the catastrophic damage
threshold and each in the same sample volume. If microscopic defects are produced, one would expect
decreased forward scattering in proportion to the number of defect centers produced, assuming complica-
ting effects such as self-trapping and multimode laser fluctuations were not present. For this experi-
ment the data of interest are the incident and scattered energies which correspond to the areas under
the oscilloscope traces in addition to the peak power values. Shown in Fig. 5 are the preliminary
results of the forward scattering intensity normalized to the multimode laser intensity used as the
radiation source. P(xy) in the figure indicates that the incident laser propagated in the x-crystallo-
graphic direction and was polarized along the y-direction. Each laser pulse was about 80% of the
macroscopic damage threshold value. For each plot catastrophic damage, either internal or surface or
both, was produced by the next laser pulse and thus terminating the measurement. Because of the poor
reproducibility of the multimode laser the error bars shown in Fig. 5 are large and represent the stan-
dard deviation for the pulses shown in Fig. A. With the exception of the second measurement, the ratio,
Eg/E^, tends to change for successive laser pulses; some ratios increase and some decrease. The fluc-
tuations in the third plot can perhaps be explained by the poor reproducibility of the multimode laser.
While no conclusions can be drawn regarding these plots some indication Is shown of the cimiulative
effects of laser radiation. The forward scattering experiments are being continued using the TEMqq
laser to reduce the spread in the data points and improve the reliability of the results.
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A second photodiode with an electrical delay line can be inserted into the transmitted beam of Fig.

3 in place of the single photodiode and the optical delay scheme. For some experiments one type of

delay is more convenient than the others.

3. Results

In the process of performing the forward scattering experiments, careful measurements were made of

the catastrophic damage threshold values and their dependence on propagation and polarization directions

of the laser radiation inside the crystal. The results are shown in Fig. 6 for the catastrophic internal

damage for the multimode and TEM^^ lasers. The notation is the same as before. P(xy) is the peak power

density for laser radiation propagating in the x-direction and polarized in the y-direction. This ex-

periment indicates that for the multimode laser the damage threshold value has a pronounced dependence on

both the propagation and polarization directions, but this is not the case for the TEMqo laser.

These damage threshold values were estimated from the statistical distributions of data points.

For a given propagation and polarization direction the peak power density for each pulse was recorded

as to whether catastrophic damage was produced. A new sample volume was used for each pulse. The
+5GW/cm2 values correspond to the damage threshold power density above which 80% of the laser pulses
produced catastrophic damage. Below the -5GW/cm2 values 80% of the laser pulses did not produce cata-
strophic damage. The damage threshold peak power density is the median of these two values. For the

z-propagation direction experiments about 75 data points were used. About 30 data points were used for

the x- and y-propagation direction measurements. The damage threshold value for the TEMqo laser,
P(ij) = 28 ± 5GW/cm2 falls within the range of values quoted by Olness [6] (IS-SOGW/cm^) but is greater
than the values given by Bass [7] (1.2-6 .AGW/cm^) . These differences in threshold value for crystalline
quartz cannot be explained based on the data available. The threshold value P(ij) quoted in Fig. 6 was

obtained from the following measurements. The laser peak power was measured using an ITT FW114 photo-
diode that had previously been calibrated at the National Bureau of Standards. The beam cross section at

the focal plane of the lens was measured by photographing the attenuated beam after it was focused onto
Kodak type 649-0 film (Fig. la) or Polariod type film. The beam diameter was taken at the 1/e point of

the beam profile.

The peak power density values listed in Fig. 6 for the multimode laser should only be considered as

relative and not compared with P(ij) = 28 ± 5GW/cm2 for the TEM^q laser. For the multimode laser the

peak power density values have been averaged over space and time because of the complex nature of the
multimode laser. From Fig. lb the energy output is distributed unevenly and unpredictably over several
"hot spots". The cross-sectional area at the focal plane of the multimode laser was measured using
photographic methods which means time integration. In general the temporal dependence of the multimode
laser pulse is not smooth as shown in Fig. 4 but instead is irregular in time as shown by McAllister
et al. [2]. These irregular temporal spikes have a rise time of 0.1 nsec or less and a width of 0.5 nsec
or less. To compare the threshold values of the multimode laser with that of the TEMqo laser the fol-
lowing rough estimate must be made. The multimode laser peak values of Fig. 6 should be reduced in pro-
portion to the area of the "hot spots" to the total cross section area of the beam as shown in Fig. lb

and increased by about 10 to approximate for the irregular spikes. This ratio is roughly 1/50 to 1/100
making the TEMqq threshold value greater than any of the multimode threshold values.

Shown in Fig. 7 are the ratios of the propagation velocities of elastic waves in crystalline quartz
and the ratios of the multimode laser damage threshold values. The velocity values were calculated using
published elastic data. Comparing these data with the corresponding multimode laser damage threshold
values of Fig. 5, one can see that the damage threshold values have a definite velocity dependence.

Surface damage using the multimode laser was found to have a propagation direction dependence but
laser polarization direction had no effect on the threshold value. The x-propagation direction values
were less than the z-propagation direction values. Insufficient data is available for the surface
damage produced by the TEMqq laser.

The internal damage produced by the two lasers had a characteristic pattern depending on the laser
propagation direction within the crystal. For an x- or y-propagation direction the damage region was in
the form of two planes at 80° to one another as shown in Fig. 8a. The vertex of the two intersecting
planes lies along the propagation direction and the z-crys tallographic direction is vertical. For prop-
agation in the z-direction the cross section of the damage pattern is approximately circular as shown in
Fig. 8b. The x-

, y-, and z-direction damage patterns are consistent with the normal mode (stress waves)
patterns of the acoustic phonons in quartz. The fracture produced by the TEM^^ laser is about 1/10 the
size of th3.t produced by the multimode laser, but is similar in shape. Viewing the x- and y-direction
damage sites from the side in quasi-monochromatic light, interference fringes are visible for each frac-
ture plane indicating a separation of the two surfaces. For quartz this would indicate an internal
pressure in excess of about 3 kbars was produced during the laser pulse. The velocity dependence shown
in Fig. 7 indicates that the cracks are probably produced by longitudinal hypersonic waves initiated by
an electrostrictive interaction of the incident laser field and the lattice. For our experiments no
evidence of damage tracks due to self-focusing was found for any of the damage sites produced by either
laser

.
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4 . Summary

In summary, the forward scattering experiments using the multimode laser are inconclusive but evi-

dence is observed of the effects of the microscopic damage and the evolution of microscopic into cata-

strophic damage in crystalline quartz. These measurements are continuing using the TEMqo laser to

improve the reliability of the data.

At the present time no conclusion can be drawn as to the damage mechanism but new definitive data

has been discovered and a phenomenological understanding of the damage mechanism has been developed.

The directional dependence of the damage threshold values can be explained on the basis of the motion of

the ions under the action of the incident laser pulse. As the amplitude of the ionic motion increases,

a threshold value will be reached where the ionic bonds are broken resulting in the observed catastrophic

damage shown in Fig. 8. This increase in the amplitude of the ionic vibrations in the crystal can be

regarded as the amplification of the acoustic phonon oscillations which depend on crystallographic di-

rection and do not depend on the type of laser pulse incident on the crystal (i.e., multimode or TEMqq

laser) as shown in Fig. 8. The incident radiation interacts primarily with the electron and the elec-

trons in turn interact with the lattice as shown in Fig. 2. Under some cases the laser radiation can

also interact directly with the lattice (for example, electrostriction) . For the TEMqq laser pulse the

temporal and spatial profiles across the beam are smooth. For this type of pulse the interaction with
an insulating crystal such as quartz will be primarily with the electrons and thus the damage threshold
value would be independent of the directions of propagation and polarization. The strong spatial and
temporal gradients present in the power density profile of the multimode laser can modulate the ionic
motion causing acoustic phonons with the same wave vectors and frequencies to absorb energy directly
from the incident laser field. The damage threshold values due to this mechanism would be dependent on

the propagation and polarization directions of the laser. The experiments reported here consistently
support this chain of events suggested by this phenomenological model.
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Fig. 6: Catastrophic damage threshold values for the multimode and TEM^^ laser.
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Fig. 8: Typical internal damage site in crystalline quartz for either the multimode of TEM^^ laser,

(a) Incident laser propagation direction along either the x- or y-crystal lographic direction.

The z-crystallographic direction is vertical. (b") Incident laser along the z-crystallographic

direction
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The interaction of high power laser (ruby or neodymium-glass) radiation
with ostensibly transparent materials has been the object of increasing research
in recent years. Even at power levels below the threshold for either surface or
internal damage, the emission of both positive and negative ions and of high
energy radiation has been detected. Both linear and non-litiear absorption
mechanisms have been proposed, and plasma initiation has been attributed to such

factors as surface contaminants, surface defects, internal impurities, and free
carrier absorption. In this paper, the experimental procedures, results, and

interpretations of several of these investigations will be reviewed. Although
the residual ion emission can be greatly reduced by careful pre-cleaning and

handling procedures, it can not be eliminated entirely; the ramifications of
this conclusion must be considered in the analysis of experiments in which damage
is observed.

Key words: Charged-particle emission, damage thresholds, dielectric
materials, interaction mechanisms, laser irradiation, plasma formation,

review, surface contamination.

1. Introduction

Our interest in laser interaction with transparent materials was generated during early experi
ments (in the mid-1960 's) aimed at using high-power laser radiation as a photochemical light source
Indeed, we were successful in initiating chemical reactions using ruby laser radiation which were
quite different from the results obtained using conventional visible light sources. In the course
of seeking a mechanism to account for these novel results, we looked into the possibility of laser-
induced ionization. It was soon apparent that ion currents were produced in our reaction cells,
almost simultaneously with the laser pulse. However, when the sample was removed a similar effect
was obtained from the evacuated cell] Thus, prior to continuing the pursuit of our initial goals,
a study of the charged particle emission from transparent dielectrics was undertaken [l]^ with
the object of controlling the laser-induced ionization.

There has been a tremendous amount of research on the interaction of high-power laser light

with opaque materials, and as attested by this 3rd Conference on Laser Damage in Glasses, a great
deal of work, both experimental and theoretical in nature, has also been carried out on solids
which are normally considered to be "transparent" at a given laser frequency. However, this work
has dealt almost exclusively with internal and /or surface damage caused by the laser pulses. It

is often reported that such damage is accompanied by a spark, even in vacuum, and there has been
a good deal of speculation regarding the origin of the emitted light and the plasma. Our own work
has been concerned with the ionization which takes place below the threshold for physical damage.

The work at Michigan State University was supported in part by the U. S. Office of Naval Research.
)

"Numbers in brackets indicate literature references listed at the end of this paper.
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9 2
which has been calculated and observed to greater than 10 watts /cm ; our power levels were

normally maintained below 5 x 10^ watts /cm ,

Review

Before describing the experiments undertaken in our laboratory, we wish to summarize other

pertinent investigations reported in the literature. The basic references to laser interaction

with transparent dielectrics are concerned primarily with damage; these include the reports of

the first two Boulder Conferences [2,3], and the summary prepared by the National Materials Advisory

Board [A]; however, some of the perceptions and mechanisms described therein are related to the

processes occurring below the threshold for physical damage. Another useful compendium is the

detailed bibliography entitled "Soviet Research in Laser-Induced Plasma and Gas Breakdown", which
covers the 1964-67 period [5]. Historically, it is interesting to note that the Voronov-Delone

group at the Lebedev Institute found that the thresholds for breakdown in -various noble gases

were higher than those reported by earlier investigators. They showed that a plasma could be formed

at the surface of the focusing lens and at the cell walls which would lead to initiation of gas

breakdown below the intrinsic ionization level [6]. This is now a generally accepted concept [4,7].

Other observations of ions formed at surfaces below the damage threshold have been reported by

Muray [8], Hall [9], and Veduta and Sviridenkov [10]. Large increases in the photoconductivity

of silicate glasses [11], of ruby [12], and of NaCi and ^^20^ single crystals [13] have also been
measured when samples were irradiated with ruby light at powers below the threshold for surface
damage. The large concentration of electrons in the conduction band is thought to arise by

multiphoton excitation; subsequent interaction with the laser beam, leading to electron cascade
ionization, is proposed as the mechanism for plasma formation and eventual damage. This damage

theory has also been suggested by several other groups [14-20]. Cascade ionization has also been
postulated as a mechanism leading to breakdown of gases, although it is not clear how the "priming"
electrons arise. One possibility is the presence of microscopic dust particles or an extremely
small amount of absorbing impurity [21].

An excellent review of laser-induced breakdown and damage in silicate glasses is given by
Sharma and Rieckhoff [20]. Although some work indicated that the damage threshold for a variety
of glasses is dependent on linear absorption of the laser beam (either ruby or neodymium) [22]

,

power-dependence experiments demonstrated that multiphoton processes are occurring [11]. The
emission of light invariably accompanies internal or surface damage in glasses. Early experiments
on a variety of substrates [23] indicated that the emission was characteristic of the target
material, rather than the environment of the sample, and this conclusion has been generally supported
by later work [4, 16, 19], although- it has been suggested that adsorbed gases may play an important
role [24]

.

Several investigators have studied the dependence of the damage threshold on the chemical
nature of the material or on the pre-treatment of the substrate surface. The results are somewhat
at variance. Swain's experiments [24] indicate that chemical etching of a polished laser glass
surface raises the damage threshold more than the same treatment applied to an unpolished surface.
However, Winogradoff, £t al. [25] found no striking changes in the damage thresholds for silica
glass upon repolishing; somewhat surprisingly, samples with higher water content showed higher
thresholds than low water content silica. Giuliano and Hess [26] observed no substantial difference
in surface damage of ruby with different methods of surface cleaning. On the other hand. Davit [27]

found that the threshold for surface damage of neodymium glass could be raised by treatment with
dimethylchlorosilane , or with a solution of sulfuric and hydrofluoric acids; however, the improvement
was maintained for only a few minutes. An experiment somewhat similar to those performed in our
laboratory has been reported by Lubin [28]. High intensity laser radiation was focused on the
inside wall of an evacuated glass chamber. Sensitive electrodes measured the initial plasma density,
which was found to be approximately lO"*" ions/cm^ (equivalent to about 1 Torr pressure). However,
the damage threshold continually rose with repeated lasing, which was taken as support for the
contention that easily vaporizable material was being cleaned from the irradiated glass surfaces.

3. Laboratory Investigations

As indicated earlier, our experiments involved the measurement of ion currents emanating from
various transparent dielectric materials upon laser irradiation at power levels below the threshold
for visible damage [29]. The light source was a 7"-long, 5/8"-diameter ruby pumped by linear
flashlamps in a double elliptical configuration. Experiments were performed using both normal burst
and Q-switched pulses, the latter being obtained by placing either a Kerr cell or bleachable dye
in the cavity. A general schematic of the experimental system is shown in Fig. 1. A small portion
of the laser pulse was monitored and displayed on one beam of a Tektronix 555 oscilloscope; using
biased electrodes, either the positive or negative ion signal generated within the evacuated
experimental cell was displayed on the second beam.
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Cells of many varied geometries and electrode configurations were used. Initially they were
all glass, similar to those employed in our photochemical experiments. However, spurious effects
due to the build-up of static charge on the cell body were observed, and later experiments were
conducted using cells similar to that shown in Fig. 2. The dielectric materials normally served
as the external windows on the brass cell, being held on by 0-rings which facilitated interchange.

The additional 0-ring flange at the top allowed one of the electrodes to be removed and replaced

by a dielectric material, in which case the cell body served as the second electrode. The various
Pyrex-to-Kovar seals were employed to eliminate ground loops, and except during experiments to test
quenching, the pressure in the cell was maintained below 10~ Torr. The incident laser beam was
unfocused (collimated) in both the normal mode and Q-switched experiments.

We believed at the start that the amount of ionization would be a strong function of the window
material, and set out to find a transparent window which would give minimal induced emission. Among
the materials tried were soft glass, Pyrex, fused quartz, Supracil quartz, LiF, CaF2, and sapphire.
We were surprised (and dismayed) to find that strong ion signals were observed from all of these
windows when unfocused, normal burst or Q-switched radiation was used. Since the variation between
different samples of the same material, or indeed the same window when mounted on different occasions,
was as large as the variation between materials, further experiments were conducted on Pyrex samples.

The normal-burst output of our ruby is a 100 joule pulse with a half-width of approximately
500 microseconds; i^. e^. , 200 kWatts (10^ watts/cm^). The ion signal observed upon repeated normal-
burst lasing always diminished sharply with the first few shots, and then leveled off at a limiting
value about two orders of magnitude below the initial level. This behavior is shown in Fig. 3,

and was generally observed whether the early ion currents were relatively large or small. The lowest
value of the signal, measured about 5 cm away from the window, obtained after rigorous precleaning
with distilled water and spectroquality acetone, was ^10-' charged particles per pulse. It is inter-

esting to note that continued lasing at these power levels did not appear to lower the damage
threshold; ^.e_. , visible damage was not observed even after several hundred shots.

It has been suggested that adsorbed gases may play a major role in determining the threshold for

surface damage, and of course we wondered whether the ions being observed were from adsorbed material.
It would be best to test this idea using a mass spectrometer, but we were not set up for such
experiments. A more qualitative, but quite exhaustive, test was made as follows: A cell cleaned to

constant emission as described above, was filled in turn with air, oxygen, and vapors of water, acetone,
and benzene for between an hour and over one day prior to re-evacuation below 10~ Torr. In each
case only a slight increase above the limiting ion signal was observed upon laser irradiation; the

resulting signal did not approach the initial value prior to laser cleaning. If the pressure in the

cell was allowed to rise above'^50 microns, the ion signals were completely quenched.

Experiments were performed in which dust was intentionally allowed to accumulate on the windows
prior to their being placed on the cell. The initial signals were then at least an order of magnitude
larger than those from "clean" windows, occasionally as large as 10 charged particles/pulse. Again
the signal decreased about 2 orders of magnitude upon repeated lasing, and a film appeared to have
been baked onto the surface in spots. This film could be readily removed by washing with soap and

water

.

The magnitude of the ion signal was fairly independent of the method by which the Pyrex
windows were cleaned prior to being mounted on the experimental cell. In addition to the distilled
water-spectroquality acetone treatment mentioned above, various other ultrapure organic solvents

were used, without observable improvement. Films of collodion were allowed to dry on the windows
and then peeled off; again, there was little change in the current accompanying laser irradiation.

Application of alcoholic KOH followed by careful washing with distilled water, or use of the cleaning
procedure recommended to prepare glass surfaces for silvering [in order: benzene, alcohol, nitric
acid, distilled water, alcoholic KOH, final distilled water rinse] also had little effect.

Improved time resolution of our ion currents was obtained using Q-switched ruby laser pulses,

although the results were qualitatively similar to those of the normal-burst experiments. The

Q-switched peak power was on the order of 100 MW and the pulse half-width was about 30 nsec.

Thus the power per unit area, '^'5 x 10'' watts/cm^, remained well below the range normally reported

for the damage threshold of glass. Two rather distinct negative particle signals were resolved,

as depicted in Figs. 4A and 4B. The early signal appears about 40 nsec after the laser pulse,

whereas the much larger second negative peak is delayed by about 4 ysec. A single positive ion

signal is observed (Fig. 4C) ,
delayed by about 5ysec from the laser pulse. Although there was

some variation in the delay time from shot-to-shot, the positive peak was always detected somewhat

later than the corresponding negative peak, and it always exhibited significant tailing. Its

intensity ranged from 10% to 100% of the late negative peak.
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The dependences of the intensities of the resolved current pulses on the laser power were
measured over the somewhat limited range available to us. The early negative signal was affected
less than the delayed positive and negative peaks, which had similar power dependences.
Approximate slopes of log-log plots of the early and late negative pulses, determined by least-
squares analysis, were 2.5 and 8, respectively. The large difference suggests that two different
processes are responsible for the observed signals. [In their somewhat related experiments on
laser-induced photoconductivity below the damage threshold, Sharma and Rieckhoff [11] measured
the variation of total charge collected as a function of the incident Q-switched rubv laser
photon flux, and obtained power dependences of 3.5 ± 1 for glass and quartz.] If one assumes that

the delayed peaks are due to thermionic emission, the power dependence would be consistent with

a plasma temperature of approximately 10^ °K [29,30] . This is similar to the plasma temperatures

reported for laser irradiation of opaque solids [31,32], but lower than temperatures of around

10 °K found to accompany the generation of plasmas in gases [33]

.

4. Conclusions

These observations can be qualitatively explained by a mechanism similar to that proposed
for opaque materials [31,34]. The following fhenonenological model has been proposed [29]. The

"intrinsic" threshold for plasma formation upon laser irradiation of transparent dielectric
materials is most probably fairly high. However, it is virtually impossible to remove surface

contaminants and impurities, and at much lower power densities these adsorbed materials will
absorb the Incident laser radiation, forming a plasma of ions, electrons and neutrals. In

addition, most surfaces have many microscopic imperfections which can contribute to linear
absorption [35], as will carriers from shallow traps. The plasma temperature continues to rise

due to shock-wave heating and further absorption of the laser light, and the expanding plasma
radiates high energy light, including x-rays and vacuum-ultraviolet photons. This radiation
causes the ejection of photoelectrons from the cell body, which are detected as the "early"
negative pulse, arriving at the anode' without interacting with the neutral plasma itself. (An

"early" positive peak is sometimes resolved in studies of laser irradiation of metals [31,34],
also; it is attributed to the "reverse photoelectric effect", whereby a positive signal results
from the photoemission of electrons from the cathode. Because of the cell geometry and small

cathode area, no early positive peak was observed in our experiments.) The later ion currents
are detected when the expanding plasma breaks up, and its constituent charged species are
collected at the appropriate electrode. The late negative pulse is due mainly to electrons from
the plasma, delayed by space charge effects. The greater delay of the positive signal is

consistent with heavier charged particles, and the observed tailing indicates a distribution of

ion masses.

It is not clear whether the residual plasma after repeated laser "cleaning" is due to

particulate matter remaining on the dielectric surface, or is indeed characteristic of the
material itself. The mechanism for intrinsic plasma formation below the damage threshold should
be the same as invoked for surface or bulk damage: initial multiphoton ionization followed
by electron multiplication. However, we wish to interject a note of caution. Laboratory air is

notoriously unclean, and samples are rarely handled with scrupulous care. Smoke, dust, finger-
prints, and the like, will interact strongly with high-power laser radiation. Before undertaking
elaborate experiments in the quest to understand and control damage in laser materials, one must
be sure that non-volatile impurities and particulate contaminants have been minimized.
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Fig. 3 Typical dependence of the magnitude of

of the ion signal on the number of normal-

burst laser pulses.

Fig. 4 Current pulses produced by Q-switched ruby
laser radiation of Pyrex windows. The

upper trace in each case shows the time

dependence of the laser pulse. A - The
early electron signal; time constant ~ 20

nsec. B - The complete negative particle

signal showing both early and late peaks;

time constant ~ 50 nsec. C - The positive

ion signal; time constant ~ 50 nsec.

COMMENTS OW PAPER BY GEORGE LEROI

The. dli,auiilon czntzKzd on the. que-itlon oi the. dependence the obie^ved Ion

zlectfton emtiiton on the tzchnlqaei employed to clean the, w^ndoMi o{, the teit cell. It

MCLi nepoKtzd that the cleaning technique Mhlch yielded the lowest emlalon wa^ the re-

peated u6e multiply dlitllled watzK ^olloMed finally by a cleaning with ipectnal
acetone. Vunthen fieductlon Mai, ejected by baking and then repeatedly Irradiating the

evacuated cell M-tth lai,er puli>ei. Higher leveli o{, ^on and electron emlalon Mere

observed when other cleaning techniques Mere used, iuch a6 uiai,hlng Mlth various acids.

The speaker mentioned that this last result was apparently at variance with the results

reported by Swain at the 1969 ASTU Symposium on Laser Damage.
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Diffusion Effects in High Power Laser Damage
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The theory of diffusion in laser solids in the presence of
high optical power densities is presented. It is shown that a

small number of laser-excited phonons , n , having the proper
wavevector for diffusion, can affect the diffusivity signif-
icantly. The effects of a thermal gradient and of pressure are
evaluated quantitatively under certain conditions. In addition,
since the activation energy for defect migration can be sub-
stantially reduced upon excitation of the localized ground
state electron, diffusion effects are shown to be possible under
typical laser damage conditions.

Key Words: Atomic migration, damage threshold, diffusion,
laser damage, nonlinear optics, thermal diffusion.

1. Introduction

Theoretical work is presented here relating the photon-phonon conversion, which
preceeds laser damage, to atomic and ionic migration. The conversion of photons of
^ l(f W/cm^ power density to excited electrons and phonons is shown to affect diffu-
sion by various mechanisms which include thermal diffusion in a phonon number gradient,
Vn, excitation of both localized electron and phonon states at defects, Raman scatter-
ing which may or may not be stimulated, etc. The externally imposed fields - -caused by
the laser's intens i ty- -which provide the driving force for migration are gradients in
temperature, VT ,

stress, Vo , and charge, Vq . It is shown that in ruby, sapphire and
laser glasses, all of which are compounds containing slowly diffusing oxygen and fast
diffusing metal ions, that partial separation of the ions is possible. This leads to
local deviations from stoichiometry and, perhaps, changes of state, which result in
turn in changes of index of refraction. In addition, significant diffusion in the
very high temperatures (^lO** °K) possible at inclusions of specific type and size [1],
is shown to be possible.

Internal or bulk damage such as damage tracks or bubbles is considered here. The
observations of internal damage which have not yet been adequately explained include
the effects on Raman scattering due to "microscopic" damage [2] preceeding visually
observable damage and the structure and mechanism of formation of the visually obser-
vable bubbles.

Some initial theoretical work has been done on the related topic of laser-stimu-
lated diffusion [3], [4] --a process which involves enhanced diffusion caused by Vn,
which results, in turn, from one of the photon-phonon conversion processes. For pulse
times of - lO"^ sec the electrostriction focusing mechanism developed by Kerr [5] is
assumed. For short pulse times, the electronic Kerr effect or the polaron mechanism
proposed by Hellwarth [6] is assumed. In the following sections the effects of laser-
excited phonons /.nd of stress on the migration process are analysed. Thermal diffusion
Is then developed followed by a discussion of the mechanisms of photon-phonon conver-
sion. The discussion includes a description of a proposed process for the formation of
visually observable bubbles which is preceeded by substantial defect formation.

Figures in brackets indicate the literature references at the end of this paper.
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2. Basic Considerations of the Diffusion Event

2.1 Diffusivity and Activation Energy

The diffusion jump time is solids [7] is typically 2-3 X 10"'^ sec which is 10^

times faster than the typical ruby pulse time of 3 X 10"^ sec and 10^ times slower than
the period of ruby light. The atom's lifetime at a lattice site [or quasi-stationary
site in glass) is >>10"''^ sec and is exponentially dependent on 1/T. For the electric
field of an externally or self-focused ruby beam to affect diffusion sufficiently to
cause visibly observable effects in laser glass, ruby or sapphire in times of -3 X 10"°

sec [the pulse time usually assumed here) the local temperature and one or more of VT

,

Va or Vq must be sufficiently high. In addition, a localized reduction of force con-
stants can occur at excited defect centers with a consequent decrease in activation
energy for migration, '^^E^.

Consider the diffusivity tensor, D.., in a sample exposed to an external light
source which excites phonons of wavevectAr k and number density n in the sample.
Thermal phonons of wavevector 5 and number Sensity n^ also exist But we assume that
n <<n at room temperature. We distinguish the laser - s timulated phonons from the ther-
milly^excited band phonons since their wavevector and branch, or localized mode struc-
ture, may differ considerably from those of the thermal phonons. With externally ex-
cited phonons the diffusivity at a position x in the sample is given by

t^U) = D,, e [1)

where T rr is an effective local temperature including both En and n . The activation
energy, ®in the quasi -harmonic approximation, is given by

(2)

where $ . . is a component of the two-body force constant tensor relating the i component
of the ii^itical displacement of atom k in the X,th unit cell to the j component of the
displacement of the k'£' atom. Eq [2) represents the minimum static displacement ener-
gy for an N-body system containing an atom or ion in its saddle -point - conf iguration
[activated state). It is important to note in defect systems that optically excited
electron states can decrease $ and, hence, AE substantially. For example, Liity [8]
found that AE for the reorientation migration of certain F^ centers in KCl decreased by
a factor of about 15 when the localized electron was in the excited state. For the F

center in KCl, AE in the excited state was found to be 0.2 that in the ground state.

2.2 Effects of Pressure

Another factor which can alter migration significantly in certain systems is
stress. Considering the special case of pressure for simplicity, an additional factor
given by

\r ^ (3)

is multiplied times the right-hand-side of eq [1) [9]. In eq [3) 'v and v are the
product average frequency of the system with no pressure and with p?essure, respective-
ly. If, for example, P = 5 X 10^ psi then, for an activation volume for migration of
10" ^^cm^, pv = 0.2 eV. The free energy for migration is then G = AE - Pv"" =

AE - 0.2 eV.

2 . 3 Diffusion in Al^O^

Self diffusion in ^"^-p-i^ has been studied experimentally [10] with the result (See
Fig 1) for aluminum diffusion in polycrystalline samples given by

= J-8 e (4)
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where AE = 4.96 eV and D = 28 cm^/sec. AE for oxygen diffusion was similar to that
for Al but D was about § factor of 10 less. The diffusivities of metallic ions and of

essentially Sovalently bonded oxygen in glass follow a pattern similar to that in

Al^O,. However, the requisite diffusivity data for laser glasses presently in use was
unavailable for calculation. Hence, ruby and sapphire are considered quantitatively
here since the diffusivity data for ^^2^3 available.

Effects of n on Diffusion
e

Consider a lattice with defects such that the 3N degrees of freedom represented by

,j in a perfect lattice are replaced by Zs in the defect lattice. Our interest lies
in the effects of n on the atomic or ionic migration process. Maradudin [11] has de-
rived the component! of the equal-time correlation function, <u . (JIk)u . (£ ' i^>, in terms of
the Green's function for the defect lattice U.. and we can write it for our purposes
utilizing an effective temperature

where the total correlation function includes n as well as thermal phonons . In eq (5)
= 27rnkT/h and u. (J^k) is the ith component of ?he displacement of the atom k in the

!i?h unit cell. Another way of writing the displacement correlation function utilizes
the usual transformation operator which yields a result for the defect lattice, includ-
ing n^ externally excited phonons of state e, which is given by

fs")where m. is the mass of the k atom in the I unit cell and B .
^ is the ith component

of the eigenvector in the defect lattice. If the Green's function in eq (5) is expand-
ed in terms of eigenvalues and eigenvectors then eqs (5) and (6) can be utilized to ob-
tain

(7)

In eq (7) we have used the diagonalized form of the activation energy (See eq 2) in
which the eigenvalues for the system at its saddle point have been utilized. The im-
portant thing to note about eq (7) is its inverse dependence on n . It is apparent
that n reduces AE/kT and, since n is a small number for solids m the diffusion range,
n doei not, in many cases, have t§ be very large to produce significant effects on
atomic migration. For example, for usual solid-state diffusion temperatures thermal
phonons at the Debye frequency have n^ 2-4 phonons, or so.

Anharmonic effects on tlie equal-time correlation function have been calculated [4].
They become significant for large n. For example, in KCl , for n >>n , anharmonic ef-
fects are about 10% when n =2.5. Consequently, for large laser-excited n , the ef-
fects of anharmonicity cannot be neglected since the effective local temperature is
raised to the point where phonon interactions become significant.

4. Thermal Diffusion

The driving force provided by a phonon gradient gives rise to a flux which must be
included with the flux due to a concentration gradient. The ith component of the dif-
fusion flux in both gradients is given by

where N is the number density of the migrating species. Q* is the heat of transport
which is given by Q* = KE^ + E^ in which K is a constant and E^ and E^ are the energies
of migration and formation, respectively, of a defect. In a homogeneous laser material
without inclusions Vc = 0 and the driving force is proportional to VT , which results
from photon absorption. Then the thermal flux at a position x is
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r(T^\ _ 7)
^""^ ^'^M

(9)

where TCx) is the local temperature at x.

Realistic values of Q* for both positive and negative ions are difficult to obtain
either theoretically or from estimates of data which is known for glass and AI2O,. In

addition, D is not known to the author for the ions in the laser glasses being used.

Nor is D known for both aluminum and oxygen diffusion in single crystal Al^O^ in the

temperature range of interest. Hence, some rather gross approximations will be made
here using values which seem representative in the light of known data for these and
other materials. Letting N = 2 X lO^Vcc, Q* = 50 Kcal/mole and Q* = 100 Kcal/mole
then

J.
(tA)

j:
(TX)

= -10
Z7

(lOa)

(10b)

for, the fluxes of positive and negative ions, respectively. As an example, consider
^ in glass exposed to - 10^ W/cm^ at a position adjacent to an inclusion of optimum

size for maximum absorption. It has been shown that VT 10' °K/cm occur into 5 X 10-

these systems .fl] Then, if D.for metallic ions in glass is similar to that for Al in
AT n rc^„ t;-;„ ^\ e.c. -xV^^) ^ k y in^s t; y t n 2 atoms/cm^-sec at T = lO"* andAI2O2 (See Fig 1) we get J,;; ^ = 5 X 10'

8000 K, respectively, assuming that VT
and 5 X 10'

10^ °K/cm.
10'

The possible growth of cavities or of hollow shells in Al^O.^ by counter or differ-
ential ionic currents in thermal diffusion is an interesting possibility to investigate,
A flux of W atoms across area A in a pulse time T is given by J = W/AT = NV/AT where N
is the atomic number density and V the volume. Equating this flux with eq (9) for the
growth of a spherical cavity, we get the radius

7^T^ dx .

(11)

For the flux of 5 X 10^^ atoms/cm^ - sec derived above for T = lO"* °K a spherical cavity
of radius 2\\x is obtained from eq (11). As a second example, consider the growth of a
spherical shell under conditions of lower T and VT . Assuming that T = 6800°K,
VT = 5 X 10^ °K/cm and Q* = 50 Kcal/mole, then, if the outer radius of the shell is lOy
the shell will be O.ly thick. This calculation assumes that the fluxes of both the
positive and negative ions are equal and opposite. These examples are meant merely to
be illustrative since the exact conditions of internal breakdown and some of the
material constants are unknown. However, if fluxes large enough to produce cavities
are possible then the proceeding events of deviation from stoichiometry in crystals and
changes of state are even more probable. In any case the resulting change in index of
refraction at the spherical bubble or shell should be sufficient to result in a visu-
ally observable bubble. Figs 2a and b portray two possible cases of diffusion in VT.
In Fig 2a, there are counter currents of positive and negative ions since Q* and Q*
have opposite signs. In Fig 2b the signs of Q* are the same but the magnitudes differ.

5. Modes of Photon- Phonon Conversion

The mechanisms of photon-phonon conversion in crystals which give rise to stimu-
lated diffusion either directly or eventually via some phonon decay scheme include IR
absorption, optical absorption at defects and Raman scattering both in the pure mate-
rial and at defects. Excitation of the IR lattice frequency, qj , at the power density
required to affect the diffusion process can be accomplished using a high power IR
laser or the difference frequency of two pulsed optical lasers. Schawlow [12] has
pointed ou"^ that chemical reaction kinetics, which is similar to diffusion in many
ways, should be affected by a process which is similar to that proposed for diffu-
sion [4]. In tiie IR absorption mechanism, the excited IR frequency decays, as shown in
Fig 3, to longitudinal and transverse acoustic modes having k large enough (X short
enough) to affect the migration process before decaying into the set of band modes of
the lattice spectrum. In this manner, directional control of the migration process be-
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comes feasible because of the direction of Vn^ in eq (8)

.

In the process involving optical absorption at defect centers, two types of effect
on the migration event are possible. First, the local force constants may be decreased
substantially, as pointed out above, because of excitation of the ground state elec-
trons in the defect centers. Second, the indirect decay processes of the excited elec-
tron, such as that portrayed in Fig 4, create phonons which may be of the proper X to

increase the migration probability significantly.

The third mechanism mentioned for external laser-stimulated effects on the diffu-
sion process is that of Raman scattering at a molecular frequency, u . The nuclear
displacement at a space-time point (z,t), excited by the laser and Stokes fields, E^^

and E , respectively, is given in dyadic form by

(12)

where y is the damping constant, a the polarizability and the phase angle. A numer-
ical estimate of (12) with a power density of 3 X 10® W/cm^ for both E^^^ and E ^ (as-
suming efficient SRS or using two lasers at a difference frequency of to°) has Seen
given by Garmire, Pandarese and Townes [13] as 5 X 10""* bond lengths, following this
estimate, focused power densities of 3 X 10^^ W/cm^ give u z half the bond length,
which is equal to or greater than that required for diffusion with no other forces of
any kind taken into account. If co is the localized frequency of an ion adjacent to a

vacancy, for instance, then Raman ¥ype excitation of a migration event in a directional
manner (as indicated by the vector nature of eq 12) appear to be possible at power
levels < 10^'' W/cm^ when one or more of the other effects mentioned above is included.

The exact nature of photon-phonon conversion in laser material damage and the sub-
sequent phonon decay scheme is a complex process. Since the ruby frequency lies above
any lattice or usual localized mode frequency, the absorption is via electronic exci-
tations. Hellwarth [6 ] has shown, in his polaron theory, that the electron-phonon
collision time in sapphire at room temperature is 10" ^'**'* to lO"^^'"* sec and that pho-
non scattering of the electron predominates over that of plasmons, neutral impurities,
electrons, etc. In addition to the absorption by free electrons considered in that
theory, optical absorption at defect centers should be included with the subsequent
localized creation of phonons in a process such as that shown in Fig 4. It is inter-
esting to speculate that, with an optically absorbing defect, the localized phonon
cloud induced by the excited electron could lead to defect migration at the absorbing
center. Subsequent to the initial absorption, the localized optical modes created dur-
ing the defect's migration event, because of the strain and asymmetry introduced along
the migration path, could lead to further absorption. A self -propagating process might
then occur. If counter or differential diffusion of different species of ion also
occurs, the resulting deviation from s toichiometry leads to higher diffusivities . In
certain systems, deviation from stoichiometry is known to raise the diffusivity by a
factor of 10^-10^ or more.

6. Discussion

Most of the theory presented here applies to crystalline solids and the numerical
calculations done were primarily for Al.O, since some of the requisite data was avail-
able for that material. It is shown that, under the conditions giving rise to break-
down of laser materials in high optical power densities, significant atomic or ionic
diffusion can occur in the time of a single pulse. Adding in the effects of residual
fields on migration after the pulse has ended makes the processes even more probable.

An additional factor not considered above is the production of dislocation or
Griffith crack sources by vacancy conglomerates or precipitates. These would be
generated quite easily in comparison to the growth of large bubbles or precipitates
since they are so small. The condensation of vacancies into prismatic dislocation
loops which can act, in turn, as sources for other dislocations is well known. This
type of source might then give rise to plastic strain in crystals in the stress field
produced by the beam. In glasses, Griffith fracture usually begins at a free surface
and vacancy conglomerates inside the sample could provide that surface.

An attempt has been made here to show, with the meager data available, that diffu-
sion may play a significant role in 'the production of internal damage. In addition,
the "microscopic" damage proceeding optical breakdown may result in whole or in part
from migration processes. Further experimental, work is needed to ascertain with
certainty the temperature and thermal gradients at breakdown. In addition diffu-
sivities and heats of transport for the ions in the substance are needed,

'
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Fig. 2 Schematic diagrams of positive and negative ion fluxes, and J , respectively
temperature gradient for + X (a) J^. is negative and J_ is positive; (b) both
positive

.
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and J_ are

Fig. 3 Diagram depicting IR absorption at a Fig 4
crystal surface followed by anharmonlc
decay of the optical mode, oOq , to
longitudinal and transverse acoustic
modes, co^^ and

(j>j.p^, respectively.
Ionic displacement in the acoustic
phonon field occurs, as portrayed
schematically, if the phonon wave-
vectors are short enough.

Optical absorption by a localized
electron of wavevector

'^.qI
followed by

emission of another localized electron
and a phonon which aids in the migration
of the atom, as indicated. Actually,
the phonon cloud about the electron
contains many phonons and, in addition,
the energy of many phonons is required
to affect the migration of the atom.
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Time Evolution of Damage Tracks in Sapphire and Ruby*

Concetto R. Gluliano

Hughes Research Laboratories
Malibu, California 90265

A fast streaking camera has been employed to observe the time-evolution of
bulk damage filaments in sapphire and ruby on a nanosecond time scale. Exter-

nally focused light from a mode controlled ruby laser and amplifier was used to

induce damage in the samples studied. Either side-scattered light at 6943 X or
blue-green light from the self-luminous damage sites was detected by the streaking
camera. It was found that damage first occurs at or near the natural focus of the
lens, and that the damage track grows in an upstream direction toward the laser.

The damage filament is formed during the rising portion of the incident laser pulse,

reaching its full length at the peak of the pulse. The relationship between the

location of the damage at a given instant and the corresponding instantaneous laser

power will be discussed in the context of a possible self-focusing mechanism.

Key Words: Bulk damage, filamentary damage, dynamics, moving focus,

sapphire, self-focusing , streak photography.

1. Introduction

The causes of laser induced damage can be divided into three separate steps. First, the initiating
step, in which the intensity is built up in the medium by a mechanism such as self-focusing. Second,

the medium responds to these high intensities by undergoing any of a number of nonlinear processes such
as multiphoton absorption and /or phonon generation. Third, the local power dissipation is high enough
to exceed the elastic limits of the material, causing catastrophic breakdown.

Much indirect evidence has existed for supporting self-focusing as the initiating mechanism for

laser-induced bulk damage. [l,2].*-'- However, different interpretations for the phenomenon have been
postulated such as self-trapped filaments of light, repetitive focusing, and moving foci. We have
observed the time-development of damage tracks in sapphire and ruby and found that it is most logically
explained in terms of a moving focus. This is the first direct observation in support of a moving focus
in solids.

We will concern ourselves here with the phenomenon of bulk damage in sapphire, although much of the
discussion applies in general for most transparent dielectrics in which filamentary damage is observed.
The damage is characterized by a long track, as shown in Fig. 1. Here we see a typical damage track
formed by a single pulse from a laser operating in a single longitudinal and transverse mode. The
damage filament is characterized by a "head" at the part of the track nearest the sample entrance and a

tapering "tail," the end of which occurs at or very near the focal plane of the lens used to focus the
laser light in the material. The track often, but not always, displays a region of relatively dense
damage at or near the tip of the tail, usually in the form of a crack or "damage star." As we examine
the regions of the damage track upstream from the tail (Fig. 1 (b)), we begin to see some subsidiary
fracturing alongside the damage filament. This fracturing is randomly located and becomes increasingly
dense toward the head of the track where the extent of subsidiary fracturing is maximum (Fig. 1 (c)).
If the incident light pulse is not temporally smooth the damage track shows the same filamentary be-
havior, but in addition, there are occasional regions of more dense damage along the track. An example
of this is shown in Fig. 2, where we see a track formed by a pulse in which the laser was oscillating
in two longitudinal modes. If the depth of modulation of the incident pulse is large, the filamentary
character of the damage track may not be present. Instead, one may see only a series of fractured
regions spaced along the light path with gaps of undamaged material between them. We also notice the

vThis work was su^iported by the Advanced Research Projects Agency under ARPA Order i434 with Air Force
Cambridge Research Laboratories.

'"Numerals in square brackets indicate literature references appearing at the end of this paper.
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general feature that the damage filament itself is narrower at the tail of the track (~ 2 to 5 (Jm) and

and broader at the head (several tens of microns). We will later explain these qualitative features of

bulk damage in the light of our recent observation of the time-evolution of these damage tracks.

2. Experimental

The experimental setup is shown in Fig. 3. The oscillator employs a 4 inch long x 1/4 inch diam-

eter ruby pumped by two linear lamps in a double elliptical pump cavity. The ruby crystal is water-
cooled by a closed-cycle refrigeration system maintained at 0 C. The high reflectivity mirror is

coated with a 99+% reflectivity high field damage coating from Perkin Elmer Corporation. Q-switching
is accomplished with a solution of cryptocyanine in methanol in a 1 mm path length cell whose trans-
mission is 30% at 6943 %.

The temperature controlled (34°C) resonant reflector that was designed to optimize longitudinal
mode control consists of two quartz etalons and a quartz spacer, whose combined effect is to enhance

cavity modes separated by 2 cm and to discriminate against intermediate modes.

Portions of the laser beam are split off in various ways (see Fig. 3), so that the power output,
near-and far-field patterns, and Fabry-Perot patterns can be monitored for each shot. This is accom-
plished in the following way. Light reflecting from wedged beamsplitter W-j^ gives two diverging beams;
one of them hits the magnesium oxide diffuser, where the scattered light is monitored by a biplanar
photodiode used as our power monitor. The second beam from W^^ hits ground-glass screen G, where it

is photographed through lens L and the 1 m focal length camera focused at infinity. This gives a mag-
nified (~5x) near-field picture. Another portion of the light is removed by beamsplitter B, and hits
mirror K^, which can be placed in or out of position depending on the use of the alignment laser.

From M„ the light either goes to the Fabry-Perot interferometer or can be partially reflected from
wedged beamsplitter W2 , where it results in a pair of far-field patterns. A 0.6 neutral density filter
is placed near the focal plane of the camera so that the far-field pattern and the Fabry-Perot pattern
can be seen at two different exposures. The two Glan prisms are used as a variable attenuator after
the amplifier. Beamsplitter B^ samples the light to photodiode No. 2, which monitors the power inci-
dent upon the focusing lens, which was designed for minimum spherical aberration (Special Optics).
Photodiode No. 3 monitors the light after the sample. The signals from the two detectors are integrated
and displayed on a dual-beam oscilloscope.

The water cooled amplifier ruby is 6 inches long x 0.5 inches diameter, with one end wedged rel-

ative to the other by about 0.5 . The input end of the amplifier rod is antireflection coated to min-
imize the chances of oscillation within the amplifier itself. The ruby rod is closely coupled to a

helical flashlamp, which is pumped with a power supply capable of delivering 8 kj in a 3 msec pulse.
The power supply employs a pulse shaping network of 20 sections, each section pumping for 150 Usee.
The maximum gain obtained with the amplifier is about 10 dB.

In all experiments described in this paper, the amplifier flashlamp pumping was held constant, and
the amount of light incident on the sample was varied by rotating the first of the two Glan prisms. We
found that our amplifier acts as a weak negative lens whose focal length depends on optical pumping [3]

.

Thus we fixed the amplifier pumping to minimize the shot-to-shot variations in the beam characteristics.
Typical output from the oscillator plus amplifier is about 150 mj in pulses which can range from about
15 to 30 nsec. The far-field beam profile was measured to be gaussian down to 87„ of the peak using a

modified multiple-lens camera technique [4]

.

The streak camera experimental setup is shown in Fig. 4. We used an STL image converter camera
operating in the streaking mode to photograph the self-luminous damage tracks during their formation.
The camera was triggered either by the sync pulse from the Pockels cell, when it was used as the Q-
switch, or from the laser light itself, when the cryptocyanine Q-switch was employed. For all the ex-
periments described, the light was focused inside the sample using a lens (f = 19 cm) which was de-
signed for minimum spherical aberration. In the latter experiments a portion of the incident light was
split off and allowed to enter the camera directly to give a marker streak which gives the relation
between the time of formation of a particular point on the damage track and the peak of the incident
pulse. In the experiments described here, a Corning 4-94 filter was placed in front of the camera lens.
This served to block the laser light which was scattered from the damage sites while passing the self-
luminous light in the blue-green part of the spectrum. When the scattered light at 6943 % is allowed
to enter the camera, essentially the same behavior is observed when it is blocked. However, scattered
laser light from previously formed damage tracks in the sample constitutes an inconvenient background
which interferes with the observation of the track of interest. After each streak photograph was
taken, the position of the head and tail of the damage track was determined by examining the crystal
using a measuring microscope. These measurements were found to be consistent with the location and
extent of the damage inferred from the streak photos.
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3, Results of Streak Measurements

Typical streak photographs of the damage In sapphire are shown in Figs. 5 and 6. In Fig. 5 we see
the time development of the damage track when an unmodulated pulse is incident on the sample. In Fig. 6

we see the streak photo for a modulated input pulse. (The 750 MHz modulation occurs when the Pockels
cell Q-switch is used.) The essential features of these results to be noted are the following.

1. The track first appears at or very near the location of the beam waist.*

2. The track grows in the upstream direction moving toward the sample entrance.

3. The track reaches its maximum length when the incident pulse reaches its peak.

The qualitative behavior of the time evolution of these damage tracks can be described in terms of
moving self-focus as follows. At a certain critical power

,
a self-focus first appears at the beam

waist where the damage first occurs. As the power increases the distance z^ required to form a self-
focus decreases, and the damage track grows in the upstream direction. The minimum z^ corresponds to

the maximum power, thus the head of the track will occur at the peak of the incident pulse. The rate of
growth of the track depends on the temporal shape of the laser pulse. The self-focused spot sweeps
through the downstream part of the track more quickly than the upstream part, hence the extent of damage
is greater at the head than at the tail.

When the incident pulse is modulated, we expect to see local regions of heavy damage associated
with the passage of local maxima on the leading edge of the pulse. Each consecutive peak has slightly
more power than the preceding one, and therefore causes a self-focus which dwells at slightly smaller z.

A glance at the damage track formed from a modulated pulse (Fig. 6) shows the spacing between the

heavily damaged regions to decrease toward the head of the track, as one might expect from the above
qualitative explanation. Thus, what might appear to be evidence for multiple or repeated focusing could

be simply an artifact of temporal spiking on the input pulse, which causes a single focus to pause
occasionally as it sweeps upstream.

Streak photographs of damage tracks in ruby show the same qualitative behavior as that seen in

sapphire, but the comparison with the self-focusing theory below was not carried out. The general
features of damage in ruby are not the same as those in sapphire, and the location and lengths of dam-
age tracks are not as reproducible. One may attribute this to the absorption in ruby at 5943 X, but

the differences have not been investigated in detail (see ref. [3]).

The reduction of data taken from streak and oscilloscope photographs was accomplished by tracing
the photographs onto graph paper at a convenient magnification using an opaque projector and picking off
values of instantaneous power and damage location at specific times. The two time scales were synchro-
nized by locating the center (most intense region) of the marker streak and allowing this to coincide
with the peak of the incident laser pulse. The center of the marker streak was determined "by eye" and
was found to be reproducibly locatable to within about 1 nsec (1 mm on the streak photographs). Thus,
we obtain values of distance of a particular point on the damage track from the entrance surface z^ and
the corresponding instantaneous laser power. An example of the traces is shown in Fig. 7.

4. Comparison of Experiment with Theory

We will now attempt to correlate the above experimental results with the self-focusing theory of
Marburger and coworkers [5,6]. Many of the details of this theory are presented in a following paper
[7], and we will only dwell on the results as applicable to our experimental results.

The abofe referenced theory assumes that the induced refractive index ^n the medium Sn responds
instantly to local changes in the optical intensity. The following equation is obtained from numerical
solutions of the nonlinear wave equation (for P > P^)

.

^(P/P^)^^^ - 0.858^^ = 0.0202 + 0.136 [ka^/z^(«=) ]
^ (1)

and

z^"^(cc) = z^"^(R) + r"^ . (2)

Here, for an incident gaussian equiphase beam, a is the e radius of the intensity profile at the
sample entrance, k is the wave vector in the medium, R is the distance from the crystal entrance to the
low inteasity beam waist, z^(R) is the distance from the sample entrance to the self-focus when the
incident beam has phase curvature R (R < 0 for a converging beam) ; P and P^ are the incident power and

*In many of the photographs the intensity of the light from the tail of the track is too weak to record.
However, subsequent examination of the tracks show that the location of tail is very reproducible from
shot to shot.
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the critical power for self-focusing, respectively. The theory predicts that two self-foci are formed;
they coincide at the low intensity beam focus at P P and at higher power they separate, one moving
downstream at the speed of light and the other moving upstream at a rate which depends on the temporal
shape of the input pulse. We will deal here with a comparison of the theory and experiment for the
backward moving self-focus.

Equation 1 is a hyperbola whose asymptote is

(P/P = 0.858 + 0.369 kaf f ± + —7— )
. (3)

c o

1/2 -1
Thus, for powers greater than about 2P at plot of P versus should give a straight line.
Figure 8 shows that this is nearly so. Here we present data taken from a number of streak camera meas-
urements for different peak powers and at two different pulse widths t.

The evident curvature of the plots in Fig. 8 and their dependence on peak power and pulse duration
can be explained by including the slow response of the index change 6n which was ignored in the above
analysis

.

Of the various possible mechanisms for 6n, those arising from nonlinearity of electronic response
[8] and libration [9] are essentially instantaneous. The largest noninstantaneous mechanism for 6n is

electrostriction , which leads to an effective nonlinear index of refraction n2, which decreases as the
dimensionless quantity x = a/uT increases [10]. Here, a is the spatial beam radius, T the ef-
fective pulse width, and u is the longitudinal sound velocity in the medium. Thus, there is a char-
acteristic time a/u for the electrostrictive nonlinearity to develop, and hence the critical power
required to obtain a self-focus will depend on beam size and pulse duration.

The index change leading to a self-focus at a particular distance z. can only be induced by that
portion of the pulse which has passed before the self-focus is formed. Thus, the effective t

should be considered a decreasing function of z. when considering points along an evolving damage
track formed on the leading edge of the pulse. For a converging beam, the beam width a increases
with decreasing z. Thus, it becomes increasingly difficult for electrostrictive self-focusing to occur
as z^ decreases for a given input pulse; a self-focus formed upstream from the low intensity beam
waist cannot take advantage of the small beam radius at the natural focus.

^ We can crudely account for the effect of electrostriction by replacing Pq ^ in (1) by

^cl '^c2^ (x) ]
~

J
where f is an increasing function of x, P^j^ is the critical power due to

instantaneous mechanisms, and V^^^^-^) is the critical power for electriction

.

For our particular conditions of pulse lengths and focusing, the fractional change in a from the
tail to head of the track is substantially larger than the fractional change in T. Therefore, we
expect f(x) to be a decreasing function of z casuing positive curvature in a plot of P versus
z^"-'- according to (1). This is consistent with the data shown in Fig. 8.

Since the first self-focus occurs at the low intensity beam focus, a is the same for all curves
at z^ = |Rj. Therefore, we would expect that x would decrease for pulses of longer duration. This
means that the self-focus forms more easily (i.e., at lower powers) for a longer pulse, everything else
being equal. This explains the vertical separation between the two groups of curves in Fig. 8. Sim-

ilarly, one would expect that pulses of different peak power, but the same duration, would form an ini-

tial self-focus at different incident powers. In this case the critical power is less for lower peak
power than for higher peak power pulses of the same duration. Take, for example, an incident pulse for

which the self-focus occurs just at the peak, as compared with a pulse of the same width but much
higher peak power. One would expect the self-focus to first occur at a higher power for the latter

pulse, because not enough time would have elapsed for a self-focus to have occurred at the same power

as for the first pulse. This accounts for the separation at the lower power end between curves of the

same p'ulse width in Fig. 8.

The slight negative curvature seen at the high power ends of the curves in Fig. 8 is very sensitive
to the "synchronization" of the pulse profile with the streak photographs. Because of the slow response
of the electrostrictive mechanism, the maximum upstream excursion of the damage track would be expected
to lag the pulse peak by an amount somewhat less than the response time. We did not attempt to take
this into account in plotting the data. This could explain the negative curvature seen at the high
power ends of several of the curves in Fig. 8. A relative shift between the oscilloscope traces and

the streak photographs of the order of nanoseconds will remove this curvature. The direction of the
adjustment is consistent with this explanation.

1/2 -1

2 '^f /l^^
from (3) that the straight line plot of P versus z. should have a slope of 0.369

ka P . Hence we can obtain values for P from the slopes of trie curves in Fig. 8. Values for a
o c c

at the crystal entrance were obtained by measurement of the beam profile at a number of points beyond
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the focusing lens. The range of critical powers obtained from the slopes in Fig. 8 is 180 kw to

5.4 MW, which is consistent at one extreme with the predictions of electrostrictive self-focusing for

sapphire [10] and at the other with values of inferred from other manifestations of electronic
distortion [111.

The author acknowledges the skilled technical assistance of G. R. Rickel.
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Fig. 5 Typical examples of (a) damage
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Fig. 5 Typical example of (a) damage filament,
(b) streak photograph, (c) oscilloscope
trace for a modulated (~ 750 MHz)
incident pulse.
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ferent incident peak powers and pulse widths.
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Theory of Self-Focusing for Fast Nonlinear Response

J. Marburger

University of Southern California
Los Angeles, California 90007

Numerical solutions of the nonlinear wave equation lead to essentially exact
formulas describing the behavior of a self-focusing beam up to the first self-focus,
if the nonlinear response is instantaneous. We discuss the relation of these
formulas to similar ones obtained by ray tracing or quasi-optics , and the influence
of terms in the vector wave equation usually ignored in numerical studies. We also
give formulas for the on-axis intensity and position of the first focal point, for

focussed and unfocussed gaussian beams, and we describe the effect of aberration and

deviations from gaussian profile. Using these formulas, we discuss the time evolu-

tion of damage tracks in solids, and indicate how the formulas may be modified

phenomenological ly to account for retarded response of the nonlinear index. The
possible influence on damage tracks of the sel f- focusing phenomena beyond the first
self focus will also be discussed.

Key Words: Computer solutions, correlation with experiments, damage tracks,

moving self-focus, sapphire, self-focusing theory.

1. Introduction

Theoretical analyses of self-focusing fall rather neatly into a small number of categories depending
upon which aspect of the phenomenon is under study. The landmark paper of Chiao Garmire and Townes [1]'

introduces the notion of a self- trapped beam, whose optical field depends upon axial distance z (along
the beam) only through a sinusoidal factor. Such a beam retains its transverse size and shape as it

propagates, and its properties are governed by a nonlinear ordinary differential equation in the trans-

verse variable r (for cyl indrical ly symmetric beams). Unfortunately, the stable solutions of this
equation depend rather sensitively on the precise form of the nonlinear term, which is fixed by the non-

linear dependence of polarization upon applied field [2]. Despite early reports of observations of self-

trapping, it now appears that most (perhaps all) of the data can be understood without invoking these
self- trapping solutions of the nonlinear wave equation. We shall return to this point in Section 5.

The second category of self-focusing theories began with P. L. Kelley's solution of the nonlinear
partial differential equation in r and z which describes the optical field of a beam whose radial

dependence is gaussian at z = 0 and evolves to a "self- focus" at [3]. This self-focusing process is

characterized (for gaussian incident beams) by the functional dependence z^"l « P'/'^, where P is the

total beam power. Since the self-focus is extraordinarily intense, evidences of its existence are easily
observed, and this relation has been verified repeatedly in a variety of materials [4].

Because of the difficulty of obtaining numerical solutions of the self-focusing equation, many
workers developed approximate analyses which eliminate the radial coordinate [5]. These are based upon
an expansion of the optical field function in powers of r near the axis, the first few (usually only the

first) expansion coefficients being determined as functions of z by ordinary differential equations.
Implicit in this approach is the assumption that the shape of the transverse intensity profile remains
constant, and only its seal

e

shrinks as the beam self-focuses. This constant shape approximation is

easily checked by appeal to the exact numerical solutions of the self-focusing equations, and is found
to be severely violated unless the beam is self-trapped [3], [6]. In particular an initially gaussian
beam does not remain at all gaussian, as it would in a linear medium, but develops a sharp spike at
r = 0 as it self-focuses. Nevertheless the constant shape analysis leads to important conclusions re-
garding qualitative features of self-focusing, offers clues to functional dependences, and even gives
quantitatively correct results for the initial stages of self-focusing prior to severe beam distortion.

The self-focusing analysis described above is strictly correct only for a continuous beam of con-
stant power incident at z = 0. We shall refer to theories which attempt to account for pulsed incident

Figures in brackets indicate the literature references at the end of this paper.
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beams as dynamical self-focusing theories. The simplest such analysis assumes that the nonlinear polar-
ization responds "instantly" to changes in the local intensity, an "adiabatic" approximation. This means
that if the solution of the time independent, or stationary, self-focusing equation is expressed as a

function of the incident power, the time dependent solution may be obtained from it simply by allowing

the incident power to vary with time. This approach led to the prediction of dramatic on-axis intensity
pulse shaping effects [7] accompanying self-focusing, and to the prediction that the position Zf of the

self focus must change as the incident power changes [8]. Both predictions have received ample verifica-
tion [9].

The attractiveness of the adiabatic approximation lies in its use of the stationary results for

dynamical prediction, but it is certainly incorrect for nonlinear mechanisms such as electrostriction

,

whose response time can exceed the duration of a typical Q-switched laser pump pulse. The "exact"
solution of a set of dynamical self-focusing equations including slow nonlinear response has been
attempted by Fleck and Kelley [10], but the immensity of the computing task placed severe restrictions
on the range of independent variables (r, z, t) for which solutions could be obtained. This restriction
can be overcome at the expense of introducing the constant shape approximation, a strategy exploited by

E. Kerr [11] in connection with the electrostricti ve nonl inearity . The resulting partial differential
equations in z and t must still be solved numerically, but the task is far easier with two independent
variables than with three. A more qualitative approach reported recently by Shen and Loy [12] employs
the adiabatic approximation to obtain a rough pulse shape within the medium. This modified pulse is

then inserted as a driving term in the equation for the nonlinear index change which may then be solved

with relative ease (the exact approach would require simultaneous determination of the pulse shape and
the index change). This approach was developed to account for the observed extensive self-phase modula-
tion without invoking the self-trapping solutions [13].

A final category must be reserved for studies in which the radial intensity dependence plays a

minor role. Here one assumes the existence of a quasi-trapped field whose surfaces of constant phase
are nearly plane over a rather long distance. Certain features of a pulse propagating in such a mode
are adequately represented by a wave packet comprised of colinear plane waves. With the radial co-

ordinate thus conveniently eliminated, one may study phenomena depending upon both z and t with relative
ease. These include: self-steepening [14] which arises from the alteration of phase velocity by the

nonlinear index change, and self-phase modulation [15] which has the same origin. Observations of the

latter phenomenon indicate that some sort of quasi-trapping takes place in some media, but it may not be

as closely related to the self-trapping solutions as was once thought [12], [13].

2. Results of Stationary Self-Focusing Analysis

Starting with Maxwell's equations and the nonlinear constitutive relation D = [el + e2< e2> ]E ,

which is the simplest giving rise to self-focusing, it is not difficult to obtain the equation [3],

2ik3^/3z + V^^ + {e^k^/2e^_)\i\^ e = 0 . (1)

Here S is the slowly varying envelope of the linearly polarized E field

E = Re e ^exp i (kz - cot) ,

and V-p is the transverse Laplacian operator, k is the wave number in the medium ignoring the nonlinear
index change. The effects of other terms which must be discarded to obtain eq. (1) are negligible prior
to a self-focus, but will be discussed later.

Introducing the new variables F e (e2l<^a^/2ep)^/^ z* = z/2ka2 and r* = r/a, where a is a typical
transverse dimension, eq. (1) can be written in the form

i 9F/9Z* + V*^F + |F|^F = 0 (2)

which contains no free parameters. Thus the solutions of eq. (2) are fixed uniquely by the parameters
of the beam incident at z = 0, such as the transverse intensity profile, total power, and phase
curvature.

Figure 1 shows some results of numerical solution of eq. (2) for gaussian equiphase incident beams
of different powers [6]. On-axis intensity is plotted versus z*. Three regions of incident power are
clearly evident: I) P < : no self-focusing evident, II) Pi < P < P2: very weak self-focus which
appears at greater distances for larger powers. III) P2 < P: strong self-focus which appears at
shorter distances for higher powers. The upper and lower critical powers are given by
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= 0.0232 Xq c ej^^/e2

= 0.273 P2

(3)

(4)

The lower critical power P-, is predicted accurately by the paraxial ray-constant shape analysis [16].

P2 is very close to the power P^, required for self- trapping with a transverse profile containing no

nodes [1].

The constant shape approximation can be used to estimate the dependence of P-| on deviations from

gaussian shape of the incident beam. Writing i{r ,z) for a cylindrically symmetric beam as

<f(r,z) = i^iz) g(r.z)

g(r,z) = 1 -
J r^/a^Cz) + (3/24) rVa'^(z) ...

and defining

f E b/a(0)

where

b^E 2 g (r,0) rdr

we have found

P^(f,e)/P^ = (23 - 3) fV3 (5)

The values (f,3) = (1,3) characterize a gaussian, (/2, 6) a Lorentzian, and (1.21,5.23) the no-node self-

trapped shape.

Using the solutions shown in Fig. 1 one finds the following relation between power and self-focusing
length for P > P2 [6]. (Here a is the 1/e radius of the incident intensity profile.)

[(P/P2)^^^ - 0.858]^ = 0.0202 + 0.136 [ka^/z^]^ . (6)

This is a hyperbola with asymptote

(P/P2)^^^ = 0.858 + 0.369 ka^/z^ , (7)

1/2 -1
which may be used in place of eq. (6) for P > 2P2. For P» P2, the slope of P versus z^ given by

eq. (7) should be divided by f if the incident beam is not gaussian.

These equations may still be used even when the constant phase surface passing through r = z = 0

is curved, corresponding to a converging or diverging incident beam. One need only replace Zf~^ by

Zf'""
= 2f\R} + (8)

where R is the radius of curvature of the incident phase surface (R < 0 for converging beams) and Zj:(R)

is the new position of the self-focus (see Fig. 2). This formula, which is identical to that for tne
focal length of two thin lenses in contact, has been verified numerically for a wide range of P and R

values for both converging and diverging beams [17]. It plays a key role in our subsequent discussion
of optical damage.

450-417 0-71—
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If the incident phase surface is not spherical, it is said to possess spherical aberration, which

is conveniently measured by the deviation v in wavelengths from a sphere when r = a. The phase of S
at z = 0 is

(})(r) Z kr^/2R + 2nvr'^/a^ (9)

for such a wave. Figure 3 shows how the position of the self-focus shifts for increasing positive

spherical aberration for several powers [17]. For these curves, R = -Zka^/Sn.

It is important to determine to what extent all these conclusions are altered if the exact equation

V X V X E = (aj^/c^)D (10)

is employed in place of eq. (1). We have solved this equation numerically for a variety of initial

fields and conclude from the solutions that the additional terms lead to utterly negligible corrections

until very near the self-focus. In particular, the position of the self-focus itself is not altered,

nor is the catastrophic increase in intensity at r = 0 at the self-focus. Unfortunately, it has thus far

proven impossible to solve either eq. (1) or eq. (10) for E beyond the first self-focus with sufficient

accuracy to tell what happens in the region z > z^. Efforts to probe this region theoretically will be

discussed later.

3. Dynamical Self-Focusing in the Adiabatic Approximation:
Evolution of Damage Tracks in Solids

If the nonlinear polarization responds instantly to local changes in optical intensity, then above
the critical power P2 for self-focusing, a self-focus always forms at a unique point at time t for a

given incident power P at z = 0 and time t - Zfe|_'/2/(; regardless of incident pulse shape. Thus the

position of the self-focus at any time t may be obtained from the intersection of the pulse shape curve

P(zf - e[1/2ct) and the curve P versus Zf given by eqs. (6) and (8) for focused gaussian incident
beams [18].

This construction is shown in Fig. 4, which is drawn with parameters corresponding to Giuliano's
experiments on damage in sapphire exposed to focused ruby laser light. Clearly the self-focus first
appears at, or just prior to, the geometrical focal point, then splits into two foci, one of which
travels down- and one up-stream. The up-stream focus reaches its minimum Zf value as the pulse maximum
passes, and therefore dwells at this position for a while. This presumably allows massive damage to

occur at the head of the track which scatters subsequent light in the trailing portion of the pulse. The
observed damage tracks are always narrower at their down-stream ends, which is consistent with the

notion that the focal spot moves more rapidly there. This picture of bulk damage has been given by
several other authors, including E. Kerr [11].

This theory of the creation of damage tracks suggests that irregular temporal behavior of the
incident pulse will lead to a string of heavily damaged spots along the track Each spot occurs at the
position determined by the power at a local maximum in the pulse shape. Giuliano has obtained streak
photographs of the luminescence created by the passage of a focal spot in sapphire exposed to a modula-
ted pump beam which shows a series of such damage spots being formed [19]. In this connection, it is

obviously important to keep the incident pulse shape in mind when evaluating the appearance of damage
tracks. What might appear to be evidence of multiple or repeated focusing could be simply an artifact
of temporal spikes on the input pulse which cause one focus to pause occasionally as it sweeps up-stream.

By monitoring the incident pulse shape and the evolution of self-luminescence created as the focus
sweeps through the crystal, Giuliano has inverted the construction shown in Fig. 4 and found curves
pl/2 versus zfUsee paper by Guiliano, p. 50, Fig. 8). The curvature of these plots can be understood by
invoking the finite response time of the electrostrictive mechanism, which seems to give the largest
nonlinearity in this case. At this point we simply note that the curves are rather straight, indicating
that the instantaneous response approximation is at least not grossly in error, and can be trusted to
give rough quantitative information.

4. Phenomenological Theory of Electrostrictive Response:
Analysis of Damage Tracks in Sapphire

Electrostriction is expected to lead to an appreciable nonlinear refractive index in all dense
materials. This mechanism "turns on" in a time of order a/u, where u is the longitudinal sound velocity
and a the beam radius. This means, of course, that the response depends upon the input pulse duration, if
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it is comparable with a/u, as well as the instantaneous power. Kerr has performed an extensive analysis
of electrostrictive self-focusing, using the constant shape approximation to eliminate the radial co-
ordinate [11]. Our approach is to start with the exact conclusions for instantaneous response, and

attempt to modify them a posteriori to account for the retardation of nonlinear index.

If we have two independent sources of nonlinear response, the total critical power Pj satisfies
«. pj-1 = p^-1 + Pg"

'
, where Pa(Pb) is the critical power for mechanism A(B) alone. This is strictly

correct only for the stationary case where transient response is unimportant; but we shall adopt this

form even in the transient case. P/\ will be the fast critical power, arising from electronic nonlinear-
ities [20] and perhaps libration [21], and Pq will be that due to electrostriction. Following Kerr [11],
we shall write the latter as Pb = Kf (x) , where f is an increasing function of

X = a/UT (11)

and T is usually regarded as the incident pulse length. Our strategy is to replace P2~' in eq. (6) and

eq. (7) with

P.^-'' = P^-"" + [Kf(x)]-'' (12)

where t (and a for focused beams) will be related to the position of the self-focus.

The index change responsible for a self- focus at Zf can only be induced by the portion of the pulse
which has passed Zf prior to the focus formation. Focal points formed during the leading edge of the

pulse occur at shorter distances for larger times, so t is a decreasing function of zf . Similarly, for
a converging incident beam, a should also be a decreasing function of Zf. Obviously a decreases from
its maximum at z = 0 to a minimum at the geometrical focal point, z = |R|. In Giuliano's experiments
on sapphire, a/u varies from about 40 nsec at z = 0 to about 1 nsec at z = |R|. The effective time x

varies over a smaller range from ~ 5 to ~ 15 nsec. Thus the entire transient regime of electrostrictive
response is involved during the transit of the self-focus.

If T changes relatively less than a during the transit of the self-focus, we expect x = a/ux to be

a decreasing function of Zf, according to the argument above. Thus for the largest zf, near |R|, the

net critical power [ea. (12)] is expected to be smaller than at the regions of heavy damage near minimum

Zf. A glance at eq. (7) will show that this implies that a plot of P^'^ versus Zf-1 will have positive
curvature. The experimental plots [19] invariably show positive curvature except for a short region
near the peak power which will be shown below to be related to another feature of retarded response not
included in the present discussion.

Since the self-focus first makes its appearance at the geometrical focal point, the effective
beam radius at Zf = |R| is always the same. Thus any change in experimental parameters which shortens
X will increase the power at which damage first appears. This can be done either by shortening the
incident pulse length at constant peak power, or by increasing the peak power at constant pulse length.

(In the latter case the time taken to reach any given power is decreased.) Both effects may be seen in

Giuliano's data [19].

The negative curvature sometimes seen at the high power ends of the experimental plots can be

removed by changing the time which is chosen on the pulse profile for peak power (on the oscilloscope
trace) relative to the time at which the self-focus reaches its maximum up-stream position (on the

streak photograph of self-luminescence). Because of the slow response of the electrostrictive mechanism,
the maximum up-stream excursion of the focus is expected to lag the pulse peak by an amount on the order
of the response time. The adjustment required to remove the negative curvature is of the order of nano-
seconds, and in the right direction to be consistent with this mechanism.

The success of this phenomenological theory of electrostrictive self-focusing in explaining
practically every observed qualitative feature of damage track evolution suggests that one may have some
confidence in whatever quantitative information can be gleaned from it. In addition to measurements of

the nonlinear index coefficients, one might also determine the phenomenological function f(x), which
would allow rather detailed estimates to be made of damage thresholds in real systems. (Of course one
always expects all self-focusing parameters, including f(x), to depend rather sensitively on incident
transverse mode structure.)

5. Post-Focal Phenomena

In the foregoing discussion, we have invoked the motion of only a single self-focus to explain many
observed features of optical damage in sapphire. We have said nothing about the rays of light which pass

beyond the self-focal plane, yet it is entirely possible that these may add to damage already created by
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the moving focus, or perhaps even cause damage in regions where the first self-focus did not appear at

all. It is convenient to divide the discussion of post-focal phenomena into four categories.

The first category includes effects arising from the presence of a forward moving focus. According

to the discussion of Section 3 a self-focus appears near the low intensity focal plane and moves forward

with the velocity of the pulse. There is little direct evidence for such a self-focus, especially in

the focused beam case, but if it exists, it would be an important mechanism for damage at the output

crystal surface. Theoretical evidence, obtained from numerical solution of the stationary self-focusing

problem, indicates that only a small amount of energy is associated with this forward travelling focus.

The rays in the early leading portion of the pulse, in which the power is less than diffract very

quickly away from the axis beyond the low intensity focal plane. Rays in the higher power portion may

be divided into two classes: those near the axis which pass through the backward moving focus, and off-

axis rays, which do not. Neither type contributes to the forward travelling focus, which is composed of

rays associated with a very short interval of time during which the instantaneous power is P2. Insuf-

ficient theoretical work has been done to say more about the effects of this focus.

The second category of post-focal phenomena is associated with the off-axis rays mentioned above

which do not pass very near to the first backward moving focus. Numerical solutions of the steady state

equations indicate that only the rays within the central portion of the beam containing power roughly

equal to P2 contribute to this focus. If the total power is sufficiently greater than P2, the remaining
rays may come to one or more foci beyond the first backward moving focus [8]. The trajectories of these

foci may be inferred from a construction similar to that shown in Fig. 4. When the incident beam is

focused, these additional foci behave just as the first focus did: additional backward moving foci

appear between the first focus and the geometrical focal point. Presumably forward moving foci also
appear beyond the geometrical focal point, behind the first forward moving focus, but we have not veri-
fied this numerically. Such additional foci can contribute to the damage caused by the first backward
moving focus because the rays which comprise them are not necessarily scattered by the damage, which is

confined to the axis. In this connection it is important to bear in mind that these additional foci
can be formed by the trailing portion of the pulse as well as the leading portion. Thus, unlike the
first focus which moves up-stream to a minimum Zf and may be prevented from moving back again because of

scattering from axial damage, the additional foci may sweep in both directions, feeding energy into the
damaged track during an appreciable portion of the pulse. If the beam is focused, most of the rays must
pass very near the geometrical focal point, and one expects that damage caused there by the first focus
will scatter light even from rays originally rather far off-axis. Thus the role of the secondary self-

foci in causing damage beyond the geometrical focus (e.g., at the exit surface) may not be very great.

The fate of rays which have passed through the first or subsequent self-foci form the third cate-
gory of post-focal phenomena. Their fate is very uncertain. These are the rays which proponents of self
trapping theories believe are trapped in filaments. If such trapping does take place beyond the self-
focus, it could have two origins. Firstly, in a medium in which the nonlinear index responds "instantly"
it may be that the solutions of the nonlinear wave equation show trapping behavior beyond the focus. We
have demonstrated something of this sort for an index which "saturates" at relatively low intensities [6]
but solutions beyond the self- focus for more realistic cases have not been obtained. ^ Secondly, in a

medium with slower nonlinear response, such as electrostrictive.rays emerging from a backward moving
focus will enter a region in which the index has not yet relaxed from the influence of the focus. That
is, they enter a slowly decaying dielectric waveguide, and may be channeled, or trapped, for a while.
This mechanism has been proposed by Shen and Loy [12] to account for evidences of trapping in liquids.
In either case the extent to which trapped rays can propagate in a region which has experienced a self-

focus depends sensitively upon the lag time between passage of the focus and appearance of damage massive
enough to scatter these rays. If damage appears soon after the passage of the focus, self- trapping may
not play an important role.

The fourth category of post-focal phenomena includes effects similar to the induced waveguide
mechanism mentioned above, which can be understood using linear optics. Thus any spherically or axially
symmetric dielectric imperfectionta n have a focusing effect on the beam. Such imperfections can even
focus energy in the very low intensity tail into the region already damaged, or beyond. Realistic calcu-
lations of this effect have not been performed, to our knowledge, but it is accessible to experimental
analysis.

6. Summary

Our intention in this discussion has been to assist the reader in organizing the complicated theor-
etical and experimental details which have appeared in the rather confusing self-focusing literature.

The solutions r-^ported in [8] are based upon a numerical scheme which allows power to be lost from the
beam very near a focus. Thus these solutions, which do not show evidence of sel f- trapping behavior,
may not be treating correctly the very rays which could participate in self-trapping. We have repeated
the work in [8] using the reported numerical techniques and always found that the power lost at the
focus was about equal to the critical power.
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1
In summary, self- focusing does exist in solids and liquids. If it is driven by a pulsed beam, the self-

focus does move, and it is responsible for observed damage tracks in solids. In sapphire, the nonlinear

i

mechanism which determines the threshold for bulk damage is almost certainly electrostriction, but other

i faster mechanisms may also play a role. The damage may be enhanced by the creation of secondary foci by

I

off-axis rays, for which there is good theoretical evidence, and possibly by self- trapping , which is

I

probably present in sapphire because of the slow decay of the el ectrostrictive mechanism. Damage at the

exit surface could be caused or enhanced by the first forward moving focus, and by "lensing" of rays

passing through already damaged material.
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Fig. 1 Normalized on-axis intensity versus axial distance for self focusing beam whose phase

surfaces were flat at z=0, and whose initial intensity distribution was gaussian. The

labels are values of P/P2 for different incident powers.

Fig. 2 Incident power, in units of V^, versus position at which a self focus forms, for various de-

grees ~/f ^ncident phase curvature (pre focusing) at Z-0. The curves are labelled with values
of - 2ka /ttR where R is the radius of curvature of the surface of constant phase passing
through r=z=0. Notice that the vertical scale begins at P/P„=l.
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Fig. 3 Variation of the position of the self focus with increasing positive spherical aberration for
several powers. The beam is prefocussed with R as shown. The solid curves are labelled with
values of P/P^. The curve for which P/P^ is zero is the position of the low intensity focal
plane. The dotted curves indicate the positions of the weak relative intensity maxima which
appear prior to the focal plane when aberration is present. The positions of these maxima
change very little when self focusing is included, so the dotted curves refer to P/P =0 2
and 8. 2 '
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Fig. 4 Construction for the position of the self focus versus time. The self focus first appears at

5.55 cm at time t, then splits into two foci, one of which travels backwards repidly to 4.96 cm
at time t^, while the other has moved ahead to 5.92 cm. At time t^, the backward focus has
reached its minimum distance at 4.84 cm, and will reverse its motion at later times. The
cujve P/P2 vs has been drawn for the conditions of Giuliano's experiment [19], in which
ka = 220 cm, R - -5.6 cm, and the peak power can exceed P„ by a factor of 10. The pulse width
shown is unrea lis tically narrow (.12 n sec at 1/e point) for clarity of the figure.
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COmEhlTS OW PAPERS BV CONCETTO GIULIAMO AMV JOHN MAR8URGER

that the. ob^e^ved damage, tfiacki we>^e mo6t tntuniiZ man. the. tntfiancz {^acz oj) the sample,
and dzc.n.e.aiiZd tn tnte.ni>ltij ai> one. move.d away ^n.om the. zntKance ^ace tomaxdi the low
tnte.ni>ttLj {^acu-ii 0|) the tnctde.nt t-ight. Thti> mo^photogy ti> exactly the oppoitte. o^j

that )iepofite.d eaitten tn the i>ympoi>tum by Eottng {^oh. damage tfiacki iee.n -in gta6i
iample^i. The aon.i>eniu6 aftn.t\izd at to explain thti apparent dticfLe.pancy wa-i the
{fOlloMtng. In Bol-ing'6 woKk., the laiiZK Intensity -tnctdent on the -sample wa^ we.ll

above the thizihold {^on. damage.. Undei thi6 ctficumitance
,

i>zl(^-tfiapptng playi, a -6ec-
ondafiy nole In the damage pfiocea,. Com eque.ntly , the damage, mo6t ieve.fLt whzKe. the,

tnctd&nt Itght ti moit tntznie--tn thti ca<5e, aloi^ to the. physical (jocu.4 o the. In-
cident light. In Eo ling' is woik, the Incident lai>eK beam wai> \ocahed juit oatilde the
sample beyond the exit {^ace, and thefie^oKe, the gKeatei,t Intensity wai pfieient In the
sample clo^e to the exit iuK^ace and It wa6 at thli point that the damage tfiack wai,

mo6t ieveie, growing lea ieveKe a6 one moved back towan.di the laiefi. On the othei
hand, In the wonk. o (,

Glullano , the Incident laie^ Intensity wai juit above the thfieih-
old ijOA. damage. In thli clKcamstance, 6 el{,- trapping playi an eaentlal nole In the
damage mechanism. On the basis o the theory presented by Uan.bun.gen, as the lasen
Intensity nlses, the s el{j- Induced {^ocal point Ojj the tnapped beam moves back towands
the lasen. The mone Intense the lasen beam Is, the closen to the entnance sun^ace the
actual {ocus occuns, and thenef^one, the damage tnack Incneases In sevenlty back
towands the entnance {^ace away {^nom the {^ocal point which was located In the centen 0|)

the sample. Additional evidence (^on this model was pnovlded by the ^act that sevene
damage spots wene connelated In position and time with the modulation obsenved on the
lasen pulse. It Is wonth noting that even though sel{j- {^ocuslng does not play an es-
entlal nole In the damage mechanism when the Incident Intensity Is well above thnesh-
old as {^an as bulk damage Is concenned, It still seems to be an Impontant {^eatune o{,

the mechanism wheneby sun{iace damage can occun at the exit {face. In addition to the
mechanism pnoposed by Manbungen , the possibility was nalsed that a moving {^ocal spot
can occun as the nesult 0(5 a changing nadlus o cunvatune o{f the Incident lasen beam.
This last e{^^ect, howeven. Is much mone pnonounced In neodymlum glass than It Is In
nuby and would not seem to give a {^ull explanation o the nesults obsenved by
Glullano . These nesults seem to give good con^lnmatlon 0(5 the motion o{^ the {^ocal
spot towands the lasen dunlng that pontlon o {, the pulse In which the Intensity Is
nlslng, but It Is, o^ counse, not po sslble In these expenlments to see the netnognade
motion which Is pnedlcted to occun dunlng the pontlon of, the pulse In which the In-
tensity decneases. Thene does not seem to be conclusive evidence the obsenvatlon
Oj) this netnognade motion In the lltenatune at the pnesent time.

C. G. Voung, Ojj the Amenlcan Optical Company, neponted on wonk on long path bneak-
down In aln oven distances In excess of, 25 metens. He obsenved no evidence ojj the
dynamic system lens e{^{^ect descnlbed by Basov. The tlme-avenage beamspnead at the
{jOcal plane o(f a lens on the output end o^ a dl{^(^nactloyi- limited lasen openatlng at
50 to TOO joules In 30 nsec was measuned. The measuned spot size [with attenuatons
between the lasen and the lens] agneed veny well with the calculated sizes, based on
dl{,^nactlon {^nom the 3 cm output apentune. This would not have been the case had the
total system openated as a dynamic lens.
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Electrostrictive Laser Beam Focusing in Glass
and Small-scale Track Formation

Edwin L. Kerr
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Electrostrictive laser beam self-focusing can form damage
tracks in non-absorbing glass. The acousto-optical interaction
involves a radially propagating compression wave driven by the
light intensity gradient, and beam focusing caused by the com-
pressional increase in refractive index along the beam axis.

Transient and steady-state approximate solutions of the
sound and light wave equations are discussed. Calculated beam
trapping thresholds are compared with experimental track forma-
tion thresholds. An expression for the parameter p 3n/3p in
terms of the photoelastic constants is described.

Beam focusing is described by a newly derived "small-scale"
beam tracing equation. This equation includes approximately
not only Gaussian beam diffraction, but also the inhomogeneous
refractive index term of the vector light wave equation. For
the radial component of the electric field the equation predicts
typical track diameters at the trapping power thresholds.

Key Words: Electrostriction , filaments, glass damage,
laser, self-focusing , self-trapping , track formation.

1. Introduction

Electrostrictive self-focusing has been acknowledged as a cause of track forma-
tion in glass by nanosecond laser pulses for seven years [1].^ The mechanism is an
interaction between light and sound.

3

The electrostrictive soundwave was observed by G.N. Steinberg [2]. Figure 1

shows his experimental setup and typical results. The laser pulse enters a slab-
shaped sample about 7 centimeters long. Electrostriction excites a compression wave
The wave comes to an initial peak on the beam axis in the characteristic acoustic re
laxation time. This time is equal to the beam waist radius a^^ divided by the speed
of sound V. After the initial peak, the sound propagates away from the beam axis.
The wave shape is not preserved because the sound disturbance is mainly cylindrical.
The sound disturbance leaves a trailing wake, that is evident in the middle trace
to the right of the figure.

Research Physicist
2
Figures in brackets indicate the literature references at the end of this paper.

"^Ultrasound, not hypersound. The characteristic wavelength of the electrostrictive
sound wave which causes self-focusing is of the order of the beam waist radius, typ-
ically 20-200iJra. Once the beam is self-focused to a high intensity, electrostric-
tion may excite a hypersonic wave with a characteristic wavelength equal to a wave-
length of light. The hypersonic wave causes stimulated Brillouin scattering, but
not self-focusing

.
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The upper trace shows a compression peak a short time after the laser pulse, and
a later rarefaction valley. The first peak represents the direct compression wave
from the beam axis. The rarefaction valley is created when the compression wave im-
pinges on the opposite face of the sample and returns as a rarefaction wave. An ad-
ditional compression peak and rarefaction valley are evident in the trace after two
more reflections. The time between peaks corresponds to the roundtrip time for sound
in the glass sample.

These results were typical of dense flint glass and borosilicate crown glass.
The result with fused silica showed much more fine structure because of the higher
Q of the material.

Self-focusing is caused by an inhomogeneous refractive index distribution. The in
dex must be greater along the beam axis than at the beam edges. Such a refractive in-
dex distribution is equivalent to a sequence of thin lenses placed along the beam axis.
Figure 2 illustrates the equivalence. The lower beam guide is a focusing rod with an
inhomogeneous refractive index built in. The refractive index distribution is parabo-
loidal in the radial direction, and uniform longitudinally. The beam trajectories for
the two guides were computed from the large-scale beam tracing equation, to be de-
scribed below. Each beam guide was chosen with just enough inhomogeneity to cause
trapping of the beam. Trapping is defined as the amount of focusing required to bal-
ance diffraction. The beams in both of the guides are trapped, because they cannot
spread to infinite radius by diffraction. However, neither one propagates with con-
stant radius. Constant radius propagation cannot be achieved in the upper guide. In
the lower guide, constant radius propagation is possible if the beam enters the medium
parallel and exactly at the right radius. When the beam enters at the radius shown,
focusing is strong and diffraction is weak, so the beam converges. If the beam had
entered parallel at the minimum radius shown within the guide, diffraction would be
strong and focusing would be weak, so the beam would diverge along the trajectory
shown. There is an intermediate radius for which constant radius propagation is pos-
sible if the beam enters parallel.

If the inhomogeneity in the lower beam guide were increasing dynamically in time,
the distance to the first minimum would decrease. This is often described as the
"moving focus" condition.

A current controversy centers around the question "Are the tracks found in glass
the result of moving foci or of formation of a trapped light filament?" The above
discussion illustrates some of the theoretical difficulties concerning the formation
of trapped filaments. The mere achievement of enough refractive index inhomogeneity
to reach the trapping threshold is not sufficient to guarantee constant radius propa-
gation, i.e., filament formation. Other difficulties include the small-scale radius
of the tracks, the vector nature of the light wave equation, the effect of saturation
of the refractive index inhomogeneity, and the possibility of trapping only a portion
of the beam.

First we will discuss the electrostrictive self-focusing mechanism and the con-
stant intensity curves in the presence of electrostrictive self-focusing . We will
then make further comments on small-scale track formation.

2. Electrostrictive Self -Focusing

Electrostriction is the stress produced in a material medium by an inhomogeneous
electric field. The stress tends to draw the material into the high-field region.
Electrostriction is distinguished from inverse piezoelectric effect because electro-
striction depends on even powers of the electric field.

There are several effects which produce self-focusing . Some of these, such as the
Kerr effect, depend on molecular motion. In solids these motions are frozen out.
Electrostriction therefore predominates over many other mechanisms for solid media.

2.1. The Coupled Differential Equations

All self-focusing mechanisms involve an interaction between light and matter.
They are therefore described by two equations. One equation gives the dependence of
the refractive index on the square of the electric field, i.e., on the intensity. The
other equation gives the propagation of the laser beam through a given refractive in-
dex distribution. The latter equation is, of course, completely described by Maxwell's
equations

.
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In the electrostrictive self-focusing mechanism, the change in refractive index
is proportional to the sound wave compression. It is therefore possible to scale the
sound wave equation and write down a refractive index wave equation,

v^V^n - 3^n/3t^ = c~^p^~^ (p^3n/3 p) ^V^I , (1)

where the refractive index n is n(r,z,t), the intensity I is I(r/a), the beam radius a
is a(z,t) , and p^ is the undisturbed mass density [3],

This is essentially a sound wave equation driven by the electrostrictive forcing
term on the right. Notice that in the steady state, where the time derivative term
goes to zero, the spatial derivatives may also be cancelled on each side of the equa-
tion. This means that in the steady state the local change in refractive index is pro-
portional to the light intensity, i.e., to the square of the electric field. This is
exactly the same as the usual constitutive relation

used in many analyses. The simplicity of (2) relative to (1) explains why most of the
theoretical work done to date has been for steady-state trapping.

Maxwell's equations can be reduced by suitable approximations to the large-scale
beam tracing equation [4]

,

3 a ^ 1^ a_ 3 n
,2 ,2 2 3 n 2
3z k n a o 3r

o o

This equation describes the propagation of a beam with a Gaussian beam intensity dis-
tribution through a medium whose refractive index distribution varies negligibly over
distances of the order of a wavelength of light. Thus, as long as the beam radius re-
mains large relative to a wavelength of light, this equation gives a valid description.
Later we will describe how this equation must be modified when the beam radius approach-
es a few wavelengths of light.

The above equations have been solved approximately in two different models. From
these two models we can compute the trapping threshold for both the transient, transi-
tional, and steady-state regimes of beam radius and pulse duration. In another model,
we compute the power required to achieve a given intensity for various ranges of in-
terest of beam radius and pulse duration.

a. Approximations

Both models assume that self-focusing takes place in a long interaction region of
the sample. Thus the analysis applies more to internal damage in laser amplifier rods
or very thick lenses than it does to thin lenses. The entering laser beam is assumed
to be initially unfocused or only gently focused, so the beam radius is nearly constant
throughout the interaction region. The beam intensity distribution is assumed to re-
main Gaussian. Under these conditions, the electrostrictive stresses are mainly two-
dimensional compression. We shall assume the time constant for development of appre-
ciable longitudinal compression is much greater than the laser pulse duration.

Inspection of (1) and (3) shows that the coupling of a with n occurs through
the driving term of (1) . Equation (1) is quite nonlinear because a is both space-vary-
ing and time-varying. However, the "gently focused" approximation makes the Laplac-
ian mainly radial. If the time variation of the beam radius a is also removed, (1)

becomes linear and solvable. We therefore introduce the precipitous approximation.
According to the precipitous approximation, the beam trajectory remains nearly constant
until it suddenly and precipitously is altered by the onset of self-focusing

.

The idea that self-focusing is precipitous is borne out experimentally [5] . Figure
3 shows some experimental results obtained by G.N. Steinberg. First he placed a small
round aperture downstream from the exit face of the damage sample. This aperture was
large enough to transmit the gently focused laser beam if the power was too low to

(3)

r=o
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cause self-focusing , because the gently focused beam diverged only at a small angle. In:'

a second experiment, he placed a small round stop (the same diameter as the previous
aperture) in the same downstream location. Behind the stop he placed a large-aper- !

ture Fl lens to collect light coming from the sample at large angles. In both of
;

the experiments, the liqht transmitted through the aperture or past the stop was de-
tected with a fast photodiode . In figure 3 we see the resulting small-angle trace 1

and large-angle trace. They may be compared with the large-and-small-angle trace. t

It was recorded when both the stop and the aperture were removed, but the large col- 1

lecting lens remained in place. A recording of the incident laser pulse is also ;

shown when no sample was present. '

The small angle recording shows clearly that the light is transmitted practical-
ly undisturbed during the first third of the laser. Then self-focusing occurs pre-
cipitously as shown by the very rapid fall. The cutoff is so rapid that the Tech-
tronix 585 scope and photodiode circuit rings, producing a valley below the zero of
intensity. This sudden cutoff in small angle transmission cannot be explained by the
sudden formation of a plasma, because the light is merely redirected to large angles,
as shown by the second trace. The sudden scattering of light at large angles occurs
because the beam is suddenly self-focused to a radius of approximately a wavelength.
When the small radius beam emerges from the sample, diffraction is no longer overcome
by self-focusing . The beam therefore diverges with a half-angle of about half a rad-
ian. The third trace may be compared with the fourth to show that most of the light i

is transmitted, with very little absorption.

The precipitous approximation is also substantiated by computer calculations and
a computer movie [3,5,6]. .

b. Method of Solution

With the above approximations, the index wave equation is linear. The driving
function may be separated into a spatial factor and a temporal factor. The spatial
factor is the fixed Gaussian intensity distribution. The temporal factor is the
laser pulse shape. Solution is possible using the following steps. First, a Hankel
transform simplifies the radial dependence. Second, a Green's function allows solu-
tion for arbitrary pulse shapes. Third, an inverse Hankel transform gives the ^s-^
fractive index distribution. The third step can be performed along the beam axis.

2.2. Trapping Thresholds

In the first model we will calculate the power required to reach the trapping
threshold.^ The trapping criterion is selected as follows. There must be just
enough refractive index inhomogeneity at the beam waist so the laser pulse , if it
entered the medium as a parallel beam, would continue to propagate at constant radius.
We further require that the refractive index inhomogeneity be achieved at the time of
the peak of the laser pulse. Let An be the increase in refractive index on the beam
axis. Analysis of the large-scale beam tracing equation shows the criterion is equiva-
lent to

An 1 / X

n 2 V 2 Tin a" o m
:4)

This criterion differs from that used by Chaio et a]^. [1] only by a numerical factor
representing the difference between their choice of a uniform intensity beam and our
choice of a Gaussian beam. In our analysis, the refractive index wave equation is lin-
ear, so it may be scaled by a coefficient that is characteristic of the medium and the
laser wavelength. The coefficient K we choose has the dimensions of power and is cal-
led the trapping power coefficient.

4
Inverse transformation for points off-axis is difficult analytically, but has been
performed on a computer [6]

.

^As we noted previously, mere attainment of the trapping threshold power does not in-
sure that either trapping or constant radius propagation will occur. We merely use
the trapping criterion as a convenient measure of the nonlinearity

.
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K = 2 (5)

STTn^ (P^3n/3p)

In the steady state the pulse duration is long compared to the acoustic relaxation
time aj^/v. The trapping analysis predicts a power threshold for trapping for either
long pulses or small-radius beams. On the other hand, when the pulse duration is
short or the beam is large, the acoustic wave does not develop greatly until the laser
pulse is over. As soon as the laser pulse begins, the electrostrictive force creates
an acoustic acceleration field^ in the medium. The acoustic velocity field therefore
increases initially directly with time, and the initial acoustic displacement field in-
creases directly as the square of time. The acoustic displacement field does not
achieve its full development during a short laser pulse, so more pulse power is re-
quired to produce the required refractive index inhomogeneity at the peak of the laser
pulse. In the limit of large beams or short pulses, the trapping power threshold
therefore increases the the square of the ratio a^/pv. Figure 4 shows the trapping
threshold power for several pulse shapes in both the steady-state and the transient re-
gimes. In the transient regime the threshold rises with a slope of 2 on the log-log
plot, as predicted. A power threshold occurs only in the steady state. In the trans-
ient regime the threshold is an intensity threshold for fixed pulse duration. Details
of the analysis have been given elsewhere [7]

.

Self-focusing of picosecond laser pulse trains has recently been demonstrated
[8-10] , even in solids and viscous liquids [10] . While most authors have discounted
the possibility of electrostrictive self-focusing for picosecond pulses, a recent
analysis [11] has shown the feasibility of electrostrictive focusing for picosecond
pulse trains. Indeed, if p is taken as the duration of the pulse train, and the power
P is the total train energy divided by p, the threshold for trapping a train of 15 or
more pulses differs from the thresholds given in figure 4 by less than 10% over the
whole range plotted. This is due to the ability of the electrostrictive mechanism to
average the energy in the laser pulse. Confirmation or denial of the electrostrictive
explanation for picosecond pulse train trapping awaits further experimentation.

2.3. Self-Focusing to a Given Achieved Intensity

In the second model we will calculate the power required to achieve a given inten-
sity for any beam radius and pulse duration.

Suppose it is desirable to achieve a given intensity I within the medium. If this
value of intensity is low, no self-focusing will occur. The peak intensity will be
achieved at the beam waist, on the beam axis, and at the peak of the laser pulse. It
will be

I = PAa^ . (6)

Taking the logarithm of both sides produces

log P = 2 log a^ - log tt i.

Therefore, a graph showing the logarithm of power required to achieve a given low value
of intensity versus the logarithm of beam radius is a straight line with a slope of 2.

Now suppose achievement of a much higher value of intensity is desired. Let the
value of intensity be so high that self-focusing occurs. Self-focusing causes the beam
waist radius to decrease. In the absence of self-focusing the beam waist radius was
a^. Let us designate the beam waist radius in the presence of self-focusing by a
Equation (6) is still approximately correct if a.y^ is substituted for aj^, but a.^^ is a
function of and the other parameters of beam focusing. We now introduce several
approximations to calculate this function.

^The acoustic acceleration, velocity, and displacement fields are vector-point func-
tions, to be distinguished from the "velocity of sound".
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a. Approximations
i

All the approximations used in the previous trapping model are required. We choose
the parabolic pulse as representative of typical Q-switched laser pulses.

To avoid a laborious transcendental maximization problem, we will assume the peak
intensity is achieved at the peak of the laser pulse. In the transient case, where the
pulse duration is short compared with the acoustic relaxation time, it seems obvious
that the self-focused beam waist radius ajy^ reaches its minimum value some time after
the peak of the laser pulse. Of course, after the peak of the laser pulse, the instan-
taneous pulse power falls off rapidly. Therefore the time of maximum intensity must
be after the peak of the laser pulse but before the time of minimum achieved beam waist
radius. According to our computations, the assumption, that the peak intensity
occurs at the peak of the laser pulse, causes only a modest error, provided we do not
extend the solution too far into the transient regime.

Another approximation is the assumption that the refractive index inhomogeneity
develops equally everywhere along the beam axis. This assumption is quite correct if
the beam is so gently focused that the beam radius is nearly constant throughout the
medium. In fact, in the steady-state regime where the low-power-beam waist radius a^
is small, the laser beam converges rather sharply to a focus, and then diverges. The
refractive index inhomogeneity develops more slowly (and with less strength) in regions
on the beam axis far from the focus where the beam radius is larger. In the steady
state the strength of the inhomogeneity varies inversely as the fourth power of the
beam radius. (In the transient regime the strength initially varies even more rapidly,
as the inverse sixth power of the beam radius.) We may use the approximation of uni-
form development of the refractive index inhomogeneity along the beam axis, provided we
do not extend our calculations too far into the steady-state regime of small beam radii.

b. Method of Solution

A formula for the power required to achieve a given intensity can be obtained if
the relationship between ajyj and aj^ is known. This relationship is provided by the
large-scale beam tracing equation. First, in the absence of self-focusing , a given
value of a^^ corresponds uniquely to the entrance radius aQ and the entrance slope aQ*.
The entrance radius and entrance slope are merely a pair of constants associated with
the solution of the second order differential equation.

2 2
In the presence of self-focusing , the value of 3 n/3r is calculated by per-

r=o
forming the differentiation under the integral sign of the inverse Hankel transform.
The inverse transform can then be evaluated on the beam axis. The large-scale beam
tracing equation is solved again, this time including the refractive index inhomogen-
eity, but using as constants the same entrance radius and slope. This process gives
the required functional dependence of aji^ on a^^ and on the electrostrictive self-focus-
ing parameters. After the formula is derived, the parameters may be collected into
a single scaling factor,

Ig^ = KA (vp)^,

having the dimensions of intensity. This constant gives the measure of the intensity
associated with electrostrictive trapping. It may be described as the intensity (with-
out self-focusing) of a beam having the trapping power coefficient as its power, and
whose waist radius is just equal to the distance sound can travel in the pulse duration.

The function has been plotted for several decades of given achieved intensity I in
figure 5. The figure is basically a log-log plot of power versus beam radius, with
scaling added. When only a low value of achieved intensity is given, say 1/lOth of
the electrostrictive trapping intensity, the curve is simply a straight line with a
slope of 2 as we said before. If the given achieved intensity is 10 times the
electrostrictive trapping intensity, in the transient regime the power required is
reduced. Self-focusing increases the achieved intensity by dynamically reducing the
beam radius. The broken lines indicate the power required to achieve 100 and 1000
times tne electrostrictive trapping intensity if no self-focusing were present. Self-
focusing greatly reduces the power required to achieve these intensities. If the de-
sired intensity is very high, the power required no longer depends very much on the
desired intensity, but rather on the trapping threshold. This may be seen by compar-
ing figure 5 with the parabolic pulse trapping threshold in figure 4.
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c. Comparison with Experimental Track
Formation Thresholds

We made the above analysis because we surmised that experimental track formation
thresholds might follow a single given achieved intensity curve. The damage associated
with track formation may be due to a variety of physical causes , most of which are de-
pendent on the local intensity or energy density. The actual value of the threshold
intensity for damage will depend on such factors as the chemical composition of the
medium, the optical wavelength, and possibly the pulse duration. It is difficult to
measure the value experimentally independently from self-focusing. Instead, we ass\amed
the hypothesis was correct and chose the value of I that gave the best fit between the
theoretical curves of figure 5 and the experimental track formation thresholds for each
glass. This procedure gives plausible values of the damage threshold intensity. The
results are shown in figures 6,7, and 8 for three common types of optical glass. Each
point in the figures represents a single laser pulse passing through the sample. Open
circles indicate no damage occured at that power level. Filled circles indicate the
formation of a track, which was always accompanied by a bright flash of side-scattered
white light, similar in appearance to an air spark. In all the experiments the wave-
length was 694. 3nm, and the pulse duration p was 55ns. In all cases the solid constant
intensity curve chosen lies below the broken trapping threshold curve.

The worst disagreement was a factor of 2 at one point for dense flint glass. Ap-
parently the approximations cause the constant intensity curve to rise too slowly in
the right extreme of the graphs. The pronounced inflection observed for borosilicate
crown glass experimentally is also shown in the best fitting constant intensity
curve. In view of the many approximations, the agreement between theory and experiment
is satisfactory.

2.4. The Light-Sound Coupling Constant p^8n/8p

In the above analysis K depends on the light-sound coupling constant. The values
we used were calculated from the Lorentz-Lorenz relation

p 3n/3p = (n^ + 2) (n^ - l)/6n .

o o o o

This relation holds if the polarizability of molecules in the medium is constant for
small density changes. The values of the light-sound coupling constant derived in
this way disagree with experimental values measured under hydrostatic compression by
as much as 36% for some glasses [12]

.

In spite of this discrepancy, the Lorentz-Lorenz formula gives good results.
A.V. Shatilov et al. [13] have found the Lorentz-Lorenz formula gives better agreement
with experimental thresholds than other formulas, such as the Drude-Newton formula.
Their results agree with ours in showing that the experimental thresholds lie below
the theoretical trapping threshold.

A more correct treatment would use the photoelastic constants p-[_j_ and p]_2 for the
medium. Under hydrostatic stress, the light-sound coupling constant is related to the
photoelastic constants by [12]

3p^8n/8p = n^(pj^^ + 2p^^)/6.

On the other hand, our analysis [3,5] shows that for two-dimensional compression we
have

p^9n/8p = n^(p^^ + p^^)/4.

Futhermore , the state of strain induced by electrostriction will only be a two-dimen-
sional compression if the beam is circularly polarized, because only then is the elec-
trostrictive force isotropic. A linearly polarized beam produces anisotropic forces,
and the whole analysis is much more complicated. A vector soundwave equation, includ-
ing the effects of shearing forces, must be solved. This is the subject of further
research

.
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3. Small-scale Beam Tracing

When the refractive index inhomogeneity varies on a scale comparable with a wave-
length of light, the large-scale beam tracing equation is no longer valid. This is
because the scalar light wave equation itself is only approximately correct. A small-
scale analysis is required because the tracks formed in glass are often as small as
a wavelength of light in radius.

3,1. The Inhomogeneous Index Term
in the Vector Light Wave Equation

Maxwell's equations in rationalized MKS units and the usual constitutive relations
for a dielectric are as follows

:

pair

stre

ttie

VxE = - 3B/9t, V-D = p,

VxH = J + Sp/gt, V-B = o,

2 2H=ecB, D=neE, J=d=0,— o — — o— —

in

til'

in

ti

on

ti

ft

St

Taking the curl of the first curl equation above and substituting the second curl equa- ti

tion , together with the constitutive relations gives the electric field wave equation s[

t;
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We may substitute the identity

2
V X (V x E) = - V (V • E) + V E.

I

We evaluate V_*E by expanding the constitutive relation t

2 2VD = n e VE + e E-v n = 0,— — o— — o — —

Substitution yields the vector light wave equation

V^E - n^c'^a^ E/a = - V (E-V SLn n^) . (7)

In a homogeneous medium the term on the right is zero, and the equation reduces to the
familiar scalar light wave equation for each component of the electric field. Even in
an inhomogeneous medium, the scale of variation of refractive index is usually very
large compared with a wavelength. Therefore the term on the right hand side is usual-
ly neglected, except when studying the depolarization effects of surfaces.

3.2. Depolarization Effect

The depolarization of a self-focused laser beam is evidence of the importance of
the inhomogeneous index term. Suppose for example the laser beam is linearly polar-
ized in the x direction and the intensity distribution is azimuthally symmetrical. If
we neglect the anisotropy of the electrostrictive force, the gradients of refractive
index during self-focusing will be radial. This means the dot product in the inhomo-
geneous term will be zero along the y axis, maximum along the x axis, and intermediate
in value for points lying off these axes. The y component of the gradient of this dot
product will be zero along the y axis (because the dot product itself is zero there)

,

zero along the x axis (because the gradient of the dot product lies entirely in the x
direction there) , and nonzero for points lying off these two axes. This means that
power from the x component of the electric field will be coupled into the y component
only at points on the beam off the x and y axes.
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This depolarization effect has been demonstrated experimentally. Figure 9 is a
pair of micrographs showing the laser beam as it emerges from the sample, looking up-
stream through a polarizer. In the upper micrograph the polarizer was parallel with
the electric field of the incident laser beam. In the lower micrograph it was perpen-
dicular. The lower micrograph shows exactly the cross-shaped intensity distribution
expected from the above discussion.

3.3. Role in Track Formation

There is a current debate over the existence of small-scale filaments. Some hold
that such filaments do not exist, but are merely the traces of rapidly moving foci.
One thing is certain. Small-scale tracks do exist in solid media.

The large-scale beam tracing equation does not include the effects of the inhomo-
geneous index term of the vector light wave equation. This omission manifests itself
in an interesting way. Recall that the beam tracing equation shows the curvature of
the ray path is equal to a term proportional to a"^ (representing diffractive spread-
ing of a Gaussian beam) , minus a term representing the focusing effect of the refrac-
tive index inhomogeneity . For steady-state electrostrictive trapping and for the vari-
ous types of Kerr effect trapping the refractive index distribution is given by equa-
tion (2). When (2) is used together with a Gaussian intensity distribution, the re-
fractive index inhomogeneity term is negative and proportional to a~^ . In the steady
state both of the above terms are proportion to a~3 . The effect of self-focusing below
the trapping threshold is therefore simply to decrease the strength of diffractive
spreading. The solution of the beam tracing equation remains the same hyperbolic func-
tion, and only the sharpness of the focus of the hyperbola increases as the beam power
approaches the trapping threshold. Precisely at the trapping threshold the two terms
cancel each other. This means that curvature of the ray path is zero. A converging
beam is thus predicted to come to a sharp, geometric focus with infinitely small beam
radius precisely at the trapping threshold. Above the trapping threshold the large-
scale beam tracing equation has no solutions valid for all points along the beam axis.
The physical picture presented is unacceptable.

Recently, a new, small-scale beam tracing equation was derived [3] . The equation
includes the effects of the inhomogeneous index term of the vector light wave equation
to within the same approximation that the Laplacian of the electric field is included.
Azimuthal symmetry of the intensity was assumed. The vector light wave equation was
partially separated in cylindrical coordinates. After an eikonal was introduced
according to Sommerfeld's expansion, the intensity distribution was assumed to be
Gaussian. Terms were retained up to second order in l/k^, where kQ is 2'fr/A , and A is
the vacuum wavelength. The result was the small-scale beam tracing equation

8 ^a _ 1 ^1 (a - 1 \
3 ^n

r=o
a2 .223 n +.22 .2
°z kna o\ kna/3r

o o \ o o /

where the upper sign is for the radial electric field component, and the lower sign is
for the azimuthal component. The extra third term on the right is present because of
the inhomogeneous index term of the vector light wave equation

.

Certain equations in the derivation of this equation seemed to indicate the radial
term remains nearly Gaussian, even when the beam radius becomes very small. Apparently
the azimuthal component does not remain Gaussian, but is transformed into a distribu-
tion with a central minimum. This diagnosis has yet to be confirmed algebraicly. It
is thought to be the most probable explanation for the failure of the small-scale beam
tracing equation for the azimuthal component.

The results for the radial component are much better although some questions still
require clarification. The small-scale beam tracing equation does overcome the diffi-
culties mentioned previously for the large-scale beam tracing equation in analyzing the
steady-state trapping of the radial component.

To simplify the analysis, we introduce dimensionless distances by measuring in units
of the wavelength in the medium divided by 2tt; thus we have

A=kna, Z=knz.
o o o o

450-417 0-71—
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We also introduce a dimensionless trapping parameter T corresponding to a Gaussian beam
of instantaneous power P(t), and a medium of nonlinear coefficient n^ , so we have

T = 4P(t)n^k^/c.

T = 0 corresponds to a medium with a zero nonlinear coefficient, while T = 1 corres-
"

ponds to a beam whose power is at the trapping threshold in the nonlinear medium. The
;

dimensionless small-scale beam tracing equation then becomes
j

2
d A ^ 1-T T

2 3 5
dZ A A '

for the radial electric field component. The term on the far right appears because
of the inhomogeneous index term. We can now see clearly the role this term plays. As
the beam radius decreases to a wavelength of light, A decreases but remains larger
than one. In a medium with a weak beam or a small nonlinear coefficient, T is small.
For a large beam the curvature is nearly zero. As the beam converges, A becomes smal-
ler and the ray curvature increases. As the beam approaches the focus, the beam curva-
ture becomes strongly positive, and the beam diverges again. The first two terms
predominate when the trapping parameter T is small.

-3 -5
When T is 0 the beam curvature is A . When T is 1 , the beam curvature is A . Thi

means that at the trapping threshold the curvature of the ray is nearly zero until the
beam radius becomes very small. Then the curvature suddenly becomes strongly positive.
The effect is to turn the converging ray back at the last moment and prevent an axis
crossing. This gives a much more acceptable physical picture, because geometric foci
and infinite intensities are avoided.

The small-scale beam tracing equation has been completely integrated [3,6]. The
first integral gives the high-power beam waist radius as a function of aj^ for var-
ious values of the trapping parameter T. This function has been plotted in Figure 10.
Notice the very sharp dependence on the trapp.ing parameter T. Above the trapping thres-
hold the beam radius is fixed at about three quarters of a wavelength. This is typical
of the center core radius for many tracks formed in solid media.

The second integral has also been performed. The equation is completely solved in
terms of an elliptic integral of the third kind. When this tabulated function is plot-
ted, it shows the same behavior described earlier, i.e., almost straight-line conver-
gence toward the axis, with a sharp turn just before touching the axis, and straight-
line propagation away from the axis.

4. Conclusions

The electrostrictive explanation for laser beam self-focusing of nanosecond pulses
in solid media has been analyzed theoretically and established experimentally.

Small-scale track formation can only be analyzed correctly when the effects of the
inhomogeneous index term of the vector light wave equation are included.
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Fig. 9: Light transmitted from a small-scale track through a polarizer placed either parallel (a) or
perpendicular (b) to the direction of the incident laser beam polarization.
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The Probability and Dynamics of Damaging
Optical Materials with Lasers''

Michael Bass and Harrison H. Barrett

Raytheon Research Division
Waltham, Massachusetts 02154

This paper discusses the probabilistic nature of the damaging interaction

between light and matter. It is shown that when one recognizes that there is

some probability to induce damage at any level of optical irradiation, then the

reported irreproducible damage resistance properties of many useful mate-
rials can be understood. This point of view also explains why some optical

components may be safely irradiated many times before damage occurs, though
no other change in the material can be detected prior to the observation of

damage. Experimental data showing the probability for surface damage as a

function of power density will be presented for several optically nonlinear ma-
terials as well as for glass, fused quartz, and acrylic plastic. The dependence
of damage probability on optical field strength is similar to that of the dc ioni-
zation coefficients for semiconductors and gases on the applied field. This ob-
servation is discussed in the present paper, and it is suggested that a form of

avalanche breakdown might be the cause of laser-induced damage.

Experiments in which an image converter streak camera was used to study
the dynamics of the damage process are also described. It is shown that (1)

if the laser beam is focused within the medium, then the first damage to occur
is at the focus and additional damage occurs upstream (i. e. , nearer the lens)

at later times, and (2) new damage is formed only when the intensity of the in-

cident light increases and never when it decreases. These observations can
be explained by assuming that a fast self-focusing mechanism is essential to

trigger internal breakdown and thereby cause damage.

Key Words: Avalanche breakdown, dynamics of damage process, probability

for damage, sel f-focusing

.

1. Introduction

In the year since the last Laser Damage Symposium, a great deal of progress has been made
towards understanding laser-induced damage in optically linear and nonlinear materials. The follow-
ing observations were obtained by careful optical and electron microscopy studies of the damaged
material: 1. contrary to prior opinion, internal damage in LiNbOg and KDP occurs at the same or
lower levels of irradiation than surface damage, 2. internal filamentary damage in LiNb03 is com-
posed of two or more long, thin cracks which intersect to form one or more lines ~ 0. 4 /j in diame-
ter, 3. internal pit damage similar to inclusion damage in laser glasses can be produced in LiNbOg,
4. the damaged material was at one time molten since it shows signs of having flowed and resolidi-
fied, and 5. entrance and exit surface damage have different characteristics. These results are de-
scribed in detail in Ref. 1 and will not be discussed further in this paper. However, two very practi-
cal comments are in order since they affect both the growth and use of both LiNbOg and KDP: 1. in

the preparation of nonlinear crystals every effort must be made to minimize the presence of included
impurities and 2. it is strongly recommended that crystals which have suffered surface damage be
thoroughly examined internally before being repolished and reused.

This paper is given over to the discussion of two important concepts in the study of laser-
induced damage, that of probability and that of dynamics. Last year data giving the number of pulses

The research reported in this paper is sponsored in part by the Air Force Cambridge Research
Laboratories, Office of Aerospace Research, under contract F19628 -70-C -0223, but the report
does not necessarily reflect endorsement by the sponsor.
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required to damage LiNbOg as a function of pulse power density were presented. (2) Upon re-
examination of those data, it was realized that they could be more readily understood if one accepted
the notion that the number of pulses required to damage a material was in fact a measure of the proba-
bility for a single pulse of that power density to induce damage. The probabilistic point of view is

used to explain why particular optical devices withstand many pulses and then, with no prior warning
or increase in the level of irradiation, inexplicably damage. It is similarly useful in explaining the
fact that one sample of a material will withstand one number of pulses before damaging and another
sample a different number of pulses even though all the pulses and both samples were identical.

Measurements of the probability for entrance surface damage to several materials have been
performed and are reported herein. Surface damage was studied because there is no self -focusing
and the power density can be specified. Theoretical analyses of the dependence of damage probability
on power density are also reported. A consideration of avalanche breakdown due to the optical field,

possibly assisted by Zener tunneling (3^, suggested that the damage probability might vary as
exp (- const /E) where E is the optical electric field. Plots of the logarithm of the probability versus
E"-^ are found to give excellent straight lines over several decades. Shockley' s ballistic model (4) of

avalanche breakdown predicts this observed field dependence. Numerical estimates of the field de-
pendence of the damage probability for SrTi03 based on this modified theory are in order of magnitude
agreement with that which is measured.

Studies of laser -induced damage remaining in or on a medium after irradiation cannot reveal the
dynamics of the process which are necessary to the development of a more complete theoretical under-
standing. Therefore, experiments in which an image converter streak camera was used to photograph
the laser -induced breakdown were performed. Evidence is presented to show that when the light is

focused inside the medium the first breakdown to occur appears near the geometrical focus and other
breakdowns occur upstream (i.e. , nearer the lens) at later times. Internal breakdowns are initiated

only during time intervals when the level of irradiation increases.

When the beam is collimated, there is no order to the starting time of the various breakdowns;
an upstream breakdown may occur before or after one which is further downstream. These observa-
tions are considered to be the result of a self -focusing process which can respond to rapid changes
in the light intensity (5) and which is sensitive to the beam' s initial geometrical parameters.

2. Measurements of the Probability for Damage

The experimental setup is described in Ref. 2. Throughout the present series of experiments
the following parameters were maintained constant:

Laser and laser wavelength: Nd:YAG with >^ = 1. 064 n
Laser mode: TEMqq, linearly polarized
Pulse waveform: Nearly smooth and symmetric with t = 12 nsec (FWHM)
Pulse repetition rate: 1 pps
Focusing conditions: A lOX microscope objective was used to focus the beam to a

circular spot of diameter, d, ="0.003 cm. With these focusing parameters
surface damage only was generally produced.

Sample temperature: Room temperature
Ambient atmosphere: Room air except for the hygroscopic samples which were

maintained in a dry nitrogen atmosphere.

All the surfaces studied were polished to the best optical finish which could be obtained, not

coated and carefully cleaned following procedures appropriate to the particular material. The glass
and plastic samples, however, had lower quality inspection finishes but were kept clean and free of

dust particles during these experiments.

The samples were irradiated at a rate of 1 pps until either the spark which coincides with the

occurrence of damage was observed or the observer saw damage through the microscope. The num-
ber of pulses, N, required to damage was noted, and then the sample was moved so that undamaged
material could be studied. At each power density approximately twenty-five different measurements
of N were made, and the probability for damage by a single pulse taken to be

number of damages
Pi = m ^

When no damage could be found after 500 pulses, the sample was moved and irradiated again. If this

occurred five times in succession, the sequence of events was taken to indicate that pj < 0. 0004. As
discussed in more detail below, the sequence of N values obtained was used as a check on the con-
stancy of the experimental parameters.

Figures in parentheses indicate the literature references at the end of this paper.
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The main experimental error in measuring the power density was incurred in determination of

the focal spot diameter. As described previously (2), several different measurements agreed reasona-
bly well with each other and so, in order to be conservative and underestimate the power density, the
largest value of d was chosen. The true value of the focal spot diameter is felt to be within ±5 percent
of that used, 0. 003 cm. Other errors enter in measuring the pulse energy and duration so that the

power density measurements herein are estimated to be accurate to ±20 percent. Note that the average,
not peak, power density is computed when one divides pulse energy by t and {7r/4)d^. Measurements
of damage probability are limited at low probabilities by one' s endurance in counting pulses which do
no damage. At high probabilities, when damage occurs within one or two pulses, several errors of

one pulse in counting the pulses required to cause damage can result in a substantial change in the
value of p;^. To obtain a measure of the error in pj^, several measurements were made of a p-|^

* 0. 01.

The standard deviation of these values from their mean was ~ 25 percent.

The data plotted in Fig. 1 shows the measured probability that one of our laser pulses damage
the surface of several materials. It is clear from these data that at any power density there is always
some probability that a single pulse will induce damage . Now consider the probability, p-^, that

damage be produced by the Nth pulse. If p-^ is the constant probability that a single pulse produces
damage, then pj^ is given by the binomial distribution

Pn = (1 - Pi)^"^(Pi) (2)

This is simply the composite probability that there be exactly N-1 nondamaging pulses followed by one
which causes damage. If a large number of measurements of the number of pulses required to cause
damage are made, the fraction of the total number of measurements in which N pulses were observed
is a measure of p^r. If the measured probability distribution and that predicted by Eq. 2 using the
measured value of agree, then one can conclude that the probability for damage was p^ for each
pulse. This also means pulses of light were constant throughout the experiment and that the irradia-
ted areas of the material were all equivalent. Figure 2 shows the results obtained for fused quartz
irradiated by 17. 9 GW/ cm^. Under these conditions pj^

= 0. 16 and ninety-nine measurements of N
were made in order to obtain the experimental distribution.

It is evident from the analysis and data above that it is quite possible to have one sample of one
material be damaged by one number of pulses and another, identical sample be damaged by another.
In fact, for power densities where p^ is small (p-^ ^O.Ol), the probability for not causing damage in

N-1 pulses is large ( ( 1 -pr > 0. 3) for N l/pp therefore, p-^ * P j for many values of N, and it is

highly likely that measurements of N will yield many widely different results. Having made measure-
ments of N at this level of irradiation, one must examine the distribution of N values in order to be
certain that p^ remained constant throughout the experiment.

Consider the data shown in Table I. The LiNb03 crystal studied in this experiment was ob-
tained from the Union Carbide Co.''' and was the only sample to show any extreme difference between
the measured distribution^nd that calculated from p^. Light was incident along the c axis of this

sample. At 3. 15 GW/ cm , the material withstood 500 or more pulses four times in a set of twenty-
five measurements. The other twenty-one times damage was achieved in the first few pulses. Since
the data in Fig. 2 lends strong evidence to the notion that any laser pulse was almost identical with
any other, these data suggest that this sample was not the same everywhere. If the four sets of 500
nondamaging pulses are included, then one finds p^ = 0.01. Amongst the twenty-five measurements,
however, there are too many low values of N and too many at values of N > 500 for the set of twenty-
five N values to be considered a valid sample of the distribution p-^ = (0.99)N-1 (0.01). If the four
measurements of no damage after 500 or more pulses are considered to represent an unusually
damage -resistant material and the other twenty-one measurements are considered as representative
of a more easily damaged main component of the sample, then for this component p^ = 0. 35. The
distribution of these twenty-one values of N, although obtained from a small number of samples, is

close to that predicted by p-[vj = (0.65)^"! (0.35). Therefore, we conclude th^t this sample ofLiNbO^
contains regions which are more resistant to laser -induced damage than the rest of the material.
Initial measurements show that the dimensions of these regions can be ~ 1 mm. The bulk of this
sample however has slightly higher damage probability at a particular power density than that shown
in Fig. 1 for a light incident along the a axis of a LiNbOg sample obtained from Crystal Technology,
Inc.

Table II lists two operationally interesting levels of irradiation for several materials. One is

Pp. the lowest power density at which the probability for damage in a single pulse is one. The other
is called P250O ^^'^ ^ power density at which 500 pulses induced no damage in five successive
trials. This sequence of events strongly suggests a very low probability for damage.

Union Carbide Crystal No. TIM 348C1.
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Table 1, Raw data for surface damage to LiNbOo as a function of power density*

Power
Density

^GW/ cm Number of Pulses Required to Cause Damage

> 10.4 1 1 1 1 1 1 1 1 1 1 1
•

1 1

8. 3 1 1 1 1 1 1 1 1 1 1 1 1 1

6. 4 1 6 128 2 2 1 1 1 1 2 1 1 2

3. 2 4 2 2 2 2 1 2 2 2 10 4 3 2

1. 15 6 6 None 6 4 None None None None None
in

500
in

500
in

500
in

500
in

500
in

500

Power

GW/ cm 2 Number of Pulses Required to Cause Damajre

> 10. 4 1 1 1 1 1 1 1 1 1 1 1 1 1

8. 3 1 1 1 1 1 1 1 1 1 1 1 1 1

6. 4 1 1 2 1 1 1 1 1 1 1 1 1 1

3. 2 None 5 3 None None 2 None 2 3 3 2 2 2

in

500
in

500
in

500
in

500

' Light was incrdent along the c axis. The crystal was prepared by Union Carbide Co.

Table 2. Two power densities of interest: P = lowest power density at which
damage always occurs in a single pulse: -^2500 ~ ^ power density where
the probability for damage in a single pulse is less than 0.004*

Material Pi ^2500

Fused Quartz 24. 0 GW/ cm^ 8. 3 GW/

Plastic 16. 1 11.0

Glass 14. 4 6. 7

KDP 14.4 2. 1

LiNbOg 11.1 2. 0

ADP 6. 4 2. 0

Crystal Quartz 6. 4 1. 2

Ba^NaNb^O^^ 6.4 1. 2

SrTiOg 6. 4 0. 08

LilOg 3. 2 0. 37

Pi for fused quartz is obtained by extrapolating the data plotted in Fig. 3. All
other values are measured. Note that P2500 necessarily the power den-
sity at which p^ = 0. 0004.

The LiNbOg sample was an a axis piece obtained from Crystal Technology.
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3. Avalanche Breakdown and the Probability for Damage

In avalanche breakdown in gases and semiconductors the important parameter is the ionization
coefficient q;(E), which is the average number of carriers produced by an electron (or hole) falling

1 cm in the field direction. Usually it is found experimentally (6,7) that

a(E) ~ exp (- const/ E) (3)

From Fig. -3 it is seen that the damage probability also has this same functional dependence over sev-
eral decades for all materials studied. Therefore, a careful review of avalanche breakdown as a poss-
ible damage mechanism is called for.

Avalanche breakdown in optical fields has been considered previously by several other workers,
including Wasserman (8), Sviridenkov (9), Zverev et al. (10), Hellwarth (11), and Molchanov (12).

However, since the results of their work usually showed that the calculated breakdown field was an
order of magnitude larger than that which was measured, this mechanism is not generally accepted as

responsible for laser-induced damage. The data presented in Fig. 3 and the discussion presented in

the rest of this section show that avalanche breakdown should be considered as a possible damage
mechanism.

Our review of previous work on the possibility of avalanche breakdown in an optical field begins
with a discussion of the role of electron collisions. A perfectly free electron in an optical frequency
electric field will simply oscillate back and forth with its velocity 90' out of phase with the driving
field, and consequently there will be no average energy absorption. The coherently oscillating energy
of such an electron in a field at the damage threshold is readily calculated to be only 10" - 10"'^ eV.
Therefore there is no possibility of an ionizing collision.

However, electrons in a solid are not really free. They experience collisions with phonons which
tend to relax the distribution towards equilibrium. These collisions also result in a component of elec-

tron velocity in phase with the field so that there can be an average energy absorption. A phenomeno-
logical equation of motion for an electron in a solid may be written as

* , 9 V ,
V , „ iu t / . >m (^ + — ) = eE e , (4)

where m is the effective mass, v is the electron velocity, t is some average relaxation time, e is

the electronic charge and E is the amplitude of the electric field at radian frequency w . It is easy to

see that the energy i of the electron excited to the conduction band increases initially as:

dg/3t - Ue(eE- v') = l^^^^l^ - -^^^ , (5)

1 +u)'^T'^ 2m' WT

where the last step follows since oj t » i at optical frequencies. The electrons also lose energy, pri-
marily by collisions with optical phonons. An equilibrium may be thus established as discussed by
Wasserman (8^. However, at high fields, all electrons having energy greater than some value £ will,

on the avera' e, gain more energy than they lose and therefore will be accelerated to ionizing energies.

Detai. J treatments based on this approach must include a calculation of the electron-optical
phonon interaction and a discussion of the choice of £ . The problem has much in common with the
dc breakdown of dielectrics, where fairly accurate calculations of the threshold are possible (13).

For the optical case, this procedure was carried out by Wasserman (8) who obtained a breakdown
field an order of magnitude greater than is observed.

A rather different approach has been successful for the closely related problem of avalanche
multiplication breakdown in semiconductor p-n junctions. Shockley pointed out that an equation of
motion such as Eq. (4) is not applicable because it gives the behavior of an average electron (4).

Ionization in a dc field is produced mainly by those exceptional electrons which are accelerated to the
ionizing energy £ ^ without undergoing a single collision, even though they must cover a distance of
many mean free paths. The probability of a particular electron covering a distance x without a colli-
sion is exp(-x/^), where H is the mean free path. To be accelerated to £ ^, the electron must traverse
a distance x = f^/ eE. Therefore

a{E) ~ exp {-£^/ eEi ) (6)

This expression, with i ~ 100 A, gave a good fit to Chynoweth' s data (7) for avalanche breakdown in
Si and Ge.

A very dlTf-srent approach was taken by Wolff (14) who used a Boltzmann equation and expanded
the electron distribution function in Legendre polynomials retaining only the zeroth and first -order
terms. He found
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9
a(E) ~ exp(-const/E ) (7)

The basic difference between the approaches of Wolff and Shockley is that the former assumes that the
distribution is only slightly distorted, while the latter assumes that it develops a large spike in the
field direction.

The discrepancy was resolved by Baraff (15) and Keldysh (16) who showed that Eq. (3) is the low-
field limiting form of the general solution, while Eq. (7) applies only at high fields. The crossover
point is not well specified, but Shockley' s result seems to work well up to E values on the order of
10^ V/ cm. In other words, the electron may make several collisions before ionization without a(E)
showing a significant departure from the behavior (Eq. 6) which was derived on the assumption of no
collisions.

Since "lucky electrons" play such an important role in dc avalanches, a similar effect might be
expected in the optical case. There the lucky electron would not be one which underwent no collisions

at all, since it would then simply oscillate in the field. Rather it would be one which underwent pre-
cisely the correct collisions to keep it in phase with the field. Admittedly this is an unlikely occur-
rence, but so is the collisionless situation postulated by Shockley. The basic point is that the electron
distribution might become highly distorted developing a large spike which dominates q;(E).

For high frequency cw fields, breakdown occurs when the rate of increase of the number of

electrons, simply related to a(E), exceeds the rate of loss of electrons due to recombination, trapping
or diffusion out of the field region (6). For pulsed fields, there is the additional requirement that the
electron concentration buildup to destructive levels during the pulse period. In either case, the major
problem is the calculation of ^(E) which, to our knowledge, has not been carried out for optical fields.

In order to evaluate our data in terms of an avalanche breakdown mechanism, the ionization co-
efficient must be related to the probability of damage occuring within a pulse period. To do this, the
distribution of avalanche sizes should be determined. This distribution, p(n,E), is defined such that

p(n, E) An gives the number of avalanches per unit time which produce between n and n + An free car-
riers, given a constant number of starting carriers and a fixed field E. We assume that any ava-
lanche greater than some critical size n^ constitutes a damage event (where n^, ~ 2^^^ according to
Seitz (17) ). Then, for a constant power optical pulse of duration T, the probability of damage in one
shot is

Unfortunately the relation between p(n, E) and q;(E) is complicated. The dc case has been treated
by Tager (18) who found enormous variations in p(n, E) depending on the relative values of a(E) for
holes and electrons. To our knowledge no comparable analysis exists for optical fields.

However, it is possible to conceive of situations where p^ is simply proportional to a (E). Recall
that on the Shockely model, a(E) is proportional to the probability that an electron will escape from
the low energy pool of electrons and reach ionizing energy £ ^. However, there may also be some ad-
ditional energy gain above £ . before ionization actually occurs. Then both the ionizing electron and
the carriers it produces may initially have energy greater than kT, Depending on the energy depend-
ence of the momentum-loss and energy-loss relaxation times, these hot carriers may then gain energy
from the field more readily than a thermal electron. If so, then once an initiating electron has es-
caped the thermal pool, breakdown will occur with a high probability (neglecting the avalanche forma-
tion time compared to the pulse period). In other words the statistics of breakdown will be dominated
by the first stage or two of the avalanche, and p-, (E) will be proportional to aiE). In terms of p(n, E)
this case is one in which low values of n are quife improbable as sketched in Fig. 4. At this time we
have not performed the detailed calculation necessary to decide if this special case actually occurs
under realistic conditions; however, the data in Fig. 3 suggests this as a fruitful avenue of investiga-
tion.

From the viewpoint of avalanche breakdown, let us now examine the results in Fig. 3 further.
There are a number of intriguing regularities to be noted. The amorphous materials all are quite
damage -resistant and show steep slopes (see Table III). If we force an interpretation in terms of
Eq. (6), this could mean that amorphous materials have small values of i. KDP, ADP, and crys-
talline quartz also show steep slopes, presumably because of their Igirge The other crystalline

materials all have smaller slopes which, with Eq. (6), give i ~ 100 A, in good agreement with
Shockley' s conclusions for Si and Ge as well as with estimates based on interactions with longitudi-

nal optical phonons in polar dielectrics (13). In this respect SrTiOg is an interesting material to

study because its electronic transport properties and band structure are well characterized and theo-
retical estimates of its slope may be possible.

00

p(n, E) dn (8)

n
c
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Table 3. The measured slope of In vs. 1/E in V/m

Measured Magnitude of p
Material Slope of In vs. l/ E 1

Plastic 133.0X10^ V/m 16. 1 GW/ cm^

Glass 66.5 14.4

Fused Quartz 60.5 24.0
extrapolated

ADP 31.6 6.4

KDP 28.5 14.4

Crystal Quartz 28. 5 6.4

LiNbO, 16.6 11.1

Ba^NaNb^O,^ 16.7 6.4
2 5 15

LilOg 7.1 3.2

SrTiOg 1.8 6.4

Since Wolff s virork predicts that o;(E) should vary as exp (-const/ E ), the damage probability

cjata was tested for this dependence by making the plots shown in Fig. 5. These show that a model
based on Eq. (7) is a less satisfactory description' of the variation of damage probability with optical

field than one using Shockley' s result.

It is interesting to note that there are several other phenomena which could come into play with-

out qualitatively altering the dependence given in Eq. (3). For example, if ionization occurs from an
impurity level rather than across the gap, it will simply alter the value of Zener tunneling, either

across the gap or from impurities, also involves an exp (-const/ E) factor. T^'inally, a Franz -Keldysh
reduction of the gap, to a first approximation, will affect only the pre factor in p(E) and not the

exponential.

4. Dynamic Properties of Laser -Induced Damage

Sparks can be seen both inside and on the surface of transparent media when damaging pulses of

light pass through. These sparks lie along the beam axis and are bright enough to be photographed
with an image converter streak camera. Fersman and Khazov (19) report that the temperature of an
entrance surface spark produced by a Q-switched ruby laser on K-8 glass is initially in excess of

SOOO'K, certainly bright enough to be photographed and hot enough to cause damage. Since residual
damage in solids is found only where and after sparks were observed, these sparks are either coinci-
dent with or the direct cause of the damage.

In this work, a TWR STL Products Model ID image converter camera with streak plug-in units

7B or 5B was used to photograph the temporal development of the laser-induced sparks. A pulsed Q-
switched NdrYAG laser which could produce multimode pulses of energy up to 75 mJ and duration of
~ 15 nsec (FWHP) was the damage light source. The peak of the laser pulse was reached in 7-8 nsec.
So that the mode pattern and pulse waveform would be nearly constant, the laser was always pulsed
at 1 pps and with the same total input energy. The energy incident on the ler>s used to focus the light

into the sample (the "damage" lens) was controlled with the polarizer attenuation described in Ref. 2.

A small part of the laser output was removed with a beam splitter and frequency doubled. Several
components, constituting an optical path less than 1 nsec longer than that of the 1.06 n beam, aimed
the green light parallel to the camera axis and focused in the plane containing the damage. The image
of this light provides a reference on the streak photo as to the time when light entered the medium.
Coupled with the pulse waveform, this streak permits one to determine which part of the pulse caused
a particular spark. The experiment is diagrammed schematically in Fig. 6.

Figure 7 shows the formiation of sparks in and on the entrance face of Incite acrylic plastic
using two different lenses. To avoid confusion of the green light streak with streaks due to sparks,
the green light was spatially offset from the line of the sparks by the indicated distances. When this
offset is subtracted, these data show that the first internal spark to occur in Fig. 7a begins at the
same instant that the leading edge of the 1.06 n pulse arrives at the lens focus and that all the sparks
are initiated within the 7-8 nsec required for the pulse intensity to reach its maximum. No sparks
are initiated at later times. Similar results are obtained in Fig. 7b using a different focusing lens.
These photos show conclusively that, when the light is focused inside the medium, the sparks are
formed sequentially beginning with those nearest the focal point and ending with those nearer the lens.
This result is also obtained in other transparent solids and liquids.
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When the light is focused 0. 123 cm inside the plastic sample, an internal spark at the focus is

the only one to appear at the lowest input which always results in a breakdown. As the pulse energy is

increased, more internal sparks appear until at ~ 6X this input an entrance surface spark is also pro-
duced. The delay between the arrival of light at the focus and the beginning of the first spark decreases
with increasing pulse energy.

Exit surface damage can be produced by focusing through the sample and on the exit face. At the
lowest input which always produces breakdown, only exit surface breakdown is observed while at higher
energies internal sparks are also produced. Figure 8 shows these sparks in acrylic plastic.

Figure 9a shows breakdown produced when a 20 mJ multimode 1. 06 ju pulse is focused in air.

This spark begins 3 nsec after the first light arrives at the focus. The spark in Fig. 9b is formed
when a plastic sample is placed 0. 25 mm downstream from the focus. It begins nearly coincidentally
with the arrival of the 1.06 n light, and its growth to the right (i. e. , upstream^ takes place over a
time interval nearly 2X that in Fig. 9a. In Figure 9c sparks are formed both within and on the entrance
face with the light is carefully focused on this surface. The difference between the sparks in these
photos shows that the surface breakdown which leads to damage is dependent on the presence of the ma-
terial and is not due to breakdown in the ambient gas.

In order to study the fact that sparks were produced only when the laser intensity was increasing
in more detail, the laser cavity was lengthened from 50 to 185 cm to produce pulses having structure
as shown in Fig. 10c and total duration on the order of 100 nsec. The lengthened laser output was
29 mJ.

Figure 10a shows the relative spatial position of the green light and the line of sparks when the
3. 4 cm focal length lens was used to damage plate glass. The first spark to occur, as shown in Fig.
10b, began at tp 14 nsec after the first light arrived at the focal point. In agreement with the results
obtained with the smooth pulse above, comparison of the time coordinate for the formation of sparks in

Fig. 10b with the pulse waveform in Fig. 10c shows that sparks are formed only during intervals of

time when the level of irradiation increases. On the other hand, when the pulse energy or intensity is

high but nearly constant, or increasing slowly, for example between tg and t^, no new sparks are
formed.

A qualitative model which explains these results can be constructed by requiring that self-
focusing of the beam precede the initiation of an internal breakdown, that the self-focusing process is

very fast, say with response time ~ 10"-^^ sec, and that the focus moves upstream with increasing in-
tensity. A fast self-focusing process can follow changes in the pulse intensity and give rise to the
sequences of focusing conditions sketched in Fig. 11 for a smooth pulse and in Fig. 12 for a "wiggly"
pulse. The beam focus can be in undamaged material only when the pulse intensity increases, imply-
ing that new breakdowns can occur only during these intervals.

The requirement that self-focusing in solids have a fast response time is satisfied in glass as
the measurements of Duguay et al. (5) have demonstrated. Initial theoretical calculations of the move-
ment of the beam focus agree with the qualitative picture given above (20). These considerations also
show that the form and extent of the movement is dependent on the initial power density and geometri-
cal parameters of the beam. In fact, no moving focal point is found for a collimated 1.06 n, TEMqq
mode, beam of ~ 0. 6 mm diameter and ~ 700 MW/ cm 2^ power density. These conditions were satis-

fied in an experiment, and the results are shown in Fig. 12. There is no sequential ordering to the
initiation of sparks which is what one would expect if there were no moving focal point. However,
once again all the breakdowns are initiated during the first 8 nsecs of the pulse' s duration suggesting
the possibility that the light which arrives later cannot penetrate the existing sparks to produce new
breakdowns

.

Note that in spite of the absence of self-focusing the probability for internal damage in plastic

at 700 MW/ cm2 is high, while at this level of irradiation and using the sharply focused beam geome-
try as in the study of surface damage, it is unlikely that one would ever see surface damage. This
implies that it is easier to produce a breakdown within a material than on its surface. Viewed in

terms of the avalanche mechanism, there are more chances for an avalanche to grow to breakdown
when a large volume of material is irradiated. If impurity sites are important in providing the elec-
tron which starts the avalanche, then this statement is more readily understood. The sample was
cut from a commercially available piece of 4' X 8' sheet plastic and so is not a material from which
impurities were rigorously excluded. Thus, studies of the probability for internal damage in more
controlled materials are planned to resolve this question.

Additional information about laser-induced breakdown can be inferred from the length of time
during which visible radiation is emitted by the spark. The radiant energy emitted by such a hot body
in general rises rapidly as the spark is formed and then falls over a much longer period of time ac-
cording to the cooling law for the particular type of spark and medium. Within limits determined by
its spectral sensitvity and the level of initial exposure, the streak camera can be used to measure the
time interval during which a spark radiates. This provides useful information about the mechanisms
available to dissipate the energy contained in the various sparks. Since the sparks in liquids can cool
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by expansion as well as by radiation and conduction, the shortest lived sparks are found in water and
1, 2-dichloroethane where they typically do not exceed 70 nsec in duration. On the other hand, the
same laser pulse produced internal sparks in plastic and glass having duration between 500 and 2000
nsec. Entrance surface sparks sometimes lasted as long but generally were about 300-6000 nsec in

duration. Exit surface sparks did not exceed 300 nsec duration.

5. Summary

It has been demonstrated that over a wide range of optical powers there is always some proba-
bility that a particular sample be damaged by a particular pulse of light. This point of view was shown
to permit one to account for many of the so-called irreproducible damage properties of optical mate-
rials. For example, it explains the fact that two identical samples of a material can withstand vastly
different number of pulses of light before being damaged. The dependence of the probability to induce
damage on the optical electric field strength is found to be analogous to that of the dc ionization con-
stant of gases and semiconductors on applied field. This fact suggests the possibility that avalanche
breakdown is the primary damage mechanism. Qualitative discussions of this process are presented,
and good agreement with the experiments is obtained.

An image converter streak camera was used to study the dynamics of laser -induced breakdown in

optical materials. When light is focused inside the medium and the probability for any breakdown is

one, then the first breakdown to occur is the one nearest the focal point. Additional breakdowns occur
upstream at later times, but all breakdowns are initiated during time intervals in which the light inten-
sity increases. In the focused case no breakdowns were found to start at times when the intensity was
constant or decreasing. This dynamic property can be qualitatively understood if self-focusing takes
place and the resulting moving focal point is able to follow very rapid changes in the pulse intensity.
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This plot serves to test for a dependence of the form~exp (-const/E^) as suggested by
Wolff's theory of avalanche ionization.
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Fig. 7 Streak photographs of laser-induced sparks in lucite acrylic plastic. In (a) a 3.5 cm focal
length lens was used; in (b) a 5 cm focal length lens was used. The focus was set to produce
both internal and surface sparks.
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Fig. 9 Breakdown on the entrance face of an acrylic plastic sample.
a. Breakdown in air with no sample present
b. Breakdown near the surface of the sample. The focus was 0.25 mm outside the

entrance face.

c. Breakdown when focused on the sample's entrance face. Note internal sparks are also
pro duced

.

88



spatial
offset

^ Green light

—I »
f Line of sparks

(a)

Direction of lOS/i/ light propagation

0.25 cm

(b)

Start of
green streak, to

(retouched)
~~

Green
light

Internal
sparks

t_ Entrance
surface
spark

a>

E

o

(c) 10 nsec/div

Fig. 10 Streak photographs of laser-induced sparks in plate glass.
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Optically- Induced Physical Damage to LiNbO
,
Proustite, and LilO t

Wm. D. Fountain, L. M. Osterink, and G. A. Massey

Electro-Optics Organization
GTE Sylvania, Inc., Electronic Systems Group, Western Division

Mountain View, California 94040

Careful experiments have been conducted to examine physical damage gen-
erated in LiNbO , proustite, and LilO^ by 1.064 ym radiation from mode-locked
and Q-switched Nd:YAG lasers. The prxmary emphasis has been on damage to
LiNbO from flash-pumped Q-switched lasers, but good data have also been ob-
tained for damage in proustite in the same arrangement as well as with cw-
pumped Q-switched Nd:YAG lasers. Fair data have been obtained for damage to

LiNbO^ from a flash-pumped mode-locked Nd:YAG laser. Further, we present
semi-quantitative ob'servations on damage in LiNbO^ Q-switches used in flash-
pumped and continuously-pumped Nd:YAG lasers, and on damage in "hot" LiNbO^
and LilO^ used for external frequency doubling with these lasers.

The careful experiments were conducted with a diverging Gaussian beam
from a Nd:YAG laser emitting 10 ns pulses at 10 Hz. In the absence of in-
clusions, damage in two stoichiometric LiNbO^ crystals and one "hot" one
always occurred at the exit face, and for power densities > 180 MW/cm
(Gaussian-beam average) . The damage threshold for a proustite crystal was
10 MW/cm^ (both faces damaged), and for a strained, poor-quality LilO^ crys-
tal it was 465 MW/cm^ (entrance face damaged). These LiNbO^ damage
threshold values are considerably higher than the 5 MW/cm^ to 140 MW/cm^
observed with multi-mode beams by others, and by us with coated crystals.

Key Words: Laser-induced damage, crystal damage, damage threshold,

nonlinear optics, Q-switched lasers, second harmonic generation.

1. Introduction

Lithium niobate, proustite, and lithium iodate are of great interest for application in nonlinear
optics, and the first of these is also of great interest for use in Pockels '-effect devices. The first
limitation to their usefulness, in the absence of inclusions (ignoring the hygroscopicity of LilO and

"optical damage" or "index damage" [1-3]^ in LiNbO^ below about 170°C) , generally is pitting of the sur-
face(s) caused by intense optical radiation. We here report and discuss our observations of damage due
to radiation at 1054 nm, with and without the simultaneous presence of radiation at 532 nm.

Throughout, "power density" means instantaneous peak power divided by the beam area, while "average!

power density" means time-averaged power divided by the beam area (for Gaussian beams, the spatial peaks;

are twice these spatial averages). Power and energy densities given are those at the damage site
,

(neglecting self-focusing, which we did not observe but cannot absolutely exclude).

This paper results from research into device limitations due to materials problems, and is intended
to provide a basis for the further study of damage mechanisms in these materials. We will not present

a definitive explication of the general problem of damage in these crystals, but we will show that under
some conditions, surface damage in LiNbO^ may be attributed to momentum exchange, at the exit surface,

by phonons or acoustic waves generated in the interaction of the laser beam with the crystal. We will
ascribe damage in proustite to local heating caused by absorption.

t This work was partially supported by a Sylvania IR&D program, by NASA/ERC contract NAS12-2239,

by Patrick AFB contract F08606-69-C-0054 , by NADC Contract N62269-69-C-0029 , and by ONR con-
tract N00014-70-C-0224.

Figures in brackets indicate the literature references at the end of this paper.
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2. Experimental Arrangement

The deliberate damage measurements were performed with three different lasers in separate (but

very similar) set-ups, as shown schematically in Figure 1. In each case the flash-pumped Nd:YAG laser

was operated single-shot for 60 shots and then at 10 pps for 60 seconds, with an internal aperture re-

stricting oscillation to the fundamental transverse mode. The beam angle was deliberately chosen to be

small, in order to approximate the conditions ordinarily found in devices. This beam geometry was
deliberately not varied, in an attempt to restrict the interactions to those which might occur in

typical devices.

For the Q-switched tests, an electro-optic Q switch provided 10-ns-duration (FWHM) pulses, and the

output reflector was a two-plate fused-silica etalon. This resonant reflector was not temperature-con-

trolled, nor was the longitudinal mode structure studied; however, the design of this reflector makes i

probable that no more than three longitudinal modes were oscillating at any instant [4-6].

For the mode-locked tests, the resonant reflector was replaced by a dielectric mirror and the
electro-optic Q switch was replaced by a dye cell containing diluted Eastman Q-Switch Solution 9740.

This set-up could be adjusted to provide a 30 ns (FWHM) fully-modulated train of pulses, with in-

dividual pulse duration less than our limit of measurement (1 ns) and pulse separation of 3 ns . These
pulses could have been as short as 20 to 25 ps [7,8], but quite possibly were not [8].

3. Experimental Results

3.1 Beam Geometry

For each laser that was set up in the arrangement of Figure 1, the laser beam was sampled with a

series of apertures at each of several far-field locations along the beam axis. For each such location
a Gaussian spot size (at that location) may formally be calculated from the transmission of each of the
apertures. If the beam is indeed Gaussian, these calculated spot sizes (at any one location) will all
agree; in fact, at each location the calculated spot sizes typically were within ± 5% of their mean,

and the variations were random. The far-field beam geometry, and the location of the focal point, were
obtained by projecting the spot sizes measured at the various locations.

3.2 Experimental Error

The results of the damage tests are presented in the text below and in Tables I - III. The indi-
cated errors are error limits, rather than probable errors, and are the result of random laser ampli-
tude fluctuations (± 10%) and of the inaccuracy of determining the focal point (± 10%) . The latter of

these two sources of error introduces a systematic error into the damage threshold calculations that
can be large, especially for the higher damage threshold values; this is so because the beam size
becomes both smaller and less accurately determined as the focal point is approached. Since this error
is a systematic one, however, ratios of the damage thresholds (such as for LiNbO^ with and without
optically-contacted SiO^) are relatively accurate.

Table 1. Extremal values from controlled damage measurements;
1064 nm, Gaussian beam spatial average.

Mat'l Conditions
Max. Values

(no damage, >^ 600 shots)
Min. Values

(damage, < 600 shots

LiNbO, 10 ns pulses
0-10 pps

790 MW/cm (Xtal //3) 180 MW/cm (Xtals #1, //2, //3)

LiNbO^ _< 1 ns pulses
300 MHz (burst)

10 pps

> 320 mJ/cm (could not damage)

Proustite

LilO,

10 ns pulses
0-10 pps

10 ns pulses
0-10 pps

9.2 MW/cm

360 MW/cm

11.0 MW/cm

2
460 MW/cm
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Table 2. Approximate minimum damage thresholds;
1064 nm, Gaussian beam spatial average.

Total
Error

Mat'l Conditions Threshold Limits Damage

LiNbO^ 10 ns pulses
10 pps

tn

.

th.

?
> i/u JMw/cm

<_ 180 MW/cm2
+ 10%
- 30%

exit face pit
(diverging beam)

LiNbO
(SiO^ contacted)

10 ns pulses
10 pps

th. < 700 MW/cm^ + 71%
-86%

exit face pit
(Si02 undamaged)
(diverging beam)

LiNbO^ < 1 ns pulses
300 MHz (burst)
10 pps

th. > 320 mJ/cm^ + 95%
- 0%

not observed
(diverging beam)
(converging beam)

Proustite 10 ns pulses
10 pps

th.

th.

> 9.2 MW/cm^
^11.0 MW/cm2

+ 12.5%
- 27%

both faces pitted
(or melted)
(diverging beam)

Proustite 200 ns pulses
100-5000 pps

th. 5 450 kW/cm^ ± 10% entrance face
pit (melted)
(converging beam)

LilO^
(strained)

10 ns pulses
10 pps

th.

th.

2
> 360 MW/cm
<_ 460 MW/cm2

+ 64%
- 80%

entrance face
pit and fracture
(diverging beam)

Table 3. Rough multimode damage
multimode beam spatial

thresholds

;

average

.

Mat'l Conditions Threshold Damage

LiNbO
(AR coated)

10 ns pulses
10 pps

30 MW/

(1064

cm^

nm)

burned/pitted faces
(in absence of inclusions)

(Q switch)

LiNbO
(AK coated;

200 ns pulses
2—5 KHz

10 MW/

(1064

cm^

nm)

burned/pitted faces

(Q switch)

LiNbO^ 200 ns pulses
1-5 KHz

(*)3-10 MW/cm^

(1064 nm)

pitted faces (but

entrance face)

(converging beam)

rarely

(*) 100-250 mW averag e @ 532 nm (5-40% averag e power conversion)

Proustite CW 200 - 600 W/cm^

(1064 nm)

(5W unfocused)

entrance face melted
(-^ 20 sec.)

(diverging beam)

Proustite cw 25 W unfocused sliced and burnec

3.3 LiNbO^

The experiments on LiNbO. were performed with cubes measuring 1 cm along each edge. Damage in the

two stoichiometric (#1 and #3j and one "hot" (#2; lithium-rich composition) LlNbO^ crystals always

occurred at the exit face, and for power densities > 180 MW/cm^ (Gaussian beam average) or energy
densities ^1.8 j/cm^. This agrees with results obtained with glass samples at higher power densities

[9]. In crystal §3, in particular, which was grown by a different company than were crystals //I and

#2, a band of high-damage- threshold material extended across the center of one face; we have not yet
repolished this crystal to determine whether this was strictly a surface effect. Damage was always
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accompanied by a plasma at the exit face (never at the entrance face) . Damage threshold was not a

function of temperature (25-165°C), polarization (two perpendicular directions) or crystal orientation
(propagation along the "a" axis or "c" axis). Damage took the form of a pit, shallower than hemi-

spherical and < 100 pm in diameter; it always occurred within the first 80 shots.

2
These data are complemented by those of Bass [10]; however, his damage threshold (350 MW/cm ) was

obtained by focusing the laser beam on the front surface of the crystal with a microscope obj ective .

One would expect higher thresholds with his experiments than with ours, since the mechanisms in-

volved are likely to be different (cumulative bulk interactions are obviated).

Crystal //I was repolished and then immersed in Dow Corning 200 dimethyl silicone fluid of 20 centi-

stokes viscosity (n = 1.4), contained in a fused-silica cuvette with optically flat windows. A plasma

was observed at the exit face of the LiNbO^ at a power density of about 50 MW/cm^; the crystal was

unharmed but had a grey deposit, which was easily wiped off, on its exit face. When the cuvette of

fluid (without the LiNbO^) was placed in the beam, no evidence of heating or decomposition was observed.

Another LiNbO crystal, similar to //I and grown by the same company, that had fused-silica flats

optically contacted to its faces, was placed in the beam. A plasma was observed at the exit face of the

LiNbO„ (not the exit face of the Si02) at a power density of 700 MW/cm^; the LiNbO^ exhibited a pit

(the SiO^ appeared to be unharmed), and there was a very localized loss of the optical contact about the

pit. Similar results were obtained with YAG plates.

Crystal #1 was then placed in the beam of the mode-locked (or partially mode-locked) laser. No

damage was observed even at the focal point. The energy density at t.he focus due to the most intense
mode-locked pulse in the train was about 320 mJ/cm2, and was about 3.2 J/cm2 for the whole train. A
virtually identical experiment [11] with a mode-locked Nd:glass laser gave a damage threshold of about

710 mJ/cm^ for the most intense pulse and about 8.5 J/cm^ for the whole train; in this case, damage was

observed primarily on the entrance face. In the case of surface damage in glass [12], the energy-

density damage threshold decreases (and the power-density damage threshold increases) sublinearly with
pulse duration. We find that the same is true for LiNbO^ if the damage is caused by an individual
mode-locked pulse, but we cannot exclude the possibility that the damage is caused by the cumulative
effect of the train of mode-locked pulses [13], in which case both the energy and power-density damage
thresholds increase.

Typical values quoted for the multi-mode damage threshold of antireflection-coated LiNbO^ used in

Q switches or nonlinear devices range from about 5 MW/ cm^ to about 140 MW/cm^ [10,14,15]. We have
observed Q switch damage for values of 10 to 30 MW/cm^ (multi-mode beam average). In the absence of

inclusions, this damage takes the form of irregular burned pits on the crystal surfaces. We have
observed one instance in which the damage took the form of a "frosted" surface; microscopic examination
indicated that this region was confined to the AR-coating, which implies that the coating is responsible
for at least some of the damage in LiNb0_ devices (coatings are solely responsible for damage to coated
KD*P devices, we have found). The preceding paragraph applies to LiNbO^ crystals from two different
growers. In crystals obtained from a third grower, thousands of microscopic bubbles ("veiling") were
produced throughout the bulk of the material, at lower power densities. We cannot account for the
differing behavior of these samples.

In tests with two continuously-pumped, repetitively-Q-switched lasers (200 ns pulse duration, 500

to 5000 pps, 0.1 to 10 W average power at 1064 nm) , uncoated "hot" LiNbO^ crystals used for frequency
doubling from 1054 nm to 532 nm were found to damage consistently on their surfaces at a peak power
density of about 10 MW/cm2 (Gaussian beam); this damage was induced only at the phase-matching tem-
perature, in the presence of 532 nm light having a peak power density of about 3 MW/cm^ (Gaussian
beam). In these tests, damage occurred nearly always on the exit face of the crystal, although some
entrance surface and bulk damage was observed when the beam was so sharply focused that the length of

the near-field region of the beam became comparable to the one centimeter crystal length.

In contrast, we have obtained 532-nm peak powers up to 1 MW at up to 50 pps with a "hot" Li^fb02

external doubler. In this case the peak green power density was about 4 MW/cm^ (multimode average),
while the infrared power density was about thrice that (10 ns pulse duration).

3.4 Proustite

The proustite experiments were conducted on a slice of proustite with a good optical polish (for
this material). The low power densities required to produce a melted pit imply that the damage is

largely thermal in nature and presumably attributable to absorption of the 1.054 ym radiation. This
conclusici is strengthened by the observation that proustite can easily be melted with an average
power density of a few hundred watts per square centimeter at 1.054 nm. An unfocused 25W Nd:YAG laser
not only rapidly slices a wafer of proustite, but also actually causes it to burst into flames.
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3.5 LilO^

A damage experiment was performed with a strained LilO boule end that had a mediocre polish applied
to opposing faces. At a peak power density of about 465 MW/cm^, a large (1 to 2 nm) pit was generated in
the entrance face, together with a fracture extending 2 to 3 nm into the bulk material from the pit. The
severity of the damage may well have been caused by the grown- in strains. On the other hand, the quality
of the polish may not have affected the results [10].

Bulk fractures, stained with iodine, were induced in LilO crystals used for external frequency
doubling with flash-pumped Q-switched lasers. In one case, with a 1064 nm power density of about
30 MW/cm2 (Gaussian beam), the crystal damaged almost instantly; the 532 nm power density was probably
about 15 MW/cm^. In the other case, damage occurred after a few minutes' exposure to nominal power
densities (multi-mode beam average) of 40 MW/cm^ at 1064 nm and 2 MW/cm^ at 532 nm; in this case the
conversion efficiency was low because the laser beam divergence was large compared to the LilO^ accept-
ance angle. KD*P was not damaged after identical exposures to both lasers.

4. Discussion

4.1 Mechanisms

A number of mechanisms may be proposed to account for optically-induced physical damage [9,13,16,
17]. Some of these, such as beam trapping, may be considered to be initiating mechanisms because they
allow conditions for damage to develop but might also exist without damage. The momentum exchange of a

sound or light beam at an exit surface, the local heating produced by localized absorption of such a

beam, or the dielectric stress induced by an intense optical electric field, might result directly in
the damage observed and may therefore be categorized as destructive processes. The reason for our dis-
tinction between these types of processes is not only to attempt to clarify the physics of the problem
but also to suggest methods for avoiding damage. Although one may not be able to prevent the formation
of intense phonon beams in a given material, for example, one may still be able to avoid damage by

coupling the phonons out of the crystal without momentum exchange by means of a transparent, acoustic-
impedance-matching cover plate. Of course, two or more of these mechanisms may be operative, simul-
taneously or sequentially, in causing damage. The surfaces, and especially the exit surface, are
uniquely vulnerable to damage (unless the laser beam is tightly focused) because of surface states,
structural weakness, and discontinuities in dielectric constant, acoustic impedance, et cetera. Among
the possible mechanisms which one may consider are: (1) local heating due to absorption, (2) thermal
shock, (3) the pyroelectric effect, (4) two-photon or multi-photon absorption, (5) intense optical
electric fields, (6) beam trapping, (7) optical rectification, (8) surface dielectric stress, (9)

radiation pressure, (10) ionization at a surface, (11) piezoelectricity, (12) the converse piezoelectric
effect, (13) electrostriction, (14) avalanche breakdown caused by acceleration of conduction-band
electrons to ionizing energies, (15) phonons driven at the difference frequency between two frequency
components of the laser, (16) phonons produced by energy transfer through "cold" conduction-band
electrons, and (17) stimulated Raman or Brillouin scattering.

4.2 LiNbO^

For LiNb0_ irradiated at 1054 nm at these average power densities, we may exclude the thermal
mechanisms, (1; - (3): a crystal used for frequency-doubling near (but not at) phase-matching tempera-

ture constitutes a detector sensitive to temperature changes on the order of 0.1°C, but no variation in

temperature with infrared power density is observed (the crystal is operated at a temperature such that

no significant amount of green light, which is slightly absorbed, is generated).

Initiating mechanisms (4) and (5) may well be operative. Mechanism (6) may be operative [18], but

the beam geometry does not appear to vary with power density in LiNbO with cover plates, exposed to

levels that damage LiNbO^ without cover plates. Mechanisms (7) - (11; are eliminated for surface damage
by the immersion experiment (DC-200 has a refractive index of about 1.4; a dielectric strength of 420

V/mil; a dielectric constant of 2.68 from 60 Hz to 10 GHz; and a dissipation factor of about 2 x 10-5 up

to 100 MHz, after which it gradually increases). Mechanism (7) is such a small effect [19] that it is

unlikely to be significant; the absence of mechanisms (3) and (7) implies that mechanism (12) may also

be eliminated. Mechanism (13) may be responsible for inducing mechanism (6), if the latter exists, or

may cause surface damage due to the axial stress induced at the surfaces by the radial compression; in

the latter case, the laser beam would have to be self-f ocussed to an exit-face diameter smaller than the

entrance-face diameter in order to account for the lack of entrance-face damage.

Hellwarth's analysis [17] presumably obviates mechanism (14); it appears that "cold" electrons are

capable of mediating damage and that the existence of "hot" electrons in significant numbers is unlikely.
Similarly, Giuliano's analysis [9] eliminates mechanism (15); the driven phonons would be generated at

large angles to the laser beam, and would have very long mean free paths.
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Mechanisms (16) and (17), both involving phonon generation, are fully consistent with our data;

mechanisms (4) and (5) may enhance the phonon-generating process, and mechanisms (6) and (13) may
possibly be operative also. Hence we attribute surface damage to LiNbO^, irradiated at 1064 nm under

these conditions, to acoustic effects at the exit interface.

When 532-nm radiation is also present, the damage mechanism is not clear. We have observed average
powers up to 6W at 540 nm (total, both directions) with an intracavity uncoated LiNbO crystal [20]; the

green peak power was 1.2 to 2.0 kW, the green peak power density was about 6 to 10 kW/cm^ (multimode
average), the green average power density was about 31 W/cm^ (multimode average), and we did observe

slow surface deterioration. Severe optical heating of the crystal was apparent at this level of green
generation; this observation, combined with the external-doubling results reported above, suggests that

one of the thermal mechanisms may be the primary cause of damage.

4.3 Proustite and LHO^

Mechanism (1) is undoubtedly the preponderant cause of damage by 1064-nm lasers to proustite; we
can say little about the presence or absence of the other mechanisms. Bulk damage in LilO^ used for

doubling 1064-nm radiation to 532 nm is presumably caused by a photochemical or thermochemical reaction,
with the severity of the damage being enhanced by absorption in the iodine that is thereby liberated.

We will not speculate on the cause of surface damage to LilO by 1064-nm radiation alone.

5. Conclusions

Damage to proustite by 1064-nm radiation occurs at an extremely low level, and may be ascribed to

local heating caus.ed by absorption. If this absorption is extrinsic, further crystal growth and puri-
fication work must be performed; if it is intrinsic, proustite will be of little or no practical utility
in the near infrared.

Damage to LilO^ by 1064-nm radiation occurs at a fairly high level in comparison with most nonlinear

materials (excluding KDP and KD*P [10]). The present usefulness of this material for second-harmonic
generation to 532 nm is limited by bulk damage, however, which we suspect is due to a photochemical or

thermochemical reaction.

Damage to LiNbO^ by 1064-nm radiation occurs at a moderate level for nonlinear materials, although
this level is well below that for other optical materials commonly "used with lasers. We attribute this

material's damage to momentum exchange, at the exit surface, by phonons or acoustic waves generated in
the interaction of the laser beam with the crystal. The simultaneous presence of 532-nm radiation
lowers the damage threshold.
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COMMENTS OM PAPERS BV MICHAEL BASS AW WILLIAM FOUNTAIN

In the. Mo/ik o{, Bum and BanKztt, thz cultzKlon ^ofi damagz wai taken to fae th&
vl6ual obizKvatlon oi a. luminous plaima oK i,pan.k. H-ia/LOicoptc InvzitlQatlon oi the.
hampLt i>u.)iia(ie, both p>iloK to and iabieqaent to the obidfivatton oi thli, ipa/ik, In-
dA,cate.d that In all (iai,ei>, the. appeaxance o a vtiaally detectable lamlnoui plaima
preceded the appearance o any evldtnce 0(! damage on the iu/t^ace. Ai, hai been Ke-
ponted eliewhe/ie i,even.al tlme-i, ^u/iijace damage izemi never to occua without the ^ofima-
tlon oi a lumlnoui, plasma. Ai wah emphai,lze.d In Bait' Mofik, thli, plaima {^oKmatlon li
intrlnilcally itatlitlcal In nature. It li not clear what the origin li o i the. {^Int
iew electrom which Initiate the formation oi the plaima. It wai pointed out that
the plaima might be Initiated by emliilon {^rom low Ionization energy Impurltlei
lodged on the iur{,ace, (,or which the work lunctlon oi the iur^ace li eHectlvely
lowered, or that the poalblllty exliti o^ electrom being emitted Into the conduction
ba.nd o{^ the iolld near the iur^ace by the mechanlim o{, lener tunneling In the optical
{field. In either caie the iame probablllitlc nature would be ihown by the damage
phenomenon. Only the abiolute value o the damage threihold would change. It wai not
poiilble on the baili the Inv eitlgatlom reported here to dlitlngulih which mecha-
nlim wai iupplylng the Initial electrom. It wai pointed out that under high vacuum
condltlom or In the caie o{, extremely clean iur^acei , one would itlll expect the iame
itatlitlcal deicrlptlon to apply- -again , the only dlf^lerence being that the curvei
would be ihl^ted In the direction o^ higher threihold energlei. On the iubject o

d

Impurltlei It wai pointed out that all nonlinear optical meterlali which are obtained
Irom commercial iuppllen contain Impurltlei to iome degree. It wai reported that
potaalum dlhydrogen phoiphate li a little more {ree o^ Impurltlei than ammonium dl-
hydrogen phoiphate, evidence of, which ihowi up In the variation 0|5 the ultraviolet
abiorptlon {^ound In dl{^{^erent iamplei AVP . The iame li true, ^or example. In lith-
ium niobate and lithium lodate. It li therefore eaentlal In comlderlng the damage
threiholdi ior theie materlali to take Into account the poalble preience o{, Impurltlei
or Incluilom.
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Catastrophic Surface Damage
Produced in Ba^NaNb^O^g Crystals during

Intracavity Frequency Doubling

Robert Webb

Holobeam, Inc.

Paramus, N. J. 07652

The original purpose of the experimental work reported herein was the produc-
tion of a practical, high power, continuous green light source utilizing a frequency-
doiibled Nd:YAG laser in conjunction with an efficient nonlinear crystalline material,

namely Ba^NaNb^O^. Toward this goal, several focused intracavity geometries were
studied whereby the Ba^NaNb^O^ second harmonic generator was placed between the
curved external end mirrors or a 1.065 micron laser; the output mirror being nearly
transparent at 0.533 microns. 100% CW power conversion was consistently achieved,
whereby available TEM mode power at 1.065 microns was fully converted into green
light. However, a serious problem due to catastrophic surface damage was encountered
during these experiments which prevented sustained 100% conversion over periods of
time greater than one minute. Since the crystals were situated within the laser
cavity, the damage was always self-limiting in the sense that it completely termi-
nated laser oscillation. Attempts to understand the reasons for this damage are out-
lined. The inherently nonlinear character of the damage process has been demon-
strated, and it is presently conjectured that stimulated Brillouin scattering may be
responsible for the observed damage effects.

Key Words: Ba^NaNb^O^^^ CW damage threshold, laser intracavity frequency-
doubling, nonlinear crystal damage, nonlinear damage, optical second harmonic
generation, optical surface damage.

1. Introduction

Our earliest work in optical frequency-doiibling with a CW Nd:YAG laser system involved focusing a

15 watt multimode, 1.065 micron beam of approximately 10 milliradians divergence into a 5. millimeter
cube of Ba^NaNb^O^g heated to its phase-matching temperature using a 2.5 cm focal length lens. In this
first attempt, slightly less than 20 milliwatts of 0.533 micron power was generated. Unfortunately, the

crystal was destroyed during the experiment. Figure 1 is a photograph of the resultant damage, which
appears as a blackened region roughly equivalent to the size of the input beam, superimposed on the
crystal fragments. No further experiments of this type were ever repeated, due to the expense involved.

From the above result, we recognized three important factors regarding optical frequency doubling;
namely: (a) that only an overall 0.13% conversion efficiency had been reached, (b) that the majority of

the fundamental power available within the laser cavity had not been fully utilized, and (c) that once a

damage spot had been initiated external to the laser, no limitation upon its growth was easily possible
within the short time interval required for complete crystal destruction due po continued absorption of
the fundamental beam within the damaged region. Consideration of all these factors led us naturally
toward intracavity frequency-doubling, upon which the remainder of our program was based.

1

This work was sponsored by the Air Force Avionics Laboratory under Contract F33615-69-C-1841,
Wright-Patterson Air Force Base, Ohio 45433
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2. TEM Mode Enhancement
oo

Significant improvement in optical second harmonic generation was made possible by inserting the
Ba^NaNb^O^^ crystal into the Nd:YAG cavity. An increase In 0.533 micron output to greater than 60

milliwatts was immediately produced during unfocused multimode operation. Furthermore, maximum conver-
sion of the circulating 1.065 micron power into the second harmonic was achieved when the cavity was
constrained to operate at highest power in the fundamental TEM^^ transverse mode, while linearly polar-
ized with azimuth angle properly rotated for the largest nonlinear effect. Enhancement of the TEM

oo
mode was accomplished by carefully adjusting the following parameters: (a) the spacing between the
external cavity end mirrors, (b) peaking the concavity of these end mirrors as well as the end aperture
faces of the NdiYAG laser rod itself, (c) choosing the proper hole diameter and physical placement of a
limiting aperture stop within the laser cavity, and (d) judiciously choosing the optimum placement of
the Ba^NaNb^O^^ and an internal Brewster angle polarizing plate within the cavity. In addition, special
attention was paid to multilayer dielectric coating of all optical surfaces to reduce the level of 1.065
micron intracavity power loss as much as possible.

One of our first optimized configurations consisted of a lengthened TEM cavity with 150 centi-
meter spacing, terminated by a flat, 100% reflectance mirror at the front, an§ -200 cm. mirror, also of
100% reflectance, at the far end. The output mirror was 95% transmissive at 0.533 microns, behind which
the Ba^NaNb^O^g crystal, limiting aperture, and polarizer were situated respectively. The 0.3 cm. diam-
eter by 5.0 cm. Nd:YAG rod, p\imped by a pair of 2 kilowatt Krypton arc lamps, both water cooled, was
situated initially at the approximate center of the cavity. Thirty milliwatts was generated at 0.533
microns for nearly 10 hours continuously in this geometry. Afterward, the Nd:YAG rod and pump lamp
assembly was moved forward, i.e., toward the output end as much as spatial limitations would permit.

Thereupon, the 0.533 micron output was increased to 125 milliwatts, and was sustained for nearly two
hours. The Ba^NaNb^O^^ phase matching temperature was recorded as 95.4 C. Suddenly, without prior indi-
cation, the laser oscillation ceased, and could not be restarted. Examination of the Ba^NaNb^O, ^ crystal

2 5 15
showed a permanent damage crater with a central blackened region having roughly the dimension of the beam
previously circulating through it. Only one crater was produced, at the far side of the crystal, i.e.,
that side closest to the exit mirror, where the beam intensity had its highest value. From the photo-
micrograph shown in Figure 2, it appears that the central damage area had an approximate 0.25 millimeter
cross section; and estimated power density at 1.055 microns of 0.8 megawatts/cm^ with an additional
500 watts/cm^ present at 0.533 microns. Together with the central blackened region is an outer cleft
area, believed to be caused by the central or primary damage. This secondary damage is elongated in the
direction of the Ba^NaNb^O^^ crystalline a-axis, and might be expected due to the anisotropic stress/

strain relationship.

One interesting feature of the above experiment is that it was entirely repeatable at the same
input power levels, and under identical operating conditions. Figure 3 shows a photomicrograph of a

second damage spot produced in the same crystal when it was simply translated laterally to a newly
exposed clear area. The newer damage was observed within less than half an hour of continuous operation.

This time the secondary cleavage was incomplete insofar as the fractured region surrounding the central

blackened crater did not fall away from the crystal surface.

3 . Internal Cavity Focusing

Perhaps the most important series of experiments that was conducted during the program was that in

which we utilized an intracavity lens system to increase the local power density in the nonlinear crys-

tal in an attempt to increase the second harmonic generating efficiency to the point where we would

reach or exceed the optimum coupling condition and attain 100% conversion of the normal 1.065 micron

laser output into the second harmonic at 0.533 microns. We were indeed able to attain this goal, in

the sense that the total green light output equalled the maximum 1.055 micron power output possible
under identical loss conditions. However, during this series of experiments we also observed consistent

serious surface damage on both aperture faces of the Ba^NaNb^O^^ crystals.

A schematic diagram of the intracavity focusing system is presented in Figure 4. The laser head

contained a 0.3 cm. diameter by 5.0 cm. long Nd:YAG rod, again pumped by a pair of Krypton arc lamps to

a level which would emit 5 to 8 watts of CW 1.065 micron power under stable TEM , linearly polarized
conditions . The lenses employed were single plano-convex elements with antireflection-coated surfaces

at 1.065 microns. It was possible to insert the lens-pair combination into the laser cavity while main-

taining TEM mode operation. First the lens elements were aligned without the Ba^NaNb^O^^ crystal

between them? and the cavity then peaked for maximum TEM power output. Then the lenses were carefully

spaced by an additional increment of length to allow for°?he higher index of refraction of the crystal
which was next inserted between the lens pair. Figure 5 is a plot of the 1.065 micron output power

obtained for several measured output mirror transmission factors . From the peak of this curve we can

see that it is possible to extract a maximum of 2.1 watts of output power at 1.065 microns from this

system under this set of operating conditions-.
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with this cavity configuration it was possible to maintain the same TEM mode power while varying
the power density within the Ba^NaNb^O^ crystal and upon its surface. With°3.5 cm. focal length lenses
it was possible to reach 0.85 watts of 0.533 micron output for periods of time ranging from a few seconds
to five minutes. If we make corrections for surface losses at 0.533 microns, and add the power being
generated in the reverse direction, we can conclude that we generated a total of 2.2 watts at 0.533 mic-
rons. However, it was generally not possible to sustain this 100% conversion for more than one minute,

since in most instances catastrophic damage took place before this level had been attained, as the

temperature was being peaked for maxim\im conversion. Since the crystal was situated within the laser
cavity, the damage was always self-limiting in the sense that it terminated the laser oscillation
responsible for the damage. Figures 6 and 7 are photomicrographs of the damage first encountered using

this intracavity lens system. The general positions of the damage spots produced on one face of the
Ba^NaNb^O^^ crystal coincide with those produced on the opposite side. That is, both faces received
nearly identical damage, provided the lenses were accurately spaced with regard to the center of the
crystal.

At first it was conjectured that the antireflection coating itself, while transparent to 1.065
micron radiation, might be sufficiently absorbing at 0.533 microns to be the cause of the damage phenom-

enon. The original coating material had been ThF^. Thereupon, we had the same crystal refinished and

coated with MgF^ instead. Again, however, we discovered the same damage phenomena at the same power
density levels, under the same operating conditions. Figures 8 and 9 show the photomicrographs of catas-
trophic surface damage produced with the newer MgF^-coated surfaces . Power densities reached during

both of these experimental runs averaged less than 3 megawatts/cm at 1.055 microns, with corresponding
power densities of less than 10^ watts/cm^ at 0.533 microns simultaneously.

4. Low-Loss Cavity

Since it was found that intracavity focusing led to a definite damage threshold of less than 3 mega-

watts/cm in the presence of simultaneous second harmonic generation, one method of circumventing the

damage problem while increasing the overall frequency-doubled output of a Nd:YAG system would be to
reduce overall cavity losses, while maintaining a 1.065 micron power density somewhat below the damage
threshold level. Toward this aim, we constructed a Nd:YAG system having lower loss than that used in

the previous tests. Figure 10 shows a schematic diagram of the low-loss cavity geometry finally
employed. Figure 11 is a plot of the TEM power extracted from this system as a function of mirror
reflectance. It should be possible to reach 0.533 micron output power levels in excess of 8 watts
from this system. In practice, we were able to generate only 1 watt at 0.533 microns with this system.
Although no damage was observed in this series of experiments, neither was the power density in the

Ba NaNb O crystal high enough to have reached the previously measured damage threshold. The chief
reason for the discrepancy in 0.533 micron power produced was our inability to establish TEM mode

operation throughout the volume of the Ba^NaNb^O^^ crystal due to its inherent internal inhomogeneities

.

5. Search for Damage Cause

In assessing our own observations , we have postulated two possible causes for the damage phenomena
described above. The first possible cause would be attributable to multiple photon absorption, whereby
two photons at the fundamental frequency combine under phase-matching conditions to produce a photon at
the second harmonic frequency, and thereupon combine with a third photon at the original fundamental
frequency to produce a third photon at the sum frequency which is quickly absorbed. Since Ba^NaNb 0^^
is strongly absorbing at the sum frequency, there is some credence to this argument. However, we do

not as yet know what the exact mechanism for this three-photon absorption would be. Yet we can point
out that we have eliminated simple absorption at 0.533 microns as the cause for the observed damage.

In a separate set of experiments we subjected an essentially identical Ba„NaNb^O,^ crystal to high
2. b Id

intensity green light alone, m the absence of the 1.065 micron signal. Namely, we used the same 2.5 cm.
focal length lens to concentrate up to 8 times the amount of green light at 0.5145 microns from an
Argon laser source onto an equivalent spot diameter, producing no noticeable effect. Furthermore, we have
operated Ba NaNb^O^^ at power densities in excess of 10 megawatts/cm at 1.065 microns alone, with no
noticeable deterioration of any kind. Only when the Ba^NaNb^O-i^^ crystals have been properly phase matched
for maximum green power generation has damage of the type mentioned above been observed.

A second cause for damage has been postulated on the basis of the stimulated Brillouin effect.
Strong stimulated Brillouin scattering is produced when high intensity optical beams are focused into a
crystalline lattice, such that intensification of acoustical phonons is possible under proper phase
matching conditions. Whenever the acoustic nonlinearities of the material are sufficiently large, it

is possible at some value of optical input signal to exceed the elastic limit of the material, producing
irreparable damage. Generally, whenever such an elastic limit has been exceeded with pulsed, Q-switched
lasers, an audible snapping noise, together with a flash of scattered light has been observed. Since
we have never witnessed such audible signals during the onset of surface damage to Ba2NaNb50-|_5, we are
not fully convinced that stimulated Brillouin scattering alone is responsible for damage. Presently,
we are attempting to determine what phase-matching conditions are being met which would suggest such
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effects, even though the intensity produced on a CW basis may fall beneath the audible level. In addi-

tion, there is no reason to conclude that such acoustic effects lie within the audible range.

Returning to the conjecture that multiple photon effects may predominate, it is also noteworthy to

add that we specifically searched for any possible signs of forward-scattered light at the 0.355 micron
wavelength corresponding to sum frequency generation between photons at 1.065 and 0.533 microns. Using
proper filtering and an S-4 photomultiplier cathode surface, we were unable to detect the presence of
0.355 micron radiation, even with a sensitivity of 10^ beyond the level required to detect 0.533 micron

radiation. This was true despite the production of surface damage during 15 to 20 consecutive runs.

Fig. 2 Damage produced during intracavity

frequency doubling with TEM ^ mode

laser system operated at 158 cm

semi-confocal geometry.

Fig. 3 Damage produced during intracavity

frequency doubling with TEM ^ mode

laser system operated at 158° cm

semi-confocal geometry.
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Fig. 8 Surface damage produced during repeated
intracavity experiment.

Fig. 9 Surface damage produced during repeated
intracavity experiment
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Fig. 10 Low loss cavity configuration.
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Investigation of Damage In Laser Glass*
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Osaka University
Yamada-Kanii, Suita

Osaka, Japan

Experiments on laser glass damage were performed to clarify the damage

mechanisms and to obtain the information of the most preferable glass for a high-

power laser system. For the testing method, passive and active tests were adopted.

The plasma formations were always observed in internal and surface fractures. To

investigate the plasma behavior, time-resolved photographic and spectroscopic methods
were used. The plasma in the glass interior continued longer than that on the surface.

The damage threshold on the entrance surface was larger than on the exit surface. The
chemical strengthening treatment had some effect in protecting the damage growth on

the surface.

The mechanism of fracture in laser glass seems to be due to the plasma formation

by light which produces a shock wave to cause a cleavage in the glass.

Key Words: Breakdown plasmas, bulk, laser induced damage, passive and active
testing, spectroscopy, surface, surface finish.

1. Introduction

To construct a high-power glass laser system, the characteristics of laser glass are very im-

portant, especially high durability against damage. It is reported that present laser glasses can
withstand over 1000 J/cm2 with a long pulse of about 1 ms; however, the energy passage of several
tens of J/cm^ in a short pulse of 10 ns may lead to fracture.

These results seem to show that the fundamental process of fracture can be explained by the

energy balance between the laser-supplied energy and the energy lost in the glass.

Laser light can produce free electrons in glass through the multiphoton absorption process. If

the energy balance between gain and loss becomes unstable, these electrons will be accelerated by
the inverse bremsstrahlung and cause cascade yields of ionization. Once the plasma is produced, the
shock wave due to laser-supported deflagration will be driven into the solid. This induces the cracks
when the shocked stress becomes larger than the fracture threshold. In a longer duration of the laser
pulse, much more energy may be necessary to heat up the plasma which is growing with time. The
mechanical strength of glass has also an important role in the growth of damage in solids.

We performed the experiments on glass damage by a Q-switched laser. As for the methods of

damage testing, a passive test was performed only by laser irradiation of samples, and an active test
done under laser pumping conditions. In section 2, the results of the passive tests are presented.
The damage threshold of platinum included and a nonincluded surface is given. The results of the
active test are shown in section 3. The plasma formation was always found whenever the damage was
induced. The plasma in the glass interior continued longer than that on surface. To investigate the

plasma behavior, time-resolved photographic and spectroscopic methods were used. In section 4 the
improvement of the damage threshold is described. The damage threshold on the surface was increased
by the treatment of hydrofluoric acid. This chemical strengthening treatment seems to have some
effect in preventing the damage growth on the surface.

* Read at the Symposium on Damage in Laser Materials by Arthur H. Guenther.

''Department of Electrical Engineering, Faculty of Engineering.
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2. Damage by Passive Test

The method was to focus the glass laser beam onto samples by using lenses. Figure 1 shows the
experimental set up. The oscillator glass rod, which was 10 mm in diameter and 150 mm in length,
was pumped by a 2 kj linear flash tube. The reflectivity of the output mirror was 60%. The rotating
mirror (24,000 rpm) was used in Q-switching and a calibrated beam splitter - photodiode - Tektronix 519
combination was used to measure the beam energy and pulse duration respectively. Calibration was
accomplished with TRG 107 calorimeter. The average output power was about 30 MW in peak power and
25 ns in half width. The beam divergence was 2 milliradians . To regulate the power density of a

focal spot, we used lenses whose focal length was 6.5 cm and 3 cm. The size of the focal spot was
determined by measuring the diameter of the damage spot in aluminum foil and a copper target with a
microscope. Both values fairly fit each other.

2.1. Internal Damage

a. Damage by Pt Inclusions

It was believed that micro particles of platinum existed in glass made in a platinum crucible, and
that these particles served as damage sites during the passage of intense laser beams. [1,2] As the
included particle was highly absorbent of the laser beam, a discoid fracture [3] was introduced in the
glass.

To clarify the effect of inclusion, we purposely doped 10 ppm and 100 ppm platinum into barium
crown glass samples which had 15 x 15 mm^ cross section, \n\en these samples were illuminated by
a He-Ne gas laser, many scattering centers were observed. These are due to the doped platinum
particles. Figure 2 shows the damage of this 100-ppm sample. The focal point of irradiation was only
in a specimen near the exit surface of the laser beam. The plasma was generated at the sites where
platinum particles existed. The damage threshold was 12+3 J/cm^. The same threshold was obtained
with the sample of 10 ppm platinum in which the scattering centers were fewer. When we compared
barium crown glass, flint glass, and sodalime glass, the damage thresholds showed no difference, but
the size of fracture in flint glass was the largest. This seems due to the elastic properties of

glasses

.

b. Internal Damage Without Inclusions

To avoid the effect of self-trapping, we used a lens whose focal length was 3 cm. Barium crown
glass samples which had no scattering centers were used. The damage threshold was up to 400 J/cm^
and was not affected by the material of the crucibles, either platinum or clay, nor by the existence
of m^o^.

Figure 2 shows the plasma light due to internal fracture. The damaged area was in a form of

crushed pit of several mm in diameter.

Figure 4 shows the framing pictures of the breakdown plasma in the bulk. The plasma light

in the bulk continued during 1 msec after laser Irradiation. On the surface it continued at most
during 50 ysec. Figure 5 shows the spectroscopic photograph of the internal breakdown. In this

case, we could not find any line spectra. Figure 6 indicates the time sequence of plasma light.

The half width of maximum height was about 10 psec. The plasma in the interior glass samples continued
longer than that of the surface glass

.

c. Surface Damage

Figure 7 shows a picture of an exit surface fracture. The laser beam came from left to right.

The focal point was in the sample near the exit.

By increasing laser power, the plasma light on the entrance surface increased slightly, whereas

that on the exit surface developed remarkably. The fracture on the exit surface was more serious

than that on the entrance surface and produced a network of cracks around the plasma epicenter.

Figure 3 shows the fracture on both surfaces after several shots. As the plasmas tend to travel

toward the direction of the incident laser beam, formation of a shock wave on the exit surface seems

to be much stronger for inducing heavy fractures.

2
We used the barium crown glass samples with 15 x 15 mm cross section and a lens of 6.5 cm focal

length. Whenever the fracture was observed, plasma always formed. The damage threshold on the entrance

Figures in brackets indicate the literature references at the end of this paper.
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surface was about 28+5 J/cm^, The threshold was decreased by successive irradiation to the same site.

The threshold depended upon materials and surface conditions, especially raicrocracks [A] and impuri-

ties on the surface.

The threshold on the entrance surface was a little larger than that on the exit surface. If we

used long samples with a long focal lens, the threshold on the exit surface decreased due to self-

trapping. [5]

Figure 9 shows the streak picture of the plasma light on the exit surface. The line on the left

side indicates the second harmonics of glass laser light which shows the temporal sequence. Plasma

light became most intense just after irradiation by the laser beam. The expansion velocity was about

5 X 10 cm/sec. Figure 10 shows the framing picture of the breakdown plasma on the exit surface. The

exposure time was 0.5 psec. The laser beam traveled from left to right. After 20 ysec, small pieces

of hot glass burst out from the surface.

Figure 11 indicates spectroscopic photographs of surface breakdown, where (a) , (b) correspond

to barium crown glass and light flint glass respectively. These were exposed to ten shots. Items

(c) and (d) are the spectrum of air breakdown by laser beam and the reference lines of Hg, respectively.

All broad dim lines in (a), (b) were attributed to spectra of air. From this, it shows that the air

is ionized by the plasma of the glass. Figure 12 is the densitometric spectrograph of the breakdown
of barium crown glass, ^he line spectra of Ba"*" were observed intensely. Figure 13 shows the time

variation of Ba"*" (4,554 A), Ca+ (3,968 A) and N (5,011 A). The rise time of the emission of was

slower than that of metallic ions. This shows that the deflagration wave is driven to the laser beam.

The plasmas continued about 1 psec at half width of maximum height.

3. Damage by Active Test

The effect of pumping light can be considered as one of the additional damage mechanisms in

laser glass. The glass rods used as test samples, 20 mm in diameter and 300 mm in length, were made
of sodalime glass and barium crown glass, containing 5 wt% and 3.5 wt% Nd202 respectively, and were
excited by four linear flash tubes. (Pumping power 10 kj . ) These were set as the third-stage amplifier
of a laser system. The input power of the laser beam was 30 J/cm^ in maximum. A sodalime glass rod
which had many scattering centers (platinum inclusions), showed the internal fracture at 2 J/cm . As
the input power increased, damage spots increased in number. This damage threshold was somewhat
smaller than that which resulted from the passive test. In this case, the excited state absorption
from the ^^2/2 ^^^^^ °^ Neodymium ions was large enough to cause a significant conversion of

laser energy to heat to induce fracture through Pt inclusions. [6] But the barium crown glass rod,
which contained no scattering center, showed that the damage threshold was almost the same as the
passive test. A careful treatment to eliminate Pt02 to reduce the platinum inclusion succeeded. This
barium crown glass showed very few damages at the energy of 15 J/cm^ in the early period of operation,
and after the initial fracture it could endure up to the threshold of surface damage 28 j/cm^ without
any internal damage.

We noticed sometimes that very small cracks due to inclusion in the barium crown glass rod
disappeared in time. Some cracks gradually decreased in diameter and after a few days could not
be observed. Other cracks immediately vanished after two or three shots. As the crack always suffers
the restoring force from the surroundings if the crack is very small, these curing phenomena can be
expected. These phenomena suggest that the plasma formation often can occur without permanent impair-
ment of glass rod. It should be mentioned that the permanent damage is introduced by the displacement
of ions due to shock impulse.

If the mechanical strength is strong enough to endure the shock impulse, the damage is determined
by the plasma heating destroying the atomic arrangement. But the glass is usually brought into mechan-
ical failure in the brittle region under the Q-switched operation.

As for the damage threshold, the pulse duration of the laser has remarkable influence. If G is the
energy per second gain from the laser, L is that lost to surroundings, and S is the apparent specific
heat, the time t to the ultimate shock formation of temperature Tg is given by

where Tq is the room temperature, Ts is set at 3000°l<and L is very small in the early period. In some
amorphous solids [10] like glass the conduction electron has strong Interaction with atoms through
trapped electrons. The apparent specific heat is assumed to be proportional to the conduction electrons
N which are produced by cascade ionization, as N = Nq exp (ct) and S(No) is the order of 0.1 cal deg"^
g~l. The avalanche of electrons is increased in factor 10'* from the initial electrons No produced by
multiphoton absorption during a laser pulse. A qualitative behavior of energy balance is shown in
Fig. 14.

106



4. Improvement of Damage Threshold

When the glass was very carefully manufactured, most of the platinum inclusions could be eliminated.

Even if few inclusions make fractures in laser glass, this is not practically serious. But the damage

on the surface is a very important limitation [7] for operation.

There seems to be two methods to raise the damage threshold . One is treating the glass either by

a hydrofluoric acid [8] or by dimethyldichlorsilane [9]. In the case of the acid etch, it is considered

that small surface irregularities and cracks are smoothed over, thus making the surface stronger to

damage. We used the barium crown glass which was immersed for 10 minutes in 10 7„ hydrofluoric acid.

The damage threshold on entrance surface increased from 28+5 J/cm^ to 40 + 5 J/cm^.

Another is chemical strengthening treatment. This method is to diffuse larger atoms into the

small alkali matrix. This method was so remarkable to increase the mechanical strength but the effect

of laser damage was less effective to the present. This may be caused by the fact that the strengthen

depth was almost equal to the damage depth of surfaces.

5. Conclusions

We performed the experiments of glass damage by Q-switched laser beam to investigate the damage

mechanisms

.

The main conclusions are as follows:

1. From the passive test, we determine the damage threshold of platinum-inclusion, platinum-

free, and surface effects of barium crown glass. They were 12+3 J/cm^, 400 J/cm^ and 28+5 J/cm^,

respectively.

2. It is desirable to use the glass matrix which is mechanically strong in order to protect
the growing damage.

3. Platinum included glass sample showed the difference of damage thresholds between passive

and active test but platinum-free glass had the same threshold.

4. The plasma formation was always observed whenever the damage was induced. The mechanism
of damage will be mainly due to the shock impulse from plasma.

5. The fracture on the exit surface was more serious than that of the entrance surface. The
shock wave caused by plasma on the exit surface will be more effective in producing damage.

6. Time-resolved photographic and spectroscopic methods were adopted to investigate the

plasma behavior. The plasma in the interior of the glass lasted longer than that on the surface.

7. The damage threshold on entrance surface increased from 28+5 J/cm^ to 40 + 5 J/cm^ by
the treatment of hydrofluoric acid.

8. The chemical strengthening treatment will have small effect on the damage growth on the
glass surface.
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Fig. 3 (a) Internal fracture in barium crown
glass. The bright spot in the middle of

the sample shows plasma formation.
Another spot above this spot indicates
the fracture after damage. And (b)

interference stress pattern.

Fig. 4 Framing photograph of inner breakdown in

barium crown glass.
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Fig. 5 Time integral spectrum of bulk break-
down plasma.

Fig. 8 (a) Fracture on entrance surface and (b)

exit surface (after several shots)

.
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Fig. 9 Streak photograph of exit surface break
down of barium crown glass.

Fig. 10 Framing photograph of exit surface break-
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Fig. 11 The spectra of surface breakdown plasmas (a) barium crown glass, (b) light flint glass,
(c) air, and (d) Hg.
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Fig. 13 Time trace of various line spectra (50 ns/div.). (a) Ba (4.55 1) ,
(b) Ca"*" (3,968 A), and
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Fig. 14 Characteristics of internal damage due to various laser pulse durations.
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Direct Nondestructive Measurement of

Self-Focusing in Laser Glass

Brian E. Newnam and L. G. DeShazer

Departments of Physics and Electrical Engineering

University of Southern California
Los Angeles, California 90007

A nondestructive technique is described which we have used to measure
self-focusing in a borosilicate crown glass. It is a direct method in the sense
that we observe the time evoluation of only the self-focusing of the transmitted
laser pulse. The power of the input pulse is limited to prevent a self-focus from
occurring within the test material, and the measurements are performed before
the onset of damage or other stimulated processes. This is in contrast to other
methods which measure the effects of self-focusing by damage tracks and stimu-
lated inelastic scattering. By comparing the temporal shape of the transmitted
pulse on-axis with the input pulse, we construct the nonlinear response curve
of the test material which can be compared directly to the numerical solutions
of the nonlinear wave equation which describes large scale self-focusing.
Assuming the response of the medium is sufficiently fast, the critical power
P and the nonlinear refractive index n2 may then be calculated without postu-
lating a particular physical mechanism(s) causing self-focusing. For a ten
nanosecond (FWHM) pulse at 6943 A, the preliminary results for BSC-2 glass
areP„=0.9MW and n_,=2xI0- esu.

Key Words: Critical power, glass, nonlinear index, pulse sharpening,
self-focusing.

1. Introduction

Many researchers have reported observations of very small diameter damage tracks in trans-
parent dielectrics when irradiated with short duration, intense laser pulses. The input laser inten-
sities at which damage occurs (to the bulk or at the exit surface) have been significantly lower than
those expected unless the local index of refraction is assumed to be a function of the intensity. A
sufficient amount of evidence has been accumulated in favor of a self- focusing phenomenon, and a

nonlinear refractive index coefficient, n2 , is used to account for it. The evidence heretofore has
consisted of damage tracks, induced birefringence, stimulated inelastic scattering, and frequency
broadening. These important results are the effects of self-focusing on materials.

We have developed a non-destructive technique with which we have successfully measured the
self- focusing process itself in a borosilicate crown glass (Corning BSC-2). It is a direct method
in the sense that we observe the time evolution of only the self- focusing of the transmitted laser pulse.
Furthermore, the power of the input pulse is restricted to prevent a self-focus from occurring within
the test material, and the measurements are performed before the onset of damage or other stimulated
inelastic processes. This measurement technique, which will be described in Section 2, was first

used by McAllister [1] to accurately measure the critical power, P , and nonlinear index of refraction
of several organic liquids. The laser source and experimental system which we assembled for the

present tests will be described in Section 3. The results of our tests in BSC-2 glass are given in

Section 4 and discussed in Section 5.

2. Measurement Technique

It was suggested by Marburger and Wagner [2] that a substantial sharpening of the on-axis time
contour should occur during self-focusing. Subsequently, a measurement technique was developed to

observe this temporal behavior [3,4]. The time evolution of this sharpening is schematically demon-
strated in Figure 1. Thus, the spatial focusing of the laser pulse can be directly measured by com-
paring the temporal pulse shape of the transmitted axial intensity at the exit face of the nonlinear
material with that at the entrance face.

The distortion of the on-axis intensity pulse may be regarded as arising from the nonlinear
response function or "characteristic curve" of the medium. From a single oscillogram of the axial
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intensity versus time for the input and transmitted pulses, the characteristic curve maybe constructed
as shown in Figure 2. This curve is then compared to the theoretical characteristic curve obtained
from numerical solutions of the self -focusing equation [5]. The solutions, of course, depend on the
beam parameters of the input pulse and the length of the nonlinear material being tested. By scaling the
experimental curve to fit over the theoretical curve, the critical power for self-focusing of a Gaussian
equiphase beam at infinity is obtained. This critical power is related to n^ by

= (1, 22X)^c/128 ,

where n = + n^ ^Je)^ .

n is the linear refractive index, and E is the peak electric field strength with the brackets denoting

a time average over many cycles [6].

3. Experimental System

Self- focusing depends critically on the transverse intensity distribution within the focusing

beam. Accordingly, most of our efforts were directed toward constructing a laser oscillator and
amplifier system which produces both smooth spatial and temporal intensity profiles which are

approximately Gaussian. The laser source and experimental arrangement which we use to measure
self-focusing in solids is illustrated in Fig, 3, This system features a passively Q-switched ruby
laser oscillator operating in a single longitudinal and transverse mode with a peak power of 1 MW
in a nominal 10 nsec pulse. Single longitudinal mode control is obtained by use of a glass etalon

(R = 15%) at the output end along with a cryptocyanine in methanol solution in the Q- switch cell.

Transverse mode control is obtained by use of a 1.12 mm diameter polished carbide wire die

aperture placed just inside the output etalon and a cavity length which sets the Fresnel number at

0. 45 [7].

The amplifier was placed in the far field of the oscillator where the spatial intensity profile of

the beam is smooth and nearly Gaussian. This profile is accurately determined by scanning the beam
with a pinhole, which measures power versus time for each radial position. By use of these pinhole

scans the alignment of the oscillator was precisely adjusted so that the temporal pulse shape was the

same over nearly all of the beam. Figure 4 shows the oscillator spatial output at the amplifier.

The amplifier rod is a 1/4 x 6" ruby, 0. 05% Cr doping. For a flashlamp pumping of 3 kJ,

the weak signal gain was 45, and a 20 MW pulse of single mode output was obtainable. We found it

necessary to focus through the amplifier with a long focal length lens in order to obtain a smooth
far-field pattern from the amplifier (Fig. 5). After the amplifier the beam was recollimated. Before

striking the sample, four percent of the pulse was reflected into a 35 nsec optical delay path which
directed it into the same ITT F4000 photodiode as the transmitted pulse, both of which were displayed

on a Tektronix 519 oscilloscope. The delayed pulse gave the temporal pulse shape and power level

of the pulse entering the glass sample. The energy of the amplified pulse was monitored with a RCA
7102 photodiode and calibrated with a TRG ballistic thermopile.

Because the amplifier effect on the pulse's phase front depends on the level of flashlamp pump-
ing, we used the same power supply voltage for each shot. To control the net power level without

deflecting the beam we used a variable attenuator (aqueous solutions of CuCl2)between the oscillator

and amplifier. The test sample was a 40 cm long Corning BSC2 (517-645) glass rod of high optical

quality. The ends were polished smooth and optical flat. This long sample permitted significant

self-focusing to take place for moderate input powers so that damage to the entrance surface was
avoided. An optional reducing collimator may be used to measure the dependence of self-focusing on
input spot size. Without the collimator the 1/e intensity radius of the input beam was 0. 5 mm.

At the sample exit surface, we placed a 94 micron dia. pinhole consisting of a section of

tapered, thick-walled glass capillary tubing with a polished (tilted) entrance face. This was centered

+_ 0. 02 mm on the axis of the transmitted pulse by monitoring the peak transmitted intensity at

different transverse points on a number of shots. The light passing through the pinhole was properly
attenuated befcre striking the photodiode in order to fit the pulse trace on the oscilloscope scale.
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4. Experimental Results

An oscillogram of the axial portion of the self-focused pulse transmitted through our 40 cm
long glass rod is shown together with the input pulse (delayed) in Fig. 6. The very pronounced
sharpening of the transmitted pulse was measured only when the pinhole was centered on the axis
at the exit fact. With the pinhole removed, the entire transmitted pulse was detected and its

temporal shape was identical to that of the input. The peak input power was 5. 5 MW in a 11.8 nsec
(FWHM) pulse, and the 1/e radius of the input intensity profile was 0. 5 mm. The peak intensity at

the entrance face was 0. 7 GW/cm^; no damage to the glass occurred on this shot. Subsequent tests
at higher powers caused a damage pit at only the exit surface which precluded our obtaining addition-
al valid results. We are presently repeating the measurement to obtain a sharpened pulse properly
attenuated to fit within the ordinate scale of the oscilloscope trace. The off- scale peak of the pulse
presented here was an estimate. From preliminary calculations with the present data we have
determined P^, to be 0. 9 MW and n2 to be 2 x 10" esu. This value of n2 is comparable to that

(2. 7 X 10" ''^ esu) measured by Duguay and Hansen [8].

5. Discussion of Results

In these experiments neither stimulated inelastic scattering or filament formation in the bulk
occurred since the input power was limited to prevent the self-focal point from occurring within or
near the exit surface. Damage and backward stimulated Brillouin scattering would have been
detectable by the photodiode. In addition, saturation of the nonlinear refractive index did not occur
since the 6943 R ruby laser wavelength is not near an absorption resonance. Linear absorption
effects, which are small at this wavelength, maybe taken into account [5].

Additional evidence that the observed on-axis temporal pulse sharpening is due only to seK-
focusing can be obtained by measuring the off- axis intensities. We did not have time to perform
these measurements for glass, but we illustrate the point by using previous measurements on nitro-

benzene [8]. In Figures 7-9 we show oscillograms of power versus time in which the pinhole was
alternately placed at three positions at the output face of a cell of nitrobenzene. The transmitted
pulse (leading) on-axis (Fig. 7) is seen to be very sharpened with a pulse width (FWHM) 0. 5 that of

the input pulse (delayed). When the pinhole was placed off-axis at 1/4 the input intensity radius a^

we observed a pronounced dip (Fig. 8), The minimum of the dip occurred just when the on-axis

power was the greatest. With the pinhole at 0. 5 a^ the transmitted power remained at a low level

(Fig. 9). At the entrance face of the nonlinear liquid cell, however, the input intensities at

r = 0. 25 and 0. Sag were 90% and 75% that on-axis, respectively. It is evident that energy was
swept from the edges of the beam into the center as the input intensity increased, and vice versa.

Additionally we found that the off-axis characteristic curves prepared from these data compare very
well with the corresponding curves generated from self-focusing theory.

The numerical solutions of the nonlinear wave equation which we use to obtain the theoretical

characteristic curve corresponding to our measurement parameters are exact if the physical mech-
anism(s) which cause the self-focusing are instantaneous. If the mechanisms are sufficiently fast

relative to the temporal rise time of the input pulse, the optical pulse shaping method enables one

to calculate and n2 without having to postulate the particular mechanisms involved. This is a

distinct advantage over previous methods. To the extent that the time response of the medium is

comparable to the input pulse, the values of P^ and n2 are approximate.

If the temporal pulsewidth is considerably faster than the material response by a particular

mechanism, then any self-focusing is obviously independent of that mechanism. This is suggestive

of a series of tests with a large range of input pulsewidths. With our pulse shaping technique, the

dependence of n2 on pulse width may be obtained. These values may then be compared to those

predicted using the various postulated mechanisms, such as electrostriction and electronic distortion,

to determine which effects are important as a function of time. In addition, varying the spot size

of the input spatial intensity will provide results which can be compared directly with those predicted

by the electrostriction mechanism.
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Fig. 6 Direct observation of self-focusing in

BSC-2 glass. Oscilloscope trace (10 nsec/
div) showing transmitted pulse at the beam
center (leading pulse) and the spatially
integrated reference (delayed input pulse)

.

Fig. 7 Optical pulse shaping by self-focusing in

nitrobenzene. Leading pulse: transmitted
on-axis (r =0). Delayed pulse: input.

Scale: 10 nsec/div.

Fig. 8 Optical pulse shaping by self-focusing in

nitrobenzene. Leading pulse: transmitted

off-axis (r = 0.25 a^) . Delayed pulse:
input. Scale: 10 nsec/div.

Fig. 9 Optical pulse shaping by self-focusing in

nitrobenzene. Leading pulse: transmitted
off-axis (r = 0.5 a ). Delayed pulse: in-

put. Scale: 10 nsec/div.
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Ruby Laser Damage Thresholds in
Evaporated Thin Films and Multilayer Coatings*

A. Francis Turner''"

Bausch & Lomb , Inc.
Rochester, N. Y. 14602

This report describes a survey-type study of laser damage thresholds in evaporated thin films and
multilayer coatings on glass substrates. Q-switched ruby lasers were employed and several common
filming materials were included. In the focal plane of a 42 mm focus lens the damage thresholds ranged
from 350 j/cm for quarterwave films of MgF2 or Si02 down to 30 J/cm^ for quarterwave films of ZnS

.

Multilayer coatings generally had damage thresholds intermediate between the thresholds of their in-
dividual films.

Key Words: Bulk material damage, laser damage, multilayer coatings, quarterwave
stacks, single quarterwave film, thin films, two layer coatings.

1. Introduction

The Office of Naval Research contracts referenced at the conclusion supported laser damage studies
at Bausch & Lomb, Incorporated during the period 1 April 1965 - 28 February 1970. The damage threshold
for dielectric films and coatings measured during this contract work were collected and presented on
January 12, 1971 to Sub-Committee II, Lasers and Laser Materials, of ASTM Committee F-1. Several
numerical errors appearing in the quarterly reports on the contracts were corrected. The summary data
are listed in Tables 1, 2 and 3.

2. Method

Damage thresholds were determined from a study of the damage in coated samples placed in the focal
plane of a simple f = 42 mm lens. The energy in joules incident on the lens was decreased from well
above to below threshold. The energy steps were selected with the help of a calibrated series of
neutral density filters, the lasers always being operated under nominally constant conditions. Con-
version of these energy values to energy density thresholds involved calibration of the energy density
distribution in the focal plane of the lens. Calibration factors were obtained from quantitative obser
vations of laser damage in semi-transparent aluminum films. In view of the unavoidable uncertainties
in this procedure not only are the thresholds in j/cm^ listed in the tables but also the energies in-

cident on the lens from which these thresholds were derived. When several nominally identical samples
were tested the observed minimum and maximum values only are listed. Within the accuracy limitations
of the experiments (variations by a factor of 2 are not infrequent) the average of these minima and

maxima may be considered to be the threshold. For any one coating there were too few samples for a

meaningful statistical analysis.

The films were generally deposited on 50 x 50 x 2.3 mm glass substrates. Reasonable care was

taken in cleaning them prior to deposition. The laser radiation was always incident from the air side

on the coatings.

3. Equipment

All. energies were measured with Lear-Siegler Model MI-2 Laser Energy Monitors. They were returned

once or twice to the manufacturer for recalibration

.

Two different lasers were used at different times during the contract. Their output pulse shapes

were not as well defined as could be desired. Although no systematic comparison was made between them,

the results from the two lasers appeared to be substantially in agreement.

Presently at Optical Sciences Center, University of Arizona, Tucson, Arizona 85 721.

*Due to illness this paper was not presented at the Third Annual Symposium on Damage in Laser Materials
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(1) Lear-Slegler LS-2 Ruby Laser with 3" x 1/4" Ruby Rod, TIR end

MH-1 Q-Swltch: Multilayer dielectric coated piano output mirror: 3600 rpm

Total nominal energy per burst: 0.1 J

Typical Observed output: A series of spikes in 6 microseconds. Usually a

high initial spike of 100 KW-200 KW peak was followed by spikes of much less

power. Estimated spike half widths 240 nsec.

(2) Spacerays 101-6 Ruby Laser with 6" x 3/8" Ruby Rod, piano ends

Q-Switch: 25,000 rpm rotating prism

Output Mirror: Two 90° sapphire resonant reflector plates (Lear-Slegler

RR-201-66)

Total nominal energy per burst: 1.5 J

Probable typical output (courtesy of the manufacturer): A series of 1 to 10

spikes in 10 microseconds. Peak powers 2 to 20 MW depending on the number of

spikes. Estimated halfwidths of spikes 80-100 nsec.

4. Comments on the Entries in the Tables

4.1 Table 1 - Single OW Films

This table lists the results on quarterwave films of 13 different representative and commonly used

evaporants. The thresholds cover a 10:1 range of values from about 350 J/cm^ for Si02 and MgF2 films

through 200 J/cm2 for Zr02 to about 30 J/cm2 for ZnS films. (By way of comparison, aluminum films from

semi-transparent to almost opaque cover the approximate range of 0.5 J/cm2 to 5.0 J/cm^ respectively).

All the films listed were essentially absorption-free and were prepared according to good commercial

practice.

The films were tested at room temperature. Not shown are the results of comparative tests of both
quarter and halfwave films of MgF2 at 77 K vs 300 K. No difference due to temperature was found.

Table 1 indicates large differences in thresholds with the chemical composition of the films. How-
ever, this may not be the primary correlation since there is also an association between higher thresh-
olds and shorter UV wavelength absorption cut-offs of the materials.

For any given filming material the threshold decreases with Increasing film thickness.

4.2 Table 2 - Two Layer Coatings

The data in Table 2 show several ways in which the damage thresholds can be affected as follows:

Firstly, an improvement can sometimes be produced by finding more optimal coating conditions, as

in the Series 2 samples compared with Series 1 samples. The Series 1 samples were made in a 48" coater,
all films were evaporated at a residual gas (air) pressure of 10~^ Torr on the glass substrates held
at 125''C. The Series 2 samples were made in a 30" box coater where the pressure could be held at 10"^

Torr for the evaporation of the MgF2 films. During evaporation of the Zr02 films oxygen was bled into
the chamber to raise the pressure to 10~^ Torr. Furthermore, substrates were kept at 315''C throughout.
The change in techniques from Series 1 to Series 2 tripled the threshold values.

The halfwave/quarterwave construction GHHLA represents an anti-reflection coating with two minima,
one of which, when using Zr02 and MgF2 films, can be reduced to zero by making the MgF2 10% thinner
than a quarterwave. The GHLA coatings were made primarily for a comparison of thresholds.

Secondly, as goes without saying, the selection of materials is important, if such a choice is
permissible optically. For Instance, in the Series 4 samples, where SiO films were substituted for
the Zr02 films in Series 2, the thresholds decreased.

Thirdly, the film sequence can be a factor affecting the damage thresholds. In Series 3 higher
thresholds were found when the MgF2 films were outside and the Zr02 films inside than vice versa.
Optically there may be, of course, no choice: the MgF2/Zr02 beam divider coating GLHA has a maximum
reflectance of about 28% per surface, whereas the Zr02/MgF2 coating GHLA has a reflectance of about 8%
per surface.
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Table 1. Observed Damage Thresholds, Single QW Films at Focus of f = A2

-J^-^-^g-t-gjf Q-Swltched Ruby Lasers

Material
Joules

on
Incident
Lens

Threshold
in J/cm^

Number of
Samples Laser

ThF, .061 470 1 L.S.

SiOj
Si02

.06 - .07

.035
360 - 420

250
3

1

S.R.

L.S.

MgF2
MgF2

.05 -

.035 -
.06

.058
300 -

250 -
360
420

5

2

S.R.

L.S.

AljOg
CaF2

.030 -

.007 -
.055

.04
220 -

50 -
400
300

4

3

L.S.
L.S.

ZrOj
Zr02
Zr02

.022 -

.033 -

.019 -

.026

.047

.040

130 -

200 -

115 -

160
280

240

4

4

4

S.R.

S.R.

S.R.

5 NaF,3AlF3 .020 - .030 100 - 210 2 L.S.

Ti02 .015 - .023 115 - 180 5 S.R.

SiO .015 - .020 115 - 150 3 L.S.

LiF .014 100 1 L.S,

MgO .014 100 1X T C

Ce02 .011 - .014 40 - 100 2 L.S.

ZnS
ZnS

.004

.004
30

23

1

1

L.S.
S.R.

Table 2. Observed Damage Thresholds, Spacerays 101-6 Q-Switched Ruby Laser,

Two-Layer Coatings at Focu£ of_^ Jl,^Xi'?l_iS2.5„= „_

All Series L = QW MgF2 G = 2.3 mm Glass

Series 1, 2, 3 H = QW Zr02 A = Air

Series 4 H = QW SiO

Joules Incident Threshold Number of

Coating on Lens in J/cm^ Samples

Series 1

GHHLA .014 - .024 84 - 140 7

GHIA .018 - .031 110 - 190 5

Series 2

GHHLA .054 - .054 320 - 320 2

GHLA .045 - .049 270 - 290 2

Series 3

GLHA .019 - .055 110 - 330 4

GHLA .037 - .068 220 - 410 5

Series 4

GHHLA .015 - .022 90 - 130
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4.3 Table 3 - QW Stacks

!

j

The data in Table 3 illustrate several threshold features of highly reflecting quarterwave

stacks as follows:

Firstly, the Series 1 and Series 2 samples in Table 3 were made with the same coating techniques

as used for the Series 1 and 2 samples of Table 2, respectively. Applied to the stacks, the

techniques for Series 2 again produced higher thresholds than those for Series 1.

Secondly, in comparing thresholds of stacks of any one series, there is generally a trend toward

decreasing values of threshold as the number of layers, and hence the reflectance, is, increased . By

way of orientation, and referring to the Series 2 samples, the 6-layer G(LH)3a stack using MgF2/Zr02
films has a maximum reflectance of 71%, the 15-layer G(HLrHA stack 97.8% and the 21-layer G(HL)10ha
stack 99.7%.

Finally, stacks using other common evaporated films will have their own characteristic thresholds

which appear to be governed by the weaker of the two component films when they are tested individually
in quarterwave thicknesses. Thus the Series 2 stacks have thresholds of about 250 J/cm^, with (from

Table 1) 200 J/cm^ for single QW films of Zr02 and 300 J/cm2 for single QW films of MgF2. The Series

3 stacks have thresholds of about 120 J/cm^, with 150 J/cm^ for single QW films of Ti02 and 350 J/cm^
for single QW films of Si02. The Series A stacks have thresholds near 100 J/cm^, much closer to the

30 J/cm^ thresholds of single QW films of ZnS than to the 300 J/cm^ thresholds of single QW films of

MgF2.

Table 3. Observed Damage Thresholds, Spacerays 101-6, Q-Switched Ruby
Laser , Quarterwave Stacks at_Focus of f__- hi mm Lens

Series 1,2 H = QW ZrO G = 2.3 mm Glass
Series 3 H = QW Ti02 A = Air
Series 4 H = QW ZnS

Series 1,2,4 L = QW MgF2
Series 3 L = QW Si02

Joules Incident Threshold E^. Number of
Coating on Lens in J/cm^ Samples

Series 1

G(HL)^HA .022 130 1
G(HL)6hA .029 170 1
G(HL)7hA .021 - .035 130 - 210 6

Series 2

G(LH)3a .020 - .056 120 - 340 5
G(HL)7hA ,025 - .045 150 - 270 5
G(HL)10hA .019 - .041

Series 3

G(HL)6hA .015
G(HL)7hA .020 - .023 120 - 140 4

Series 4

G(HL)5ha ,027
G(HL)10hA ,010

110 - 250 5

90 1

160 1

60 1
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5. Damage Thresholds for Bulk Materials

The application of the methods above to the determination of the thresholds of bulk materials in
the form of glass or crystalline plates is complicated by the diversity of damage phenomena encountered.
These may, however, be classified in only two groups--surface damage and internal damage. The former
occurs as an etching or "burning" of the front or rear on both surfaces of the plate. The latter,
internal damage, includes fragmentation within the plate as well as ejection of chips from the incident
or the emergent surface, ascribed to destructive processes arising within the bulk of the plate. It is
sometimes difficult to determine surface damage wheii its threshold is higher than for internal damage
since, if chips are ejected, they may carry away the traces of the surface damage.

In view of these circu stances only a limited number of semi-quantitative threshold determinations
on uncoated plates and substrates were made. Glass, fused quartz and crystalline AI2O2, MgO , LiF and
CaF2 were tested with these results, using the Lear-Slegler laser equipment:

2
AI2O2 and MgO in plate form 1-2 mm thick showed surface damage at 100 J/cm , but it was

much more difficult to cause internal damage. The reverse was true for the Si02 and the glass
substrates. In 1.5-2.5 mm plate thicknesses these materials could be damaged internally at
250 j/cm but it was more difficult to mar their surfaces. The threshold for internal damage
to glass fell sharply for thicknesses below 1 mm. CaF2 plates 1 mm thick appeared to have
relatively high surface damage thresholds--possibly as high as 200 j/cm^--but could be

damaged internally at one-tenth this value.

6. Concluding Remarks

Films of different materials evaporated on glass substrates are shown to have widely different
thresholds of ruby laser damage under Q-switched operation with bursts containing a few pulses of
80-240 nsec halfwidth. Thresholds are expected to be functions of pulse width so that the thresholds
quoted in this report should only be applied with this in mind.

With some refinements the methods developed during this study seem to be suitable for routine
threshold determinations, either on an absolute basis using the calibration techniques described, or on
a comparative basis using "standard" coatings with thresholds at the extremes of the damage ranges.

This report has not inquired into the damage mechanism. During the course of the work, however,

there have been numerous indications that it is a thermal effect and that the heat of sublimation,

taken together with absorption in measurable or trace amounts, plays an important role in determining

the level of the thresholds.
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Thin Dielectric Films
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The initial phase of an experiment is presented which investigates the

physical properties of monolayer thin-films before and after intense laser irra-

diation, utilizing electron microscopic techniques. The films will be irradiated

with emission from three high-power pulsed lasers typical of the state-of-the-

art in the uv, visible and ir spectral regions. Specific comments are made of

the problems of calibration and control of laser power on both a time- resolved

and time-integrated basis. The importance of transverse mode control is

demonstrated. Preliminary observations of ZnS layers on cleaved NaCl crystals

are presented.

Key Words: Electron microscopy, ruby oscillator, thin films, transverse
mode distortion, zinc sulfide.

1. Introduction

The research program discussed in this paper is being carried on in Laboratories at USC which
are primarily concerned with laser physics in the areas of solid state and ultraviolet spectroscopy.
We are developing an approach to study the physics of thin film damage which is based upon the

following:

i) producing damage with well defined laser sources at various wavelengths
ii) investigating the simplest structure: a monolayer dielectric film

iii) utilizing the electron microscope as an analytical tool to survey structure as well as
chemical changes induced in these films by laser irradiation.

This approach is different from that of optical design in which multilayered structures of partic-
ular composition are developed to eliminate certain effects assumed to be involved in damage. We
plan to investigate structural damage of the film as well as the deterioration of optical properties;
and finally, attempt to correlate these processes with physical mechanisms. As the work develops,
we will extend our studies to include more complex film structures.

In this paper we will present several points of interest and concern in the initial phases of the
research program. The importance of controlled laser sources will be emphasized and we will dis-
cuss techniques which have been used to achieve single mode, high energy light pulses. We will also
briefly consider the requirements which this program places on the ability to produce uniform, con-
trolled films on the order of 1000 A thick. We wish to point out the need for high film quality when
attempting to evaluate and interpret damage processes, although these criteria are generally familiar
to researchers in this field.

2. Characterization of Laser Sources

2o 1 Requirements

Past studies on laser bulk damage have demonstrated the importance of specifying the properties
of the damaging laser beam, since the morphology of the damage has been a good detector of beam
inhomogeneities. This situation is aggravated for thin-film damage phenomena by the small physical
dimensions of the film layers. The parameters of the beam from a high-power pulsed laser have been
quite difficult to rpecify -- that is, to describe accurately by the electric field vector as a function of

the transverse spatial coordinates (r, ?5 ) and time in terms of distance z from the laser oscillator:
E (r, ?S, z; t)„ Basically this unspecific situation originates from the pulsed nature of operation,
causing the experimenter to have imperfect control over the numerous perturbations possible in the
laser. Further frustration is introduced by the occurrence of damage to the laser components and,
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sometimes, destruction of the measuring devices. Therefore, experimenting with high-power lasers
is somewhat like handling a fire hose of optical power -- it is an important scientific tool when under
control, but can create much misinformation when out of control.

In order to theoretically analyze experimental results, the field should have a smooth spatial

intensity profile over the laser beam, preferably Gaussian, and in addition the temporal pulse shape
must be smooth and uniform over the entire beam. Also, most experiments require that the spatial

and temporal shapes and, to a^ lesser degree, the peak power be reproducible. Instead of just indica-
ting that we need to know E ( r, t ) to do some thin-film physics, we would now like to discuss how
the Solid-State Laser Laboratory at USC determines and controls E ( r, t ) for a high power ruby
laser system. The procedure to be reported here is not to be construed as the only method of con-
trolling high-power pulsed lasers, or even a method unique to our Laboratory. We felt such a pre-
sentation was necessary in order to facilitate comparison of various laser systems and to invite dis-
cussion on the more subtle features, usually unreported, of a high-power laser.

Z. 2 Giant-Pulse Ruby Laser

A schematic of a high-quality giant-pulse ruby laser apparatus is shown in Fig. 1. This design
has been followed for two independent laser systems at USC, and has resulted in the single longitudi-
nal and transverse mode operation. With this apparatus we have attained over twenty megawatts
(peak power) in a single pulse (10 nsec FWHM) with near-Gaussian spatial and temporal profiles.

a. Longitudinal Mode Control

The laser emission must be restricted to a single longitudinal mode to obtain a smooth temporal
pulse shape. In fact, observation of the power modulation of the pulse by a photodetector is a more
sensitive indication of "multimoding" than by examining the frequency content of the beam by a
Fabry-Perot interferometer. The methods of controlling the longitudinal modes have been well
established, and involve operation near oscillation threshold in combination with a bleachable dye Q-
switch and etalon reflector. For our resonator mirror separation of 50 cm the spacing between
longitudinal modes is 0. 01 cm" ^ and laser action can occur simultaneously in many of these modes.
During the formation period prior to Q- switching, the buildup makes several hundred transits through
the bleachable dye. As shown by Sooy [l]^ this large number of transits causes most of the weaker
modes to be suppressed in favor of the more intense ones which occur at the peak of the fluorescence
line. Therefore in a steady- state situation there would be only one mode. This situation is most
nearly approached by operation near threshold (typically, less than 5% above the threshold pumping
energy) for the pulse occurs at the end of the pumping period where the change in inversion (and
therefore gain) with time is at a minimum and the maximum number of transits through the dye have
occurred.

The bleachable dye was a solution of cryptocyanihe in methanol at a concentration of approx-
imately 5 X 10^^ molecules per cm ^

. The cell length was 0.4 cm, although the length was not

critical provided it was shorter than the stimulated Brillouin scattering threshold length [2] . This
solution was changed daily to prevent deterioration of the dye which can occur in a few days. The
liquid was contained in a cell made up of a teflon ring spacer held between a glass window (AR coated)
and the back dielectric reflector (99%). An important benefit resulted from this design in addition to

eliminating extra reflecting surfaces. This benefit was the substantial increase of the damage thresh-
old of the high reflecting dielectric coating by placing it into contact with the methanol solution. No
explanation for this increased damage resistance has been confirmed, although the observation had
been made years before [3].

The mode selection was augmented by using an uncoated glass etalon as the output reflector [4],

The simple etalon is more stable to thermal and mechanical shocks than multi-element resonant
reflectors. No special precautions were needed to match the etalon modes with the cavity modes
since many cavity modes fall within the etalon' s resonance width. The peak reflectivity of the etalon
was 15%; this low reflectivity was found to be desirable because it prevented damage to the dielectric

coatings on the ruby rod and back reflector by keeping the intensity inside the laser at a low level.

For example, with an output reflectivity of 15%, the intensity inside the resonator was 36% greater
than the output intensity, whereas for the identical output intensity using a 3 5% reflector, the internal
intensity would have been 100% greater.

b. Transverse Mode Control

Unlike longitudinal mode control techniques, transverse mode control of pulsed lasers emitting
high powers is generally deficient. In the past several years, many good quality lasers have been
constructed and called "single-mode" giant-pulse lasers. Such a description is not entirely warranted.

Numerals in square brackets indicate literature references at end of paper.
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Theoretically, "single- mode " refers to a stationary condition, yet the duration of a giant pulse is only
a few transit-times of the laser resonator. This inconsistency has been largely ignored because the

experimental far-field patterns from such lasers nearly rep rciduced \hv stationary single-mode TEMqq
pattern on a time-integrated basis [5]. Fig. Z shows a photograph of the far-field pattern of such a

"single-mode"-configured laser. The pattern appears to be the profile expected from a TEM^g mode,
although careful scrutiny of the photographs revealed a discrepancy in that the sidelobes of the diffrac-

tion pattern were more pronounced than predicted.

Several years ago we measured the far-field pattern of a "single-znode" laser on a time-
resolved basis and observed that the intensity radial profile altered significantly during the evolution

of the pulse [6]. The transient behavior of the transverse mode pattern manifested itself as irreg-

ular temporal action when a small portion of the laser beam is viewed through a pinhole aperture.
This irregular behavior is demonstrated in Fig, 3 for a laser having a Fresnel number^ of 1.6. The
Figure shows three oscillograms where the left-hand pulse shows the time development of the beam
viewed through a 0. 14-mm diameter pinhole aperture, and the right-hand pulse shows the develop-
ment of the same beam viewed without a pinhole (delayed 40 nsec). The three oscillograms illustrate

the differing temporal action at three different radial positions of the pinhole aperture. Thus, these

fluctuations are in sharp contrast to the approximate smoothness of the temporal response when
radially integrated over the laser beam. Also, the radial intensity distribution is smooth when
temporally integrated. Due to the presence of this transient behavior of the transverse mode pattern,

this laser can be considered "single-mode" only in the sense that it can oscillate in a single longitu-

dinal resonance.

For background, a brief outline of our present analysis [7] is given for a pulsed laser with

gain saturation. A giant-pulse laser with high gain will usually have a pulse duration of only a few
resonator transit times, (A numerical comparison: with an initial numerical gain of 20, the pulse

duration is about 12 nsec, while for a 50 cm long resonator, the round trip transit time is 3, 3 nsec,

only a factor of four different from the pulse duration. ) During the development of the pulse, the

population inversion of the active medium is rapidly depleted due to stimulated emission. Consequent-
ly, the gain drops from the high initial value to a very small value at the pulse termination. Pumping
of the gain medium is negligible because of the short time duration of the pulse. In all present calcu-

lations, a uniform initial gain profile is assumed. Now, consideration of the transverse intensity

profile of this laser shows that saturation of the gain occurs first.at the radial position where the

intensity is largest; thus, this portion of the profile has an amplification lower than the weaker
intensity regions. Therefore the transverse profile of a pulse propagating through this gain medium
is modified and usually severely distorted from any steady- state profile.

Fig. 4 shows the calculated variation of the intensity profile at the output aperture of a laser

having a Fresnel number of 2. 0 and gain of 20. The pulse initially has a Fox- Li (steady- state) profile

which has a maximum at r = 0. 18a, but by the time the pulse peaks at the center of the aperture the

maximum has shifted to r = 0. 25a due to gain saturation. Only one-half transit time later (1. 7 nsec

later for a 50 cm cavity) the profile has distorted enough to have a maximum at r = 0. 6a. This change,

of the aperture profile gives rise to temporal pulse shapes that differ greatly with radius (Fig. 5).

The on-axis pulse at a distance outside a laser having Fresnel number of 2. 0 is shown in the insert

photograph of Fig. 5 and matches well with the calculated pulse shape. The net result is that this

laser pulse contains local peak power densities of at least a factor of two greater than the spatially

averaged power density. These short-duration intense regions appear to be the so-called "hot spots"

suggested by many workers as responsible for some of the experimental anomalies observed when
using a laser as a source [8], [9].

For resonators having large Fresnel numbers, an arbitrary transverse profile will propagate

for several hundred transit times before reaching a steady-state through diffractive losses. There-

fore in these resonators, perturbations in the profile due to gain saturation will not dampen out by

diffraction during the giant pulse, causing the laser to emit a transverse profile differing greatly from
a stable mode pattern. Also the transverse profile of such a laser will alter during the evolution of

the pulse. Results of an experiment are shown in Fig. 6. Three successive laser shots were photo-

graphed with the only change in the laser configuration being the aperture radius, i. e. , the Fresnel

number. As the Fresnel number is changed from 90. 0 to 4. 0 to 1. 0, the pulse gets successively

2 2Fresnel number is defined as a /LX., where a - resonator aperture radius,

L = round-trip distance between mirrors, and X= laser wavelength.
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smoother. Note that the irregularities become noticeable only after sizeable gain saturation occurs,
which will be near the pulse peak, and these irregularities last for the duration of the pulse since
any perturbations. take many transits to dampen out. It is interesting to note that this type of temporal
behavior has been experimentally observed since the early days of lasers [lO].

For resonators with small Fresnel numbers, the change in the transverse profile is relatively
slow and therefore these profiles approximate the familiar steady- state Fox-L,i modes. In addition,
the spatial distribution is very nearly Gaussian in the far-field in spite of the non-Gaussian character
in the near-field of the aperture. The transient behavior of the transverse pattern was calculated for
a Fresnel number of 0.4, which corresponds to the laser now used in our laboratory. Fig. 7 plots
the intensity profile at the output aperture. Fig. 8 plots the phase profile and Fig. 9, the temporal
pulse shape. Good agreement between observed and predicted transverse structure was obtained;
Fig. 10 shows the intensity at the beam center (leading pulse) and the spatially integrated pulse (de-
layed pulse). Therefore, by making the Fresnel number small, we could achieve profiles close in
appearance to the familiar Fox- Li modes.

Presently, we are searching for criteria which will delineate the existence of the transient
behavior of transverse modes. One such criterion that has been proposed by us is that transient be-
havior will be negligible when the product of initial gain and Fresnel number is less than a certain
dimensionless number. Our preliminary study indicates that this number is about 15. For our ruby
oscillator, we determined the initial gain to be near 20 and therefore we operate with a Fresnel
number of 0.4.

The exact transverse profiles emitted from a pulsed laser will depend on the character of the
pulse buildup and hence on the method of Q- switching the laser. When switching by a bleachable dye,
the pulse will initiate from a Fox- Li condition since prior to bleaching the transverse intensity profile
approximates a steady- state solution. In general, other methods of Q- switching will yield different
results and, in particular, we have not yet found a procedure to obtain single-mode performance by
electro- optic Q- switching. Therefore, the use of a bleachable dye for Q- switching is important not
only for simple longitudinal mode control but also for controlling the transverse modes.

c. Resonator Optics

(1) Laser Rod and Pumping Optics:

The oscillator laser rod is a 3/8 x 4" Czochralski ruby, 0. 03% Cr doping, grown by Crystal
Products Department, Union Carbide Corp. Other "select" grade rods of higher doping have been
used, but the 0. 03% doping level leads to superb optical quality. The radial surface is slightly rough-
ened and the ends were flat, parallel and antireflection coated with MgF2. The rod was held in a

precision-bore pyrex glass sleeve which in turn was held in a gimbal mount fastened to the optical

bench. The initial temperature of the ruby was near 7°C and the particular temperature for each run
was controlled to within 0. 5°C by using a thermistor-actuated temperature controller. The temper-
ature control was necessary in order to achieve the desired reproducibility of the laser output.

The pumping optics consisted of a polished aluminum double ellipse with a linear flash tube

(EGSfG, FX-45C-6) at each outer focal line and the ruby at the center (common) focal line. The flash

tube assembly was mechanically decoupled from the resonator optical components by a vibration

isolation table. With this mechanical isolation, optical alignment could be maintained for many days.

(2) Aperture:

A circular aperture in the cavity reduces the Fresnel number which is required since a smooth
spatial profile is primarily the result of regulating the transverse mode structure. Therefore the

performance of the aperture is very important because scatter back into the ruby would prevent the

necessary mode control. At first we used accurately- machined brass apertures, but it became quickly

apparent that they scattered and damaged easily. Therefore, after some considerations, we speculated

that truncation of a highly-polished hollow cone would produce an ideal aperture for high-power lasers.

In thermal physics it is well known that a polished hollow cone with a small angular opening approx-

imates a black body [ll], and is called a Mendenhall wedge. Experimental results bore out the

speculation and we call such an aperture a "Mendenhall aperture. " Fig. 11 shows that the light

intercepted by the Mendenhall aperture is reflected into a widely diverging cone in the forward direc-

tion. In contrast, the brass apertures made in our Laboratory diffused most of the intercepted light
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backwards. For our laser, the aperture was an "olive hole" in polished carbide (1 mm dia. ) and was
located such that the surface toward the ruby was the polished cone. ^

(3) /\lignment Procedure:

The laser output depends very critically on the cavity alignment particularly for the plane

mirror configuration. We have noted that various optical alignment techniques utilizing collimators

or gas-laser interferometry are not sufficient to align the giant-pulse ruby oscillator. We use now a

technique which we call "dynamic alignment" because the method involves operating the laser, distinct

from the other passive optical techniques. We scan the far-field pattern using a small pinhole and
compare the temporal pulse shapes at points placed symmetrically about beam center. If the cavity
is not aligned, the pulse will not be uniform across the pattern and the comparable shapes will be
different. Generally, the pulse width increases monotonically from one side to the other, and the

pulse peak occurs at differing times. This deformation is especially evident near the wings of the

spatial pattern. Alignment is achieved by making small adjustments to the front reflector while

observing the resultant changes in the pinhole scan. These adjustments can be easily made with a

differential screw mount for the front reflector. The misshapen temporal character was due to

walk-off of the beam during Q- switching, and can be only properly controlled by the dynamic align-

ment.

3. Near Field Diffraction of Giant-Pulse Laser

If the output of the laser had an ideal Gaussian spatial profile, the beam would just diverge

into the far field without undergoing any complicated profile changes. Instead, as shown in Fig. 7 for

our laser, the beam profile is a Gaussian cut off near its half-power value. This truncation produces
sidelobes on the far-field pattern and structure within the main lobe in the near field. The diffraction

patterns of such truncated Gaussians have been calculated [l2], [13] and the effect of truncation was
found to be important when the aperture radius was less than twice the spot size of the Gaussian.
Fig. 12 shows how the intensity at the center of the pattern varies with distance from the aperture for

several cases of truncation. The on-axis intensity oscillates in the near field and then, beyond a

certain distance, the intensity decreases by the inverse- square law. Fig. 13 shows two photographs
of transverse patterns in the near field of our ruby laser. Photographs A and B correspond to the

near-field patterns at the distances A and B labeled in Fig. 12. Thus, in the near field, diffraction

causes spatial nonuniformities in the beam by nearly an order of magnitude. To avoid these non-
uniformities we need to place the test samples in the far field of such a laser.

A convenient parameter to associate with aperture diffraction is the Rayleigh distance [14]

which is defined as 2a /X, . Rayleigh distance sets the scale of the axial distance from a radiating

aperture, and therefore performs as the Fresnel number except that it applies to single apertures

instead of resonators. Diffraction at one Rayleigh distance from the aperture locates the pattern in

the transition region between the near and far fields. (Numerical example: for a 1 mm dia. aperture

the Rayleigh distance is 72 cm and the distance A is 18 cm. ) Fig. 14 shows the diffraction pattern of

our laser at 3 Rayleigh distances with three different exposures. The central disk is nearly Gaussian
and, in the overexposed pictures, the clarity of the rings appraise the fidelity of the phase front.

The pictures of Fig. 14 were taken with a 12 nsec pulse having 0. 5 megawatts peak power and appear
remarkably like that of a gas laser.

4. Optical Isolator

We recently constructed an isolator capable of withstanding one gigawatt/cm laser pulses.

This isolator will prevent damage to the oscillator components by any intense backward traveling

radiation. This radiation can originate from the breakdown plasmas and stimulated Brillouin scat-

tering as well as the ever present spurious reflection. The isolator follows the usual design [l5],

[l6] except NaCl was chosen as the Faraday material due to its high damage threshold [17], The
Verdet constant of NaCl at 6943 K is 0. 278 min Gauss" -^cm' [18]. A peak magnetic field of 18,6 kG
is applied in a pulse to a 5, 22 cm long NaCl crystal. Fig. 15 illustrates the isolator and the oscillo-

gram shows the time varation of the solenoid current and the rotation angle (using a 6328 ^ gas laser).

The required condition for 45 rotation is maintained for nearly four milliseconds,

3Commerical tools closely resembling the Mendenhall aperture can be obtained from
R. P. Gallien & Son, 220 West Fifth Street, Los Angeles, Calif, as carbide wire dies.
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5, Ruby Amplifier

Recently we built and tested a laser amplifier having a weak- signal gain of 45. The amplifier
rod is a 1/4 X 6" Czochralski ruby, 0. 05% Cr doping, grown by Union Carbide Corp. The ends are
antireflection coated and wedged one-third arc degree to prevent resonant depumping. The initial
temperature of both oscillator and amplifier rods were identical before each shot. The polarization
alignment of the two rubies was more critical than antipicated, and the tolerances on the adjustment
are demonstrated in Fig. 16. The principal planes, the planes containing the ray and the optic axis,

of both rods must be aligned to within one-quarter arc degree to achieve a reasonably smooth output
profile. A further difficulty was observed which at present is not completely understood although it

has been overcome. An unfocused input pulse resulted in an amplified pulse which had a profile
similar to the near-field- like doughnut pattern. We found it necessary to focus through the amplifier
rod with a 33-cm focal length lens in order to obtain a smooth amplified profile. The resultant pulse,
when recollimated after the amplifier, has a smooth spatial profile. In this manner 20 MW laser
pulses having near-TEM^^ profiles were consistently produced.

6. Thin Film Studies

The thin-film research program is presently in the preliminary stages of characterizing dam-
age in monolayer films. Although these studies are just beginning it will perhaps be useful to outline

the experimental procedures being developed for this purpose, and then discuss the application of these
techniques to ZnS films

In the initial experiments, monolayer thin-films of several common laser-coating materials
(selected from MgF2, ZnS, ThOF2, Si02, AI2O3, Ti02) will be prepared by vacuum deposition onto
cleaved NaCl substrates. NaCl crystals will be used because they provide a high damage threshold
material [l7] and also permit simple preparation [19] of the monolayer film for examination by trans-
mission electron microscopy. Resistance heat and electron beam evaporation will be used to deposit
these films at deposition rates which are consistent with present laser mirror coating procedures.
Film thicknesses will range from one-quarter to one-half the wavelengths of lasers to be used in these
experiments; and evaporation parameters will be changed to study a variety of film structural char-
acteristics. Replication of the substrate surface properties by the film will be monitored in prepara-
tion for later experiments on substrate effects. In particular, we' have observed that NaCl substrates
must be carefully prepared to avoid surface discontinuities.

The transmittance and reflectance (both specular and diffuse) of the films on the NaCl sub-

strates will be measured using available standard commercial instruments and from these measure-
ments, the film absorption coefficients can be determined at the laser wavelengths. These films will

be irradiated with emission from three sources; the nitrogen amplifier (3371 A), the ruby laser

(6943 R) and the neodymium/ yttrium aluminum garnet laser (10642 R) which are being used in our

laboratories as standard research tools. The variation of optical properties with radiation flux densi-

ty and wavelength will be observed at the laser wavelengths and the spectral distribution of the trans-

mittance will also be monitored to provide an indication of induced photochemical changes.

The optical parameters will serve primarily as useful indicators of changes in the film struc-

ture which occur during exposure to the laser sources. The physical and chemical changes will be

studied in greater detail by using the techniques of transmission and scanning electron microscopy.

Following laser irradiation and optical testing, we will obtain micrographs of the surface topology

of the film on its substrate which can resolve structure on the order of 200 R.

After the scanning electron microscopy, the thin film deposits will be removed from the NaCl
substrates by immersion in distilled water which allows the film to float free. All the films to be

studied initially are water insoluble and easily lend themselves to this technique. The laser irradi-

ated areas will be separated from the floating film and placed on standard 200 mesh copper specimen

grids. These films may then be examined using a Hitachi HU 125 electron microscope available to

our research program. Micrographs obtained with transmission microscopy and also from electron

diffraction patterns will permit us to observe the physical and chemical variation in the damaged and

undamaged sections of the film. The correlation of data obtained in both scanning and transmission

microscopy will extend the use of this analytical tool to the characterization of thin film properties

on substrates which are currently being used commercially.
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Several electron micrographs have been taken to examine the deposition characteristics of

monolayer ZnS films and the results are presented in Figs. 17, 18 and 19. The importance of these
preliminary pictures is the implication that these techniques can provide a wide range of information
useful to the analysis of damage processes. The film shown in Fig. 17 indicates a uniform deposition

on the scale of 1000 &. The blackened grains result from the diffraction of electrons away from the

photographic surface and yield a rough indication of the grain size, in this case approximately 100 R.

This is particularly sensitive to evaporation procedure as shown by the micrograph of a similar film

in Fig. 1 8. In this case a slightly different configuration of the evaporation boat has produced a

generally larger grain size and an obvious defect in the film surface. Finally, Fig. 1 9 is an electron
diffraction pattern obtained from the uniform film described above. It shows the characteristic struc-

ture associated with the zincblende phase and yields a clean background on which to observe possible

indications of chemical change in the material.
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ruby oscillator

Fig. 1 Schematic of the high-power pulsed laser system

Fig. 2 Photograph of the far-field pattern of a giant pulse from a ruby laser

Fig. 3 Oscilloscope traces illustrating the transient behavior of the transverse mode pattern for a

laser with a Fresnel number of 1.6. Leading pulse of each oscillogram shows a pulse viewed

through a pinhole and the delayed pulse is the spatially integrated behavior of the same pulse.
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Fig. 4 Normalized intensity profiles at the out-

put aperture of a resonator with a Fres-
nel number of 2.0. Profiles at the time
the pulse peaks at the center of the ap-
erture and one-half transit time later
are compared with the initial profile.
Ref. [7]

Fig. 5 Temporal pulse shapes at several radii in

the output aperture plane of a resonator
with a Fresnel number of 2.0.

Fig. 6 Oscilloscope traces of three successive Fig.
laser shots with only the aperture radius
varied to give Fresnel numbers of 90.0,
4.0 and 1.0. Time scale is 20 ns/div. A
small central portion of the output beam
was detected through an external pinhole.

\

I
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7 Normalized intensity profiles at the out-

put aperture of a resonator with a Fres-

nel number of 2.0. Profiles are at the

pulse peak (in time) for numerical single-

pass gains as shown
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Fig. 8 Phase profiles corresponding to the in-

tensity profiles shown in Fig. 7.
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Fig. 9 Temporal pulse shapes at several radii in

the output aperture plane of a resonator
with Fresnel number of 0.4
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Fig. 10 Oscilloscope trace (20 ns/div) showing

intensity at the beam center (leading

pulse) and spatially integrated re-

ference (delayed pulse) for gaint-puls

laser with Fresnel number of 0.4.
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Fig. 13 a. Near-field photograph of intensity showing the ring pattern corresponding to two Fresnel

zones. Photograph taken with a giant-pulse laser with a Fresnel number of 0.4.

b. Near-field photograph showing the pattern corresponding to three Fresnel zones.
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Fig. 15 Schematic of optical isolator for high- Fig. 15 Radial profiles of the output pulse from
power laser. Operating characteristics a ruby amplifier showing the effects of

are demonstrated on the oscilloscope polarization misalignment,
trace: i is the current to the solenoid

and 9 is the rotation angle where the

flat portion corresponds to a 45° rota-

tion.

Fig. 17 Transmission electron micrograph of a

quarter-wave (6943 %) film of ZnS . Note
the 2000 A scale on the left of the

photograph

.

Fig. 18 Electron micrograph of a thin film of

ZnS deposited by a method only slightly

different from the deposition method used

for Fig. 17
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Fig. 19 Electron diffraction pattern of the film in Fig. 17 demonstrating the zincblende structure

of the ZnS grains.

COMMENTS ON PAPER BV LARRV PESHAZER

In onde-fi to IndiiKz good bnam quat^ty i^t UJa6 ntcn^icifiij to altgn thz oic^lZato^ and
amptt{i-ie.K In tht6 tMo^k to M^thln than a qu-dfitzn. a de.gn.ze-. Tht-i htgk pn.e.at6-Lon

0 d attgnme.nt wa4 aakA.e.ve.d by u-i-ing cl polaxticopz ttZumtnatzd with a heltam nzon taitfi.
Vunlng the. d-itcaiiton -it iMai, alio pointed oat that unte.6A the ayt-lndfL-iaal axei o the
oiclllatoK and amplt^^tzn. ate vety accufiatety aZlgne.d, i,e.ve,Ke dtitottto n can n.e.6ult {^tom

th& Kziuttant ai,ymmetKtc theimaZ Izmtng.

136



An Investigation of Laser Induced Damage to four Different Single
Purpose Anti-Reflection Coatings on Fused Silica Substrates

R. Russe] Austin
Perkin Elmer Corporation

Norwalk, Conn. 06852

and

Arthur H. Guenther
Air Force Weapons Laboratory

Kirtland Air Force Base
Albuquerque, N. Mex. 87117

The one shot laser induced damage threshold of four typical anti-reflection coatings is reported.
A damage correlation is attempted on a comparison with the residual stress developed in single and

multilayer systems. The coatings studied were ^ qI h 0^^ = 1.06 Pm) layers of a, MgO - MgF2; b, MgF2 -

Si02 - MgF2; c, MgF2 - ThF^ - MgF2; d, MgF2. All thin films were electron beam deposited on quartz
substrates and both entering and exiting damage thresholds were determined. In terms of damage resis-
tance for entering laser irradiation b > c > d a and for the exiting case b > d > c > a. Damage
thresholds were in the range of 1 to > 2 GW/cm^ for a 30 nsec FWHM pulse P 1.06 Urn over a 3 mm
diameter area. The morphology of damage is presented through the use of Nomarski Differential
Interference Contrast Micrography and Scanning Electron Microscopy (SEM)

.

Key Words: Anti-reflection coatings, laser damage, microscopic damage,
morphology of damage, scanning microscopy, thin film stress.

1. Introduction

1.1. Film System Fabrication

Several studies [1,2]^ have been undertaken to determine the resistance of various materials in

thin film form to high energy laser radiation. The most comprehensive of these studies by

A.F. Turner [1] and his co-workers at Bausch-Lomb catalogues a rather complete selection of commonly
used filming materials and their relative damage thresholds.

It is evident from these studies that there are certain properties of materials that are important
in determining to what degree they are resistant to laser damage. The relative contribution of some
of these properties are inseparable and it is therefore almost impossible to make an accurate
prediction of the damage threshold solely on this basis. In any event, the whole range of damage
thresholds of the common filming materials is covered by slightly more than an order of magnitude.
When one considers some practical aspects of film formation, it is fairly evident particularly for

multilayer reflectors which materials are recommended for use to afford the most damage resistant
system.

Turner states that the damage threshold of thin film materials can almost completely be cor-

related in terms of their heat of sublimation, suggesting that the damage mechanism is primarily a

thermal effect. The purpose of this study was to investigate certain multilayer systems in an

attempt to determine whether or not any more subtle modifications of the damage thresholds might
be the result of structural parameters of the film system.

In particular, a study is made on the basis of residual stress developed in single layers and

systems. A seemingly simple problem is considered; that is how to provide the best anti-reflection

coating for quartz optics in a high power 1.06 ym laser system. As the system is destined for field

Figures In brackets Indicate the literature references at the end of this paper.
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use in less than ideal conditions, we are concerned with establishing a matrix of film system
properties such as reflection efficiency, adhesion and durability in addition to the laser damage
threshold so that the optimum coating for this purpose can be selected.

2. Stress Effects in Multilayer Systems

Evaporated films of dielectric materials develop internal stresses upon condensation. The
mechanism of the stress formation is relatively complex and will not be discussed here. Depending
primarily on the film materials, the stresses can be tensile or compressive and these stresses play
an important role in determining the mechanical integrity and reliability of a film or multilayer
system.

In the majority of materials which are highly stressed in film form, the internal stress will
continue to increase with thicknesses until the film breaks up or disrupts in some way. The thick-
nesses at which this occurs is called the disruption thickness and is, like the stress itself,
dependent on deposition conditions to some extent. Multilayer systems with alternating films of

compressive and tensile stress can be built up to a total thickness far in excess of the disruption
thickness of either component. Thus one makes use of stress relief or compensation.

In our design consideration, materials were selected which in single film form have damage
thresholds relatively close to each other, but have vastly differing stress and mechanical properties,
in an attempt to determine the effects of these structure properties on the laser damage threshold.

3. Choice of Materials and Designs

Turner tabulates (this proceedings) the damage thresholds and refractive indices of the commonly
used film materials. Threshold values are given in Turner's data and should be treated on a com-
parative basis to avoid confusion with the test results from the experimental conditions described
in this paper. Also shown in his paper are the general stress properties of the materials.

Using the three (3) most resistant materials; ThOF2, Si02 and MgF2 , three anti-reflection
designs were selected. One, simply a single layer of Magnesium Fluoride, and two (2) three layer
designs, using Magnesium Fluoride in combination with the Thorium Fluoride, and Magnesium Fluoride
in combination with Silicon Dioxide. The other design selected was a classical two (2) layer design

using Magnesium Oxide, one of the lower threshold materials, in combination with Magnesium Fluoride.

The form of these designs is shown schematically in Fig. 1. In Fig. 2 the designs are tabulated
along with some of their essential properties. The measured reflectivity was determined by a

Gary Model 14 Spectro-ref lectometer employing a semimicro specular reflectance attachment. This
instrument operates at an acceptance cone angle of 23 . Figure 3 shows the theoretical spectral
performance of the designs in the region of 1.06 um.

4. Practical Aspects of Film Deposition

The fused silica substrates used for the experiment were cut from a larger piece of fused silica
which was of photographic window quality. Each of the samples therefore had a wavefront deformation
of less thanX/10 (at the interferometer wavelength 6328 A ) with less than one arc second wedge
between the front and rear surfaces. The larger piece of fused silica has previously been checked at

a surface code (scratch-dig) of better than 80:50. In any event, the surface of the test substrates
were identical as nearly as possible. All substrates were prepared simultaneously and stored in a

clean cabinet after cleaning. All of the coatings were performed within a span of 24 hours.

All films were deposited from an electron beam evaporator onto substrates maintained at 250''C.

The pressure during deposition was held at 2 x 10~5 torr. Substrates were rotated, during deposition,

in a planetary type jig; this is typical of nominal production practice. No attempt was made to

control the stress of the film systems by choosing a certain set of deposition parameters. Experience
shows the lower tensile stress films could be deposited if substrate temperatures were raised to higher

levels, i.e. 300°C or SSO'C, however, certain of the heavier optical glasses will discolor if they are

heated in vacuum at high temperatures, 250°C is the safest temperature for production use consistent
with an adequate degree of durability.

The choice of electron beam evaporation was made so that a common deposition method could be
used for a!l designs. This method is almost mandatory for the Magnesium Oxide and Fused Silica

materials but the Magnesium Fluoride and Thorium Fluoride materials can be readily evaporated
from radiant heated or resistant heated sources.
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5. Stress Measurements

Although it has been planned to use an in process stress measuring interferometer [3] to
determine the film stress, lack of time prevented the setting up of the instrument and it was
necessary therefore to measure the stress in the systems by observing the deflections produced when
the films were evaporated on the surfaces of good optical flats. Figure 2 shows measured values
of the net stress as measured for each design type.

The relative values of designs a, b, and d were in line with expectations as shown in Fig. 2

with the exception of design b. (In the case of design b the stress is so low that the tolerance
of reproducibility probably lies on both sides of zero net stress).

The net stress of design c was considerably less than expected. Inspection of the film surface
by the Nomarski Differential Interference Contrast Microscope showed the presence of a crazy quilt-like
pattern of tiny cracks indicating that the system was close to disruption thickness, and that some
stress relief had taken place as a result of this cracking. All films exhibited very few pinholes
and entrapped dust particles. Those that were identifiable were randomly scattered over the total
surface area.

6. Experimental

For the laser damage threshold measurements, a high brightness 1.06 ym glass laser was employed.
The oscillator-amplifier system emitted in excess of 10 joules in a single 30 nsec FWHM pulse. The
total beam intensity distribution is essentially flat topped with an rms intensity fluctuation of 8%
over > 90% of the total energy output cone.

An experimental arrangement as shown in Fig. 4 was used for all sample irradiation. The laser
system was operated at a constant pump level to insure maximum stability in experimental exposure
conditions. Under this restraint the laser output and beam quality as measured by its total divergence
( '^'5 mr) [4] and intensity distribution was reproducible to between 2 and 3%. To vary the power
density, homogeneous Schott filters were inserted before the combination 4 m and 6 m focusing lenses.

In order to afford good sampling of surface imperfections, an irradiation area 3 mm in
diameter was selected. This would insure that results would be representative of large area damage
threshoWs with a sufficient probability of occasionally encountering pinholes, dust particles or

localized high stress regions. The 2.54 cm x 2.54 cm x 0.64 cm fused silica substrates with coatings
were inserted at an angle of 17° off normal to the incident laser beam to eliminate feedback into

the laser. These dimensional conditions permitted nine (9) non-interfering exposures on each sample.

Since these samples were thin film coated on both surfaces, it was deemed desirable to study
both entrance and exit surface thresholds; therefore, the samples were placed upstream of the focus
of the incident radiation. For this geometry, the exposed area on the entrance surface was 0.087 cm^

and 0.079 cm^ on the exit surface. In this manner power density was approximately 10% higher at

the rear surface. Thus, it was expected to first see rear surface damage and then front surface
effects.

To insure limiting the beam to an approximately 3 mm diameter, a one (1) cm aperture was placed

in the focusing beam at a position to define the desired exposure area. This condition resulted in

the manifestation of an intensity distribution at the sample due to diffraction at this aperture. The

resultant intensity distribution, [4] while quite reproducible, is shown in Fig. 5. The intensity

distribution is slightly skewed to one side probably due to the action of the rotating mirror Q-switch.

From this known intensity distribution a peak and average power density is calculated. To complete the

experimental arrangement as shown in Fig. 6 two photodiodes were employed in the system. One

recorded the incident power as a function of time and total energy in the pulse. The other served to

accomplish the same measurements on the transmitted radiation to record any plasma absorption. Typical

traces are shown in Fig. 7 . Furthermore, all sample exposures were visually observed through a

1.06 pm blocking filter to detect the formation of any visible plasma.

Before insertion in an adjustable x-y mount for exposure each sample was cleaned by pulling a

Kodak lens tissue wet with spectral grade ethyl alcohol across each face once. No detectable water

droplets or surface impurities were noted upon observing the evaporation of the residual alcohol film.

7. Damage Results

Detectable laser induced damage to the anti-reflection coatings was always accompanied by the

observation of a visible breakdown plasma. The damage levels given later are consistent with both

plasma generation and the production of detectable surface damage. Unfortunately, there was an in-

sufficient variety of good quality attenuation filters available to define a more specific damage

threshold, or to indicate the reproducibility of that damage level. In general, two exposures were
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recorded for the highest level with no damage, two exposures at lowest level of front surface damage
and two exposures at lowest level of rear surface damage.

For samples a, b, and c, the rear surface damaged first and subsequently at higher power levels
both front and rear surface damage was evident. For the single layer MgF2 coating while the first
detectable damage was at the rear of the sample (recall on any given exposure power density is 10%
higher on rear surface than that of the front) , this was followed by damage only at the front surface
for slightly higher total incident power levels. Only at extreme power densities did both front and

rear surface simultaneously exhibit damage on this sample. Only under this high level loading was
there any detectable change in the shape of the transmitted intensity signal, as indicated in Fig. 7.

Results of these experiments are given in Fig. 8. The accuracy of the peak power flux is 'V' + 7%

and '\/ + 4% in the average power flux. The more meaningful damage value is that of peak power flux. On
this basis one can rate the relative laser resistance of the tested coatings. For exiting radiation at

the rear surface b> d >c >ain order of decreasing damage threshold, while for incident radiation on
the front surface of the rankings in like manner isb> c> d'^' a. Thus, it is seen that the MgF2 and
Si02 three layer coating is the best as far as single shot damage resistance and the classic two layer
MgO, MgF2 is the worst. It is indeed unfortunate that one is limited to 0.5% reflectivity for coating
b compared to 'x- 0.2% for coatings a and c.

While it is impossible to unambiguously relate the damage resistance with either net stress or
reflectivity, one should note that the most damage resistant coating was that one which exhibited a

net compressive stress. Furthermore, one might draw the conclusion that, had not coating c undergone
stress relief, it may have damaged at a lower level. However, this is mere speculation and would
require additional testing perhaps at 0.69 ym where one could probably produce an anti-reflection
coating without exceeding the disruption thickness. One can state that exit damage occurs at levels
less than entrance damage except in the case of single layer MgF2.

8. Morphology of Observed Damage

Each irradiation area was carefully examined to determine presence and extent of damage. A
complete survey was accomplished using a Nomarski Differential Interference Contrast Microscope, at

magnifications from 'V' 50 X to 800 X (Figs. A through N) . Each sample was photographed prior to

exposure at both low and high magnification with both polarized and unpolarized light. The only
observable features were those already mentioned that is, random pinholes and entrapped dust particles
and the crazed appearance of sample c.

It is extremely difficult to catalog and identify the precise cause of numerous types of failure
observed in the several hundred photographs obtained; however, a number of typical damage areas were
selected and are presented in the following reproductions. It is important to note that there are
many more types of laser induced damage to thin films as compared to laser induced damage in optical
substrates or elements. The code designation is x(y,z) where x is picture identification, y is thin
film system tested and z is entrance (F) or exit (R) surface. Easily identified are features
indicative of stress relief by cracking, generally radial splitting of MgF2 layers, pitting of sub-
strate, effects due to included dust particles, layer stripping, melting and flaring of material,
as well as glass fracture.

In addition to the Nomarski Differential Interference Micrograph examination, an examination was
performed using a Scanning Electron Microscope. This examination revealed more detail of the relief
of the damage sites than did the Nomarski examination, and because the samples were overcoated there
was little confusion as to which layer the detail belonged. Sixteen micrographs are presented for

discussion, the identification nomenclature for the micrographs is the same as that used in the

Nomarski discussion.

Concerning the glass fracture records, in ideally brittle materials, surface free energy is the

only mode of energy dissipation during fracture propagation. In amorphous solids such as glass and

polymers, the energy dissipation or the fracture energy per unit crack extension, y , is directly
related to the geometry of the fracture surface, i.e., y increases with surface roughness. Generally
in glasses this surface roughness takes the form of the commonly observed rib or hackle structure. The
rib structure or river line pattern is usually observed during the initiation period of crack propa-
gation, or the reinitiation period after the crack has been arrested. The formation of these roughened
surfaces is considered to be the cause of the relatively high value of fracture energy at the initia-
tion of crack growth. The development of hackles is attributed to the formation of microcracks ahead
of the main crack and in planes which are not coplanar with the main crack. These surface irregular-
ities absorb larger energies than the relative increase in surface area would indicate and the

intensity of roughness increases with increased fracture velocity and, in most cases, with an increase
in temperature.
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9. Some General Comments

It is unfortunate that the best film system from the point of view of damage resistance and

mechanical durability (design b) is not a particularly good anti-reflection coating. This exercise
does then indicate that in some circumstances trade-offs may need to be made if one particular
property e.g. reflectivity, environmental durability, scatter, damage resistance, etc. is preferred.
Damage here must be defined in terms of specific requirements. Is it an increase in scatter, decrease
or increase in reflectivity, physical failure of film system, etc? The coatings tested do not
represent all of the possible solutions to the problem by any means, simply the more common approaches,
including those with potentially the highest damage thresholds.

The damage thresholds measured on the design c are surprisingly high, considering that the film
system was badly cracked before irradiation with the high energy pulse. There is not doubt that the

film system would be mechanically unsound, particularly in high temperature and humidity condition.
Were it not for this point of weakness, the film system would be eminently suitable for the purpose
considered, and well within the fabrication capabilities of the majority of commercial coating
operations even those without electron beam gun capability.

It has been clearly demonstrated that damage can originate at included foreign particle sites.

There is a suggested correlation, therefore, with bulk damage of optical materials due to particulate
inclusion. In all probability an analysis similar to that of Bennett [5] and Hopper, Lee, and Ulman [7]

should be accomplished to arrive at the most damaging particle size in relation to the thin film
system employed. There is an excellent starting point in the recent work of Pearson [7] who has
presented some elegant electron micrographs of the cross-sectional structure of multilayer systems.
These micrographs conclusively exhibit that entrapped particles or substrate surface features are

faithfully reproduced through numerous additional layers leading to irregularities in the structure
of individual layers. The decrease in damage threshold attributed to dust particles strongly recom-

mends careful cleaning of the substrate and a high degree of cleanliness in the coating chamber by a

glow discharge or other low energy bombardment scheme.

The microscopic surface studies have revealed a wealth of information about the character of

damage to film systems, in particular to the role of the internal stresses and stress relief mechanisms.

Although the range of coatings tested was insufficient to obtain a quantitative relationship between
internal stress and damage threshold, there is a wealth of evidence to indicate that it does in fact

influence the damage threshold particularly on exit surfaces. On the highly stressed film samples

(design C) the difference in character of the entrance and exit surface damage was very clear.

Those cases, where damage is attributable to a nucleus on the substrate or in the film system

suggest there is a strong case for investigation of the influence of scatter on damage thresholds.

10. Suggestions for Further Study

This paper is a very general one which exposes a multitude of problems and effects simply as a

result of tackling a seemingly straightforward design problem. The results suggest further detailed

work which may well lead to a very sound definition of the laser damage problem and hopefully to

prediction of the ultimate limits of damage resistance for specific coating types. Some suggestions

are outlined in the following paragraphs.

10.1 Definition of Damage Threshold for one Pulse (Pj^) and

Threshold for an Infinite Number of Pulses (P^,

)

Bass [8] describes experiments with crystalline materials wherein the above levels are determined

for LiNb03 and Ba2NaNb50j^5. In the case of LiNb03 these levels are separated by two orders of

magnitude. These values should be determined for materials in single film form and combined in

certain multilayers. It will also be interesting to determine the effects of parameters such as

scatter and stress on the separation of the two values and the transition one to the other. The

same experiments will also serve to determine the effects on the absolute maximum damage threshold

if one uses the recommended TEM^ mode for the damage producing laser.

10.2 Effects of Scatter

In order to best understand this, it would be advantageous to separate two scatter effects, that

of scatter from surface roughness; and that due to presence of solid particulate matter in the films.

The first experiment would be a relatively simple one to arrange. Films will faithfully

replicate the surface of a substrate, and a set of substrates having a range of different scatter

values can easily be made by using different grit sizes and polishing times. This experiment does

have the drawback that it is only really suitable for scatter values higher than those one might

expect from the internal scatter of the films so that the true surface effect could be isolated.
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Internal coating scatter is kept constant by cooling all samples simultaneously. The authors intend

to determine damage values as a function of bare substrate finish in the near future. It is their

intention to investigate mechanical, chemical, and ion polished surfaces.

The second experiment is more difficult and may require some ingenuity in order to be able to

produce internal scatter values at will. Substrates used in this experiment would ideally have the

lowest possible scatter in order that film effects might predominate.

10.3 Damage Thresholds of Chemical Mixtures

It can be seen from Turner's [1] data that the majority of useful medium index materials have
damage thresholds lower by a factor of 3 or 4 than the low index materials. This tends to exclude
the use of classic double quarter wave design which requires a medium index film as the first film in
the design. Design "a" in this study is such a design, and this was the least damage resistant
sample tested.

Medium index materials can be produced artifically by mixing high index and low index materials
in the vapor phase. This method has also been used [9] to produce stress free layers by mixing
tensile and compressive components.

Zirconium Oxide and Silicon Dioxide are prime candidate materials and would in fact produce
films with low net stress. Damage threshold versus mixing ratio of these two materials should be
investigated

.

Although the damage thresholds of the very high index materials, such as Ti02, are much lower

than Zr02, it may still be possible to form a resistant mixture with SiOj because of the small
proportion of Ti02 which will be required to produce the medium index. The reflectivity variable
could be eliminated from these studies by using A/2 o.t. films.

10.4 Inhomogeneous Film Systems

The evidence of damage at interfaces shown throughout this study presents a strong case for the
investigation of the Periodic Inhomogeneous Multilayers discussed at the Miami meeting. This work
will be undertaken during the next 9 months.

10.5 Additional Suggested Investigations

The following suggested studies should lead to a very clear understanding of the influence of

various additional factors. It would be useful to determine the damage threshold for identical
multilayer systems deposited on various substrates; afterall what one is interested in ultimately is
the damage resistance of the total composite i.e. film system and substrate. A useful theoretical
study would be to compute the electric field intensity distribution of multilayer systems under
laser illumination and determine if this quantity is not the most appropriate for correlation with
observed damage in multilayer systems. An obvious study is to compare the damage resistance of

identical film systems deposited by the various deposition techniques employed today, e.g. sputtering,
e- beam heating, thermal evaporation and perhaps chemical deposition. Finally, a study of particular
use to the laser industry is related to the damage in high and medium reflectivity coatings as well
as the low reflectivity coating treated here. These should then be compared to liquid immersed and
optically contacted thin films as well as optical cements.
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Fig. 1 Schematic representation of evaluated anti-
reflection films.
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Fig. 4 Experimental arrangement for sample

irradiation

.

DESIGN MATERIALS

MEASURED
REFLECTIVITY

1 06 pm DURABILITY
ANTICIPATED
NET STRESS

MEASURED
NET STRESS

0 MgO. MgFj 0 30 % Excellent
Moderate

Tension

1990 Kg/cm2
Tension

b MgFj , SiOj 0.70 % Excellent
Low
Tension

71.5 Kg/cm^
Compression

c MgFj , ThF, 0 16 % Good
Extreme
Tension

1148 Kg/cm^
Tension

d MgFj 1 . 96 /. Excellent
Higli

Tension

2850 Kg/cm^
Tension

Fig. 2 Important properties of tested films and

net stress for various film designs from

beam deflection measurements.

THEORETICAL SPECTRAL PERFORMANCE OF DESIGNS o.b.c.d
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Fig. 3 Theoretical reflectivity of tested films

in the region of 1.06 M-m.

Fig. 5 Two-dimensional intensity distribution at

the entrance surface of sample. Increasing

intensity is indicated by white-gray-black

sequence

.
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Fig. 6 Photograph of exposure area and active

optical diagnostics.

SINGLE EXPOSURE DAMAGE THRESHOLDS in GW/cm^*

DAMAGE EXIT SURFACE ENTRANCE SURFACE

SAMPLE
HIGHEST LEVEL
WITH NO DAMAGE

LOWEST
DAMAGE LEVEL

HIGHEST LEVEL
WITH NO DAMAGE

LOWEST
DAMAGE LEVEL

Peak Average Peak Avtroge Peak Average Peak Average

°'MsO - MoFj 1.03 0.93 1.28 1.16 1.50 1.35 1.84 1.66

b
MgF.-SiOj-

MgFj
2 01 1 81 1 98 1.78 2.01 1.81 2.37 2.14

Mgl^- ThF,-

MgFj

1.58 1.43 1 62 1.46 1.84 1.66 2.40 2.16

d.
MgFj 1 63 1 47 1.99 1 79 1 47 l'33 183 1 65

Peok Power Densities - i 7% Averoge Power Densities

*AII eiperimenii ot 1.06 y in 30 nsec FWHM pulse on a 0 067 cm^ oreo on front sur toce

dnd 0 079 cm^ orea on rear surface

Fig. 8 Experimental values of single shot damage

thresholds for tested anti-reflection

coatings .

C D

Fig. 7 Incident and transmitted photodiode oscil-

lographs. Sweep speed 20 nsec /cm. A & B

are incident and transmitted traces at low

irradiation levels in which no damage was

observed. C & D are similar traces at

very high levels in which severe damage

was manifest.

Fig. 9 A(aR)(535 X) This first picture shows a

damage site clearly nucleated on dust

particles. It appears as though the dust

particle may be located at the film sub-

strate interface or at the interlayer

boundary. The bond appears to have been

loosened without causing complete cata-

strophic damage of the films. This is

borne out by the effect at the junction of

the two sites.
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Fig. 10 B(aR)(535 X) Samples of small pit marks
just at the onset of damage. Each pit

appears to have a distinct point nucleus
which appears to be in the substrate sur-
face, or have been a particle at the sub-
strate surface.

Fig. 11 C(aR)(535 X) Stress microcracks appearing
in the outer MgF2 layer close to an area
of gross damage. A distinct flare effect
of uncertain origin can be seen.

Fig. 13 E(bR)(60 X) An excellent example of a

stepped crated damage site. Damage is

gross effecting complete removal of all 3

films. A multitude of microcracks in both
of the MgF2 layers is again evident. This
picture clearly isolates the microcrack
problem as belinging to the MgF2 layers.

The Si02 film in between the two layers is

completely free of these cracks.

Fig. 12 D(aF) (535 X) Further evidence of stress
microcracks in a badly damaged area on

the front surface.
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Fig. 14 F(cR)(535 X) Complete crazy paving effect
due to ultra high tensile stress in an
area show no damage. It is not clearly
evident from this picture whether or not
one, two or all three films are cracked.
As ThF^ does not normally show a tendency
to crack the cracks are most probably in
one or both of the MgF layers.

Fig. 15 G(cR)(535 X) Clean removal of two large
areas. It is not clearly evident that
what is visible is the substrate. It may
be an intact ThF^ film. The tensile ef-

fect in the layers is evidenced by the
curling at the edges of the small areas
of film.

Fig 16 H(cF)(535 X) Shows a step walled crater
damage site wherein the crazy paving ef-

fect is not nearly as evident as in the

previous examples. None of the rear sur-

face damage sites showed a step walled
crater and this in fact was the only pos-

sible means by which it might be possible
to differentiate between the front and

rear surface damage i.e. simply by inspec-

tion of a micrograph.

Fig. 17 I(dR)(535 X) Isolated removal of a small
area of film.
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Fig. 18 J(dR)(535 X) Detail of the above showing

film tensile effects at the edges of the

site

.

Fig. 20 L(dF)(535 X) Details of the surface
pitting in the above examples

o

Fig. 22 N(dR)(60 X) Damage occuring in the area
of a pit in the substrate. Damage seems

to have occured to a certain extent in the
substrate.
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Fig. 19 K(dF)(60 X) Another example of clean re-
moval by a front surface exposure. There
is evidence of surface pitting as the sub-
strate in the center of the site which
might possibly be caused by surface con-
tamination.

Fig. 21 M(dR) (60 X) This picture shows damage
which seems to have as its origin an un-
clean substrate. The film removal is not
as clean as in the previous examples and
seems to have a strong degree of orienta-
tion. The other areas indicate that the
film bond at the substrate has been
loosened without effecting complete re-

moval of the film. There is a remote pos-
sibility that this directional type of
damage might be caused by interference
between different modes of the incident
laser irradiation.



Fig. 23 O(bF)(1250 X) This picture shows globules
of molten material in a damage area, there
is some delamination but the melting process
seems to be predominate, indicating the
structural soundness of the stress relieved
design.

24 P(bR)(640 X) This shows rear surface dam-
age and extensive removal of the outer MgF„
film before the occurrence of a significant
melting. Note that the edge of the MgF2
layer shows breakage along cracks or mechan-
ical fault lines.

Fig. 25 Q(cF)(255 X) The following five (5)
pictures shows the total area. It is
difficult to determine at this mag-
nification exactly what we are seeing
except that melting, delamination, and
total removal are all evident.

Fig. 26 R(cF)(640 X) This shows a clean removal

around a particle nucleus and the removal

of the upper MgF^ layer. Note the charac-

teristic structural difference of the ThF^

film.
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Fig. 27 S(cF)(1250 X) A striking example of the

structural difference between the MgF„ and
ThF^ layers. The edges of the MgF2 film
are slightly melted. A globule of the
fused MgF„ can be seen on the ThF, film.

Fig. 29 U(cF)(5700 X) This shows some of the
upper layer, fused and cracked, a cracked
lower layer and the remains of the ThF,
center film.

Fig. 28 T(cFX5700 X) This shows as area where the
upper MgF2 and center ThF^ layers have
both been fused exposing the cracked MgF,
film on the substrate.

Fig. 30 V(cR)(1250 X) Here we see an excellent

example of total stack removal, following

the crack lines in the outer film. The

MgF2 layer has not even begun to fuse and

the film surface shows a distinctly dif-

ferent character than the front surface
damage films in examples Q through V.
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Fig. 31 W(cR) (640 X) A detail of rear surface

stack removal.

Fig. 32 X(cR)(1250 X) Detail of glass fracture
(Refer to text )

.

m

Fig. 33 Y(cR)(5 700 X) Same as above but at

higher magnification (refer to text)

Fig. 34 Z(aF)(626 X) An interesting photograph

showing an exposed area of fused Mag-

nesium Oxide film and an area of complete

removal. The complete film system that

remains has a jagged edge due to cracks in

the MgF2.
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Fig. 35 M(aR)(626 X) Clean removal of the- film
system around a nucleus. This picture
shows clearly how small the nuclei ac-
tually are (were). It is possible that
the nuclei were not surface dust par-
ticles but solid particles of coating
material

.

Fig. 37 CC(dR)(5060 X) This is a high magnifica-
tion photograph of a damage area where
the mechanism is mainly fusion. There is

however some evidence of crazy paving
type cracks, due to film stress, that
were not evident in the Normarski photo-
graphs. In the Nomarski photographs only
short hairline micro-cracks were evident.

Fig. 36 BB(dR)(2110 X) Photograph of that area
of the MgF2 film where the damage had
shown a strongly oriented pattern. This
is one of a sequence of photographs of

gradually increasing magnification. No-
thing is visible in the form of the

damage area that would indicate exactly
why the damage had been strongly oriented

Fig. 38 DD(dR)(5060 X) This is an area where the
damage is almost completely due to film
removal at stress cracks. Note in this
picture that there is some evidence of
surface residue near the edges of the
film.
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COmEMTS OM PAPER EV R. RUSSELL AUSTIN AHV ARTHUR GUEUTHER

The, u4 e. OfJ -^jj i, pixttdfiA^nQ {^OH. lay-lng down optlccil coatinQi xa-iiti, iomt IntzntitlnQ
poi>isZb^t'it'i<ii, lox pn,o ducking c.ooiti.nQi> m-ith h-lgke,^ n.e.i^itanc^ to opt-icat doimoigz. fofi

e,x.amplQ., by m-Lx-tng, -in the. vapon. phaie. S-iO^ and 2^0^, one, can tai-ton. the tnde.x o n,z-

Ifiactton oi thz m-ixe,d coattng to achieve a Kange o{^ dcilKzd vataci. Both the^a
mate^tali exhibit high damage thfic-iholdi , and the. combined coating would be. expected
to be. mo fie damage. n.e.ili>tant than a coating made, uilng a natu/ially occu.Klng matcKlat o^
the. i,ame. n.z{^fLactl\j e. Index. Won.k l6 planned In which a periodic vaKlatlon oj) Index will
be aied In place o {j

the conventional maltllayen. dlelecttlc coating. Thexe afie i^evefial

advantages to uilng a contlntiouily varying fie^^fiactlv e Index Kathen. than a dl4> continuous
multllayen. iun^ace. The n.ei>ldual 6tKe.&6 l6 le6i ilnce thete an,z no dli>cn.ete lnten,(^acei,
between layefii, o£ dl{^{^efient mateftlali> . Additionally , theKe ate no dlicontlnultlei In
the electKlc {,leld 6uch as afie {^ound at the InteK^acei, Ojj media o{f dl{^{^e>ilng dlelectn.lc
constants. Since zirconium oxide Is tensile and silicon dioxide compressive, one
would expect a mixed coating to exhibit a ceKtaln automatic stfiess fiellei. tech-
nique Of) fi{, sputtefilng Is an extnemely slow process and does not seem readily adapt-
able to the coating of^ large areas but does produce a coating which exhibits a lower
scattering than that produced by evaporated coatings . The principal reason {,or this
seems to be that In the process o{, laying down evaporative coatings

,
particulate matter

Is also deposited along with the coating material . This particulate matter Is not pre-
sent when r^ sputtering Is used.
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Minimizing Susceptibility to Damage in
CO, Laser Mirrors

H. E. Bennett

Michelson Laboratory
Naval Weapons Center

China Lake, California 93555

The absorption of mirror coatings is of major concern in cw laser operation
and becomes even more crucial in pulsed operation. Very low absorption films can
be made for the visible and near infrared spectral regions utilizing multilayer
dielectric coatings, but at longer wavelengths the film thicknesses required and
the materials available make it advantageous to use evaporated metal films
instead, often with dielectric overcoatings. Although not generally realized,
the infrared absorption of high reflectance metals such as silver, gold, and
aluminum can easily vary by a factor of 2 and in some cases by nearly an order of

magnitude depending on how the film is prepared. Dielectric overcoating layers
can increase the absorption still further. Also, they will not completely stop
the growth of the tarnish film which forms slowly on an unprotected silver sur-
face. At 10.6 p the tarnish film often will increase the absorption less than do

common overcoating materials, and thus a properly prepared unovercoated silver-
or gold-surfaced mirror may be the best choice at present for high power CO2
laser applications.

Key Words: Absorption, aluminum, anomalous skin effect, evaporated films,
gold, mirror damage, mirrors, reflectance, silver.

1. Introduction

Damage suffered by mirrors used in Infrared laser systems occurs in part because of heating effects
at the mirror surfaces. Intense local heating degrades the mirror coating and can also damage the

mirror surface. A study of the problem of how to minimize damage resulting from such heating then sepa-
rates into two approaches: (1) how to minimize heating of the mirrors, and (2) how to make mirror
coatings which do not deteriorate under conditions of Intense heating. Only the first approach will be
considered in this paper.

One method of minimizing heating effects is to spread the beam on the mirror surface, so that the
power Incident per unit area is reduced. Once this has been done, the only ways to further reduce mir-
ror heating are to minimize the energy absorbed by the mirror and maximize the energy carried away by

cooling. Both these approaches are effective with cw lasers. However, in pulsed operation, cooling
during the period the coating is being irradiated may be impossible. Heat conduction in a metal re-

sults primarily from the drift motion of the conduction electrons, while in a dielectric it is caused
primarily by phonon excitation. Other mechanisms such as internal radiation and excitation of excltons
may also sometimes be Important, but except in the case of internal radiation, heat transfer through a

solid cannot occur faster than the velocity of sound in a solid. Longitudinal sound velocities typi-
cally are between 2 x 10^ and 6 x 10^ m/sec, so that if a picosecond laser pulse falls on a mirror sur-
face, the energy will only propagate to a depth of from 20 to 60 A during the time of the pulse, no
matter how hot the surface becomes. In this situation, the only way mirror heating can be minimized is

to make the absorption of the mirror surface very low. Corner cube reflectors made of extremely trans-
parent materials such as GaAs could be used, but such systems have low thermal conductivity and thus

are difficult to cool if high power inputs are used for extended periods of time. The most promising
approach to the problem of reducing mirror damage resulting from excessive heating appears to be to

study methods for increasing the reflectance of the mirror surface. Since the reflectance plus absorb-
ance plus transmittance (if any) equals unity, any increase in reflectance in an opaque coating
guarantees a decrease in absorbance.
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High reflectance, low absorbance, multilayer dielectric mirror coatings have been produced for the

visible and near infrared regions of the spectrum. Some of these have extremely high reflectances, of

the order of 99.9%, and thus very low absorption. Unfortunately, at longer infrared wavelengths there

are relatively few transparent coating materials available, and large thicknesses are required to make
quarter wave layers. Thus good multilayer dielectric mirrors are extremely difficult to design and pro-
duce. Fortunately, metals have much lower absorbances in the infrared than they do at shorter wave-
lengths, and metal-coated mirrors have the highest reflectance and lowest absorbance yet attained in the

10 u region of the infrared and at longer wavelengths. The absorption of metal-coated mirrors can vary
widely, however, depending on the type of metal used and the way in which the mirror is prepared. Some
of the reasons for this variation and techniques for minimizing the absorption of such infrared mirrors
will be discussed here.

In this paper we will first discuss the anomalous skin effect and show that the roughness of the
mirror surface can affect the effective mean free path of the conduction electrons near the surface of

the metal and thus cause variations in absorption of as much as 50%. We will then discuss variations in

absorption which have actually been measured for different types of metal-coated mirrors, show that thes

variations are much larger than can be accounted for on the basis of the anomalous skin effect alone,
and speculate as to their origin. Finally, we will discuss protective dielectric overcoating layers and
show that in practice such layers often significantly increase the absorption of silvered mirrors at
10.6 \i over that which would be obtained even if an uncoated silvered mirror were badly tarnished.

2. Anomalous Skin Effect

Mlcroroughness of a surface can increase its absorption in the infrared by as much as 50% through
the mechanism of the anomalous skin effect. This increase occurs even though the roughness is much too
small to cause diffuse scattering of light from the surface, such as occurs in the visible region of the
spectrum. To understand the anomalous skin effect theory, consider an interface between a dielectric
such as air and a clean metal surface. The reflectance at this interface is determined both by extrin-

sic parameters having to do with the roughness and shape of the surface, lattice disorder near the sur-
face, etc. and by intrinsic parameters determined by the band structure of the material. It is not
always realized that the complex optical constant (n - jk), which describes the optical behavior of the

metal, is a phenomenological parameter which is determined by both the intrinsic and extrinsic parame-
ters associated with the interface. In much the same way the electrical conductivity of the metal is

determined not only by its band structure but also by the number and kind of lattice dislocations, pos-
sible impurity atoms, etc. The parallel between the optical and electrical parameters associated with
the metal is particularly close in the infrared, where interband transitions often are forbidden and the
optical properties of the metal are determined almost entirely by free-carrier effects, which also deter
mine its conductivity.

The reflectance at an air-metal interface is given by

(n - 1)2 + k2

(n + 1)2 + k^
(1)

which, when n >> 1 and k >> 1 as is true in the infrared for a good conductor, can be approximated
by [1]1

R s: exp[- An/(n2 + k^) ] . (2)

If n and k are 10 or more, the error made in using eq. (2) instead of eq. (1) is less than 0.001 in all
cases [1].

When the optical penetration depth of the incident radiation is sufficiently long relative to the
mean free path of the conduction electrons so that the electrons are, to a first approximation, moving
in a constant radiation field between collisions, the optical constants in regions where only quasi-
free electron absorption can occur are given by [l].

n2 - k2 = 1 + 4Tra. (3)

^Figures in brackets indicate the literature references at the end of this paper.
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where Og is the dc conductivity of the material, assumed isotropic, and t is the "relaxation time" of the
conduction electrons under the action of an exciting radiation field of circular frequency w. The term
Uq represents the contribution to the electric susceptibility made by processes such as interband transi-
tions, polarization of the atomic cores, etc. which occur outside of the frequency range of interest.
In what follows, assume that the contribution made by Ug can be neglected. If this assumption is not
entirely justified, the contribution of uq to the reflectance can be computed from an expansion [1].

Neglecting and substituting eqs (3) and (A) into eq (2) we obtain

R = exp{- (2oo/TTao)'^[ (0)2x2 + 1)^ - ojt]^} (5)

which is the basic equation relating the optical reflectance to the electrical conductivity. Note that
if ooT << 1, eq (5) reduces to the Hagen-Rubens relation

R = 1 - (2a)/TTag)^ . (6)

However, for a good conductor such as silver or gold, the Hagen-Rubens relation is not valid in the
10.6 V region of the infrared, and if it is used in place of the more accurate eq (5) the result is sig-
nificantly in error. For example, assuming the bulk value for Og and calculating t from the Lorentz-
Sommerfeld relation

T = m*a^m&^ , (7)

where m* is the carrier effective mass, N the effective number of carriers, and e the electronic charge,
and assuming the free electron value for N/m*, the absorption calculated from the Hagen-Rubens relation
differs from the Drude value at 10.6 p by approximately a factor of 3 for both silver and gold. In

spite of the fact that it cannot be justified theoretically, however, the Hagen-Rubens relation, by over-
estimating the theoretical absorption, often does fit the experimental data for good conductors rather
well in the intermediate infrared. Some of the reasons for this anomaly are discussed below.

If the mean free path of the conduction electrons is much smaller than the penetration depth of the
incident radiation, the infrared reflectance is given to a good approximation by eq (5). However, if

these two quantities become comparable, eq (5) must be modified, and the resulting modification is often
called the anomalous skin effect. Figure 1 shows that at radio frequencies the optical penetration depth
or skin depth (solid curve) is much larger than the mean free path at room temperature (lower dashed
curve). Only at cryogenic temperatures where the mean free path is shown by the upper dashed curve does
the anomalous skin effect become important. In the infrared spectral region, however, the penetration
depth is comparable to the mean free path at room temperature and hence the optical properties of metal-
coated mirrors used in the infrared will be affected even at normal operating temperatures.

When the anomalous skin effect becomes important, a third parameter, p, is introduced into the

theory. This parameter is related to the probability that a conduction electron striking the surface
will be reflected "specularly", i.e., will maintain the same components of momentum parallel to the sur-
face before and after reflection. How to calculate the value of p for a given surface condition is not
yet entirely clear, but unless the surface is nearly atomically smooth, one would expect p to be essen-
tially zero.

Figure 2 shows the reflectance of silver calculated from the bulk electrical parameters and plotted
as a function of wavelength. The short-dashed curve merging with the solid curve shows the predictions
of the Drude theory, eq (5). The solid curve, which coincides with the dashed curve except for a slight

difference in the region between 10 y and 100 p , is calculated from the more exact theory assuming p = 1

(specular reflection of the conduction electrons). The long-dashed curve represents the theoretical
value for the case p = 0 (diffuse reflection of the conduction electrons). At wavelengths shorter than

one micron J interband transitions and other effects will significantly modify the calculated curves, but

in the 10 micron region they should be valid. If the surface is sufficiently rough so that p = 0 rather
than p = 1, the infrared absorption in silver should change from 0.0047 to 0.0071, an increase of 0.00^4

or about 50%.

In the case of gold, the absorption should increase from 0.0062 to 0.0090, again about 50°A.

Figure 3 shows the infrared reflectance of gold. The solid line is calculated assuming the bulk conduc-
tivity, one free electron per atom, and p = 1. The dashed line shows a similar calculation except that
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p = 0. No optical data went into these calculations. The squares are the experimental reflectance
values for a gold film deposited in ultrahigh vacuum on a supersmooth quartz substrate. This surface

had an rms roughness of about 8 A, so it was approximately 3 times as smooth as a conventional optical

flat. Although at wavelengths shorter than 3 u the measured reflectance of the gold film falls below
j

the calculated curve, largely because interband transitions are not included in the calculations, at

longer wavelengths the agreement between the measured reflectances and the calculated curve for p = 1 is

excellent. Similar results have been obtained for silver [1].

If the roughness of the substrate surface is larger, the measured reflectance would be expected to

fall to the value indicated by the dashed curve. This prediction has been verified for silver [1]. In

the case of aluminum, the calculations are clouded by the possibility that mechanisms other than free

carrier effects may play a role even at infrared wavelengths as long as 10.6 p. However, if we disregard
this possibility and calculate the reflectance at 10.6 p assuming first p = 1 and then p = 0, we find

that the difference in reflectance between these two cases is much less than for either silver or gold.

This prediction has also been verified experimentally. Thus, surface microroughness is not too important
for aluminum, but is very important if one is trying to produce silver or gold mirrors having the highest

i

reflectance (and thus the lowest absorption) in the infrared. i

i

3. Influence of Evaporation Conditions

Although surface microroughness does influence the absorption of infrared energy via the anomalous
skin effect, it cannot account for the large variations in absorption of infrared mirrors found experi-
mentally. Recently Dr. Kelsall of Lincoln Laboratory measured the reflectances at 10.6 \i of over 50

mirrors obtained commercially or produced at Lincoln Laboratory [2], His results are summarized in

table 1 along with our measurements on silver, gold, and aluminum mirrors prepared in our laboratory

Table 1. Optical properties of infrared mirrors at 10,6 p

Silver Gold Aluminum Enhanced metal All dielectric

(a) Reflectance

Kelsall R
max

0.9888 0.9915 0.9840 0.9933 0.9907

Kelsall R .mm 0.9589 0.9705 0.9710 0.9789 0.9579

Kelsall R
av

0.9705 0.9846 0.9787 0.9881 0.9783

Bennett R 0.9953 0.9940

(b)

0.9875

Absorption

Kelsall A .

min
0.0112 0.0085 0.0160 0.0067 0.0093

Kelsall A
max

0.0411 0.0295 0.0290 0.0211 0.0421

Kelsall A
av

0.0295 0.0154 0.0213 0.0119 0.0217

Bennett A 0.0047 0.0060 0.0125

using special evaporation techniques. In obtaining the absorption values given in the lower part of the
table, we have assumed that the energy not reflected is absorbed. Notice first that the absorption of

the best gold- and silver-coated mirrors is lower than that observed for either enhanced metal or all-
dielectric coatings at 10.6 u, and is in excellent agreement with the theoretical values for these metals
calculated from the anomalous skin effect theory assuming p = 1. However, the variation in absorption
for either material is enormous, nearly an order of magnitude in the case of silver and a factor of 5

for gold. By contrast, in the case of aluminum this variation is only a little over a factor of 2.

These variations are much too large to be accounted for by the anomalous skin effect alone. They do
illustrate one reason why aluminum has been a preferred material to use for infrared mirror coatings.
Although the absorption of aluminum coatings is over tt^ice as large as that of the best silver and gold
coatings, at least it is reasonably reproducible.

Since both silver and gold are significantly superior to other coating materials both theoretically
and experimentally, it becomes doubly important to understand the origins of the large variability in

absorption found in coatings made from these materials. Purity of material may well play a role, but
there are significant differences in the infrared absorption of samples of apparently the same purity.
For example, in figure 4 the dashed curve shows the reflectance of aluminum films deposited under
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standard vacuum conditions (~ 10 Torr) and then aged. The experimental points are measured reflec-

tances of freshly deposited aluminum films prepared under ultrahigh vacuum conditions (~ 10~^ Torr)

.

Both films were made from aluminum having a purity of 99.999% or better and were evaporated from tungsten

spiral heaters with similar rates of deposition on similar supersmooth substrates. At 10.6 u the reflec-

tance of the aged standard vacuum films differs from that of films deposited in ultrahigh vacuum by

0.0064. Since the absorption of the latter films is about 0.0125 at 10.6 w, the films deposited under

standard vacuum conditions have over 50% more absorption than do those prepared in a better vacuum. One

may argue that since aluminum Is highly reactive, the residual gas bombardment of the substrate during

deposition produces significant oxidation of the aluminum film as it is being deposited. There may be

some truth in this observation, since much of the residual gas is composed of water vapor, which does

react with aluminum, and the arrival rate of residual gas atoms at the substrate surface at 10"^ Torr is

approximately the same as the arrival rate of aluminum atoms at normal deposition rates. However, simi-

lar effects have been observed for gold and silver films which do not react strongly with water vapor,
so that a more complete explanation of the influence of residual gas pressure on film characteristics
seems desirable.

Figure 5 shows another example of the difference in absorption which may result from differences
in sample preparation. In this case the material is OFHC (oxygen-free, high conductivity) copper. Two
samples were cut from the same ingot; one was mechanically polished to an excellent figure and the other
was electropolished. In spite of the fact that the bulk material in both samples was of identical
purity, the reflectances are markedly different, causing the absorption at 10 u to differ by nearly a

factor of two.

What can be the cause of such discrepancies in the infrared absorption of metals? Thin dielectric
corrosion films may be ruled out since naturally occurring oxide films at room temperature for materials
such as aluminum are self-limiting and do not exceed 30 to 40 A in thickness. Films of this thickness
can be shown analytically to introduce a completely negligible change in absorption in the infrared, at

least if the mechanism which determines the change in absorption is the conventional thin film inter-
ference phenomenon. Corrosion films larger than a few monolayers do not generally form on gold. The
tarnish layer on silver is transparent at 10.6 y, and has relatively little effect, as will be discussed
in the next section. However, all three metals show a pronounced variation in infrared absorption. Ifrtiy?

The answer to this question may lie in the area of metal physics. The same types of phenomena
which cause the bulk conductivity of a metal to vary—dislocations, impurity scattering, etc.—should
also produce changes in the infrared absorption of metals. As was pointed out in the discussion of the
anomalous skin effect, the infrared absorption is closely connected theoretically with its conductivity,
and mechanisms which affect the latter should also affect the former. There is one major difference,
however. Whereas changes in electrical conductivity, particularly at low frequencies, are determined
almost entirely by changes in dislocation density and impurity concentration deep inside the material,
changes in optical absorption will be determined entirely by changes within a few hundred angstroms of

the surface. Physical metallurgists have concentrated their efforts on understanding how dislocations
behave inside a metal. Relatively little work has been done on the physical metallurgy of the surface,
but enough is known to be sure that it is not the same as that in the bulk of the material. I feel sure
that this area, surface physics of metals, offers a challenging new field for investigation by the

physicist and physical metallurgist, and that Optics offers a powerful tool for this investigation.
Furthermore, from such an investigation may emerge a better understanding of the effect of different
procedures of surface preparation on the infrared properties of metals. In any event, it seems clear
from what has been done so far that how a mirror coating is prepared and not simply what material is

used in making the coating is of primary importance if coatings with very low infrared absorption are
to be obtained.

4, Dielectric Overcoated Metal Mirrors

In theory, and occasionally even in practice, the infrared reflectance of a metal-coated mirror may
be increased and the absorption reduced by overcoating the metal with a multilayer dielectric film.

However, although it is simple to design a multilayer dielectric overcoating film which will enhance
the reflectance of a metal such as silver or gold, it is difficult to achieve this enhancement in prac-

tice. Dr. Kelsall did not report, nor have we yet seen, any "enhanced" metal mirrors which have as high

reflectance at 10.6 p as the best uncoated silver or gold mirrors. One should not conclude from these

data that improvements cannot be made by utilizing the overcoating technique, but at present the use of

dielectric overcoatings seems more likely to increase than to reduce the amount of absorption in mirrors
at the CO2 laser wavelength. There is another reason for a dielectric overcoat, however. Both silver
and gold are quite soft when first evaporated and silver tarnishes readily when exposed to the atmo-

sphere. By overcoating the metal film with a dielectric, one may produce a hard coating and also in-

hibit tarnish formation on silver. The questions to be answered are the following: (1) how well does

a dielectric overcoating protect the surface, (2) how well does it prevent silver from tarnishing, and

(3) do the advantages offered by the dielectric offset the penalty paid in terms of increased absorp-
tion.
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Since gold does not generally tarnish even when exposed to the atmosphere, we have concentrated on

studying the effects of dielectric overcoatings on silver. One of the first questions to answer is how
much does the tarnish change the reflectance and absorbance in the infrared. The silver sulfide tarnish
films absorb strongly in the visible region of the spectrum, but, since Ag2S is a semiconductor with an

absorption edge at about l.A \i, it is nearly transparent in the infrared [3]. Thus, silver sulfide
tarnish would be expected to have relatively little effect on mirror performance at wavelengths longer
than l.A u.

Figure 6 shotvrs the reflectance of three unprotected silvered mirrors in the ultraviolet, visible,
and near infrared as reported by Bennett, Stanford, and Ashley [3]. The solid line represents freshly
deposited silver, the long-dashed line silver with a 39 A tarnish film on it, and the short-dashed line
silver with a 109 X thick tarnish film on it. The tarnish film significantly reduces the reflectance in

the visible, but has very little effect in the 2 u wavelength region. The thickest silver sulfide film
required 19 months to form on the silvered mirror, which was stored in our laboratory in a loosely
covered dish.

The rate of formation of silver sulfide on silver is highly variable, depending on the concentra-
tion of H2S in the air, the humidity, air circulation, and the condition of the silver surface [4]. At
100% humidity, in air containing 10% H2S, a film as thick as that which required 19 months to grow in

the example cited would form in only an hour's time. On the other hand, by flushing a mirror enclosure
with dry nitrogen, tarnish formation can be almost completely inhibited. Encapsulating the silver in a

dielectric will also inhibit tarnish formation, although since silver ions are highly mobile, the dif-
fusion rate through the dielectric and the tendency to form pinholes should be as low as possible.
Studies of encapsulating materials carried out in connection with microelectronics fabrication suggest
that two of the best dielectrics to use are quartz and aluminum oxide.

Figure 7 shows the results obtained when unprotected silver and silver protected by a 1500 %. thick
film of Si02 were exposed to a flowing gas containing 10% H2S and 100% humidity. In an hour an Ag2S
film about 100 A thick would be expected to form under these conditions on unprotected silver. The
solid lines indicate the reflectance measured for unprotected silver at wavelengths of 1 y and 7 y, and
the dashed lines the reflectance measured for protected silver. The reflectance of the unprotected
silver decreased significantly at 1 y but relatively little at 7 y. The protected film maintained nearly
its initial reflectance longer than did the unprotected film. As exposure continued, however, the pro-
tective film broke up and the specular reflectance dropped much more rapidly than for the unprotected
film both at 1 y and at 7 y. Part of this drop may have been caused by the greatly increased scattering
of light from the mechanically disturbed protected surface. Possibly the formation of Ag2S may also
have been more rapid on the shattered protected surface than on the bare silver. Whatever the reason
was for the observed drop in reflectance of the protected sample, it is clear that once the protective
film was breached, the mirror having a protective dielectric overcoat deteriorated much more rapidly
upon further exposure to H2S than did the silvered mirror which X'jas unprotected.

Figure 8 shows the reflectance of freshly deposited silvered mirrors with and without a dielectric
Si02 protective overcoat as a function of wavelength from 1 - 20 y. The short-dashed line shows the
reflectance of an unprotected silvered mirror. The long-dashed line shows the measured reflectance of

a second mirror deposited in the same evaporation as the unprotected mirror and overcoated with a 1500 A
thick Si02 film. The solid line shows the calculated reflectance which would be predicted if a 1500 A
thick SiO film were deposited on the silver mirror. The predicted reflectance would be essentially the

same if optical constants for Si02 instead of SiO had been used [5,6], except that the dip in reflec-
tance near 10 y would occur at a slightly shorter wavelength and thus would be in poorer agreement with
experiment.

There are several interesting features shown in figure 8. First, the quartz dielectric overcoating
layer does not increase the infrared reflectance above that for uncoated silver at any wavelength. Be-

cause of strong absorption, the 3 y and 10 y regions are the least favorable regions in which to use a

quartz-overcoated silvered mirror. Second, the actual performance obtained 'with an overcoating film may
be significantly worse than that expected from the calculations. In this case the increase in absorp-
tion at 10 y caused by the overcoating film is over 3 times as large as would be expected from theory.
At longer wavelengths no significant decrease in reflectance should be observed according to theory.
However, in practice, the observed reflectance of the overcoated sample is lower than that of the unpro-
tected sample even at 20 y, the long-wavelength limit of the measurements. The reason for this result
is not well understood but the result itself is very common. A third point is that it is very difficult
to eliminate the absorption at 3 and 10 y caused by absorption in the quartz. Figure 9 shows the only
dielectric multilayer coated silver mirror we have yet seen in which the infrared reflectance was actu-
ally enhanced over an extended region by the multilayer overcoat. However, in spite of the low absorp-
tion which this coating had over most of the spectrum, in the 3 y and 10 y regions the absorption is

considerably more than that of uncoated silver, presumably because either quartz or silicon monoxide was
used as the low index dielectric layer.

What alternate materials can be considered as low index dielectric films in the infrared? One is

aluminum oxide, which can be deposited readily using an electron gun and which has been found to be
probably the best encapsulating material available for microcircuit applications. In spite of its
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toughness and freedom from pinholes, not even a thick (3200 X) film of AljOg prevented degradation of a

silvered mirror surface exposed to 10% wet for an extended period. At a wavelength of 4 p, to give

a representative example, the reflectance started to drop after 4 hours' exposure, and after 30 hours

the absorption at this wavelength had increased by a factor of 3. Even before HjS exposure, this thick
Al202-coated silver had an absorption at 4 u a factor of 2 larger than uncoated silver, and the absorp-
tion increased with increasing wavelength. Thus, one would not want to coat a silver surface with a

thick, tamish-inhibiting layer of AljO^ unless the mirror was to be exposed to very severe tarnishing
conditions, in which case even the AI2O3 will not completely prevent tarnishing. Also aluminum oxide
has a Reststrahlen resonance in the vicinity of the 10.6 p CO2 laser line, making it similar to Si02 in

this respect.

Another coating material, magnesium fluoride, is essentially transparent in the 10.6 p wavelength
region, and freshly deposited thin coatings of MgFj do not increase the absorption of silver mirrors in

this region. With time, however, the absorption of some MgF2-overcoated silvered mirrors has been
observed to increase while that of an uncoated silvered mirror deposited at the same time remained con-

stant. The reason for this behavior is not yet understood, but it is clear that even nominally nonab-
sorbing overcoating materials may introduce additional absorption in the infrared when used as a protec-
tive overcoating on metal mirrors.

5. Conclusions

The damage threshold of mirrors used in infrared laser systems is strongly dependent on the absorp-
tion in the mirror coatings. In the intermediate infrared spectral region, metals offer the greatest
promise for minimizing absorption; evaporated metal films of silver or gold have the lowest absorption
yet observed at 10.6 p. The absorption of the best of these films is in good agreement with theoretical
values calculated from the electrical parameters of the metal. However, the absorption of silver and
gold films prepared in different ways may vary by as much as a factor of 5 for gold and by nearly an

order of magnitude for silver. Some of this variation would be expected to be caused by surface micro-
roughness via the anomalous skin effect, but the magnitude of the observed variation is too large to be

completely accounted for in this way. Dislocations and lattice disorder near the metal surface may also

be factors, but much more work needs to be done in this area before these effects are clearly understood.
Finally, protective dielectric overcoating films designed to encapsulate the surface and prevent tarnish
formation in the case of silver do not completely prevent corrosion even if applied in rather thick
layers. They also tend to increase the absorption of the coating, particularly in the 10.6 p region.

Since the silver sulfide tarnish does not strongly affect absorption in this region, even in rather
thick layers, an uncoated, properly prepared, silver mirror may be the best choice at present for many
high power infrared laser applications.
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trial products. These standards are developed co-

operatively with interested Government and industry

groups and provide the basis for common understand-

ing of product characteristics for both buyers and

sellers. Their use is voluntary.

Technical Notes. This series consists of communi-
cations and reports (covering both other agency and

NBS-sponsored work) of limited or transitory interest.

Federal Information Processing Standards
Publications. This series is the official publication

within the Federal Government for information on

standards adopted and promulgated under the Public

Law 89-306, and Bureau of the Budget Circular A-86
entitled. Standardization of Data Elements and Codes

in Data Systems.

Consumer Information Series. Practical informa-

tion, based on NBS research and experience, covering

areas of interest to the consumer. Easily understand-

able language and illustrations provide useful back-

ground knowledge for shopping in today's technolog-

ical marketplace.

NBS Special Publication 305, Supplement 1,

Publications of the NBS, 1968-1969. When order-

ing, include Catalog No. C13.10:305. Price $4.50;

$1.25 additional for foreign mailing.
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