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ABSTRACT

The mechanism governing the onset of laser~produced damage in
= : solids was found to depend, in & critical way, on the sputial and/or
. temporal gradient of the interaction strength across the focal volume.
3 As a result, the threshold values of Jamage produced by a multimode
ixser as well as the internal demage patterns depend strongly on the
laser propagation and polarization directions.
In the forward scattering experiment, the cumulative effects of
microscepic damage were ob3erved in crystalline quartz. Other experiments
designed to detect cumulative effects were inconclusive. Various light
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scattering spectroscopy as a diagnostic tool for laser-produced damage

studies were investigated.
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I. TIHTRODUCTION

The primary ohjertive of this research project has been to make
an experimental and theoretical iivestigation cf the criteria governing
the onset of laser-producsd damage in transparent solids. This research
was concerned with the microscopic damage produced within the interior of
the solid. Surface lamage or internal macroscopic damage were not of
primary concern for this program. The main tasks were as follcws: to
develop a diagnostic tool for stufying microscopic damage. to determine
the damage sechanism, aad to establish the relationship of microscopic
damage o macroscopic damage.

Under certain conditions an inrtense laser pulse transmitted through
a transparent solid, such as a window or a lens, will produce damage
internal to the solid. Within the laser rod itseif, thz laser puise
often produces damage leading to self-destructicn of the rod. The damaged
region appears as a "bubble" or a crack within the solid and this type of
damage is generally called macroscopic or catastrophic damage. Laser-
produced macroscopic damage has been observed in many laboratories using
high-power laser systems. It is the catastrophic damage threshold value
that often sets the descign parameters of a laser system. Microscopic
or pre-catastrophic damage is a2 local defect that alters the optical
properties of the laser rod. This defect might be reversibic or exiet only
during the lifetine of the laser pulse, for example, thermally induced
refrastive index change.

The defect may aiso he permanent and may accumuiate or Increase in
size with successive laser pulses. A laser induced color center mighi be
an example of this latter type defect. An important question is whether
this microscopic damage will continue tc grow with successive laser pulses
untfl macroscopic damage is produced. Both the persanent- and cumulative-
type microsconic damage are of cooctern for this research program.

Daring the past five vears, several laboratories have given special
attention to the macroscopic-damage probliem; few have investigated micro-
scoplc damape. Bezause of the importance and the growing istzarest in the
problem, in 1369 rie Americsn Society for Testing and Materials imitiated
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zrmual symposis on laser-produced domage. BRBased on th2 reports *7 and
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discussions presented at the sympesia, it is evident that progress has

been made but the damage mechanism remains unknown and is prabably
dependent on the material and conditions of the experiment. No commonly
accepted picture of the damage mechanism has emerged. The results of this
prasent research program have been r\e;mrt:edl"3 a2t each of the symposia

and represent the only investigation of microscopic damege.

Given in Section II are the results of several experiments used to
evaluate light-scattering spectroscopy as an efrective diagnes:ic
tool for investrigatling microscopic damage. Rar.an and Raleigh scattering
by microscopically damagod quartz crystals were investigated. Stress
induced defects in crystalline quartz was successfully 5tu§ied4 using
Raman scattering. The Baman and flucrescen.e spectra were measured for
rubty crystals having different chromium concentrations. The defects here
are the chromium atoms in the sapphire (51293} lattice. Primary 1esults
showed only limited success for ruby and, therefore, these exzperiments were
terminated. Changes in the Raman linewidth were measured for laser~induced
microscovic damage in crystaliine guartz.

in Section III the results are given of experiments measuring the
effects of laser~mode structure on the threshold value and pattern of
macroscopic danage in crystalline quartz. Directional and polarization
dependence relative zo crystallographic axes were experimentally established
for both the damage threshold value and the damage pattern. The observed
dependences can be quantitatively explained in terms of electrostrictive
inreractions and acoustic wave propagatiorn.

Experiments designed to measure the cumulative effects and the
evolution of microscopic into macroscopiz damage are described in Section IV.
Heasurements were conducted in fused quartz, laser glass, as well as
crystalline quartz, usisg a ngaa ruby laser and a multimode ruby laser.
Different results wvere osbtained for the twe laser systexs. The results

are summarized and a discussion is given in the final section.

1i. LIGKET SCATTERIKG AS A GIAGROSTIC TOOL

The principal diagnestic tosl used to study micrescopic damage in
solids has been light scattering spectroscopy. This wethod was suggested
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= by the following arguments. A distortion within a crystal disturbs the

B local lattice pe*,cdicity and, in general, will produce a change in the

electronic poler:-shility of the solid. Wren this happens, che ligh:z

scattering properties of the solid will be altered. .uen the distortion
is due to defects, either natural or {oduced, the Rayleigh scattering may E
be enhanced. A distottisn due to induced strsin in the soclid would alter

the vibrational properties of “he crystal and producz an appreciable change

‘v thte lin~ positior ard linewidth of the Raman spectrum. In the case of

igs~~ cry.tal such as reby, Induced defects or strain may alter the
IS i
stz 2t 1 - of £+ active lon (Cr i~ the case of ruby) affecting E

ne fleere = radiation frovw the erystal.

VA
i

2.1 5tresg-Induced Raman Spectra

g

B

Tec assess the feasikility of Raman scattering spectroscopy to detect
lccal stress or strain that might be induced by a giant laser pulse, the

iy

following experiment was conductad. A sample of crystalline quartz wos

subjected ro zn uniaxial stress and the changes of the line positica,

e

linewidth, and line intensity for some of the strong Raman-active vibrations
4,6
*"  These

precsures are of che same ovder of magnitude as thore expected from ~he

were measured for applied sressures up to about 3 k-bars.

iy
i

giant laser pulse. The dependence of the changes in line position and

linewidth: for severa! lines are shewn in Figure 1. The measured changes in

B T
iy

line position ere in good agreement with the values calculated from the

vaience-force ncdei§ that had been moditfed to include the effects of

the apharmonic potential gné apnlied stress. The results of these experimen:r
were published els:uﬁgre.ﬁ’ﬁ
Shown 1. Figure 2 are the raw data of the 128 tﬁﬁi £ vibration in

e Pl

3 quartz as a function of applied stress. From the figure the change in
= line positicon with stress is easily seen, but any change in linewidth iz
not discernible from these dats because the linewidth is comperable to the

T,

vpectroscter resoluticn. The stress induced changes in the linewidih are
3 ] observed afrer the line “rnadening effecrs of the spectropeter have been

=
= - subtr..ted from the raw data. A computer program was developed for =8

performing this deconvoluiion. The significance of this strezs-induced
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exper iment was that changes in the Raman spectrum could be used for detecting
locally induced stress. The experimental arrangement and details of

the measurements were publishked elsewhere.6’7

2.2 Raman-Fluorescence Spectrrum

Measurements were made of the He-Ne excited Raman-fluorescence
spectrun of several ruby samples having different chromium concentrations.
The purpose of this experiment was to determine the effect of the ionic
additive on the Raman and fluorescance linewidths. Considering the Cr-
ions as defects within the A1203 lattice, we were deterniriing the feasibility
of using Raman-fluorescence spectroscopy to detect changes in defect
concentration. Furthermore, laser induced microscoplic damage in ruby has
been detecteda ss a change in the state of the Cr-ions. This change should
be observed by a change in the fluorescence spectrum.

Shown ir Figure 3 is an exampie of the Ramzn-fluorescence spectium
for a 0.05% ruby sample at 77°X. The notation (g,0) indicates that the
excitation and scattered radiztion wvere both polarized perpendicular to the
plane deffned by the optic axis of the crystal. From this and the spectra
for the other orientatisns, the main features are thlie two strong lines
at 14,199.4 cm_l and 14,263.8 cm-l corresponding to the N

]
-1 -
phonon, iinesg’lc and the ruby RB-lines at 14,419.0 cm ~ and 14,488.0 ¢m 1.

' and Nz, no-
In addition, there is evidence of &0 partially resclived lines on the low
frequency side of the R lines. Most of these partially resclved lines
have an associated line shifted 29 cm’i. the same as the R-lines
separation.

The measurements of the Raman~fluorescence spectrum of ruby were
discontinued because of the lack of a liquid~helium temperature dewar.
At room and ligquid nitrogen temperatures the Raman~fluorescence spectra
of ruby is very complex having relatively broad lines. At liquid heliur
temperatures thege lines shouid hecome sharp,9 permittiag linewidth and

lineshape analyses and the possible detection of changes in defect

concentration.
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2.5 Microscopic Damage in Quartz

: The first evidence of laser-produced microscopic damage in crystalline
E quartz was the measured ~hange in linewidth of the 128 cm‘-l E-mcde Raman

3 line.ii Macroscopic or catastrophic damage was produced in 2 gquartz sample
by a gilent-pulsed ruby laser. The damage conecisted of widely spaced
hubbles with nu evidence of damage between the buvbles when the sample

was examined with side lighting. The Raman spectrum was measured in this
reglon. 1t was found that the 128 :m-} E-mode linewidth was about 20X
broader than for an undasmaged region Care was taken to mask of 7 any

light scattered from the budbkle regions. This change in iinewidth was

interpreted to be evidence of microscopic damage and additional measurements
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: were performed.
Two giant-pulsed lasers having different output characteristics weare

g

used for producing the damage. One laser was constructed such that the

outsut was a single longlitudinal mede and the lowest order transverse
v node, TEKQ“. The cutput profile was verified to be TEHGO by detwiled

probing cf the laser near- and far-field patterns.lz The cutput of the

N
Vi b, i

second laser was a single longitudinal mode but with several transverse
It modes. &s a result saveral rraniverse modes could osciliate simultaneously
during a laser pulse giving am irregular pultimode beam profile. The micro-

scopic damage produced by these twe lasers was not the same and using tie

UL 4 SO0

Ramar spectrum a3s a microscopic probe, the following differences were
4 observed: (1) For microscopic damage produced by the multi-mode laser,
h ]

bk two "local modes” at about 550 cm ° and 530 cs-l wverza ebserved.13 Fig. 4.

W i

S Considerable effort was made 15 ostabliish the origin of these twc modes

il LS il

with the cenclusion that they were assoclater with damage. Aisc, a peak at

182 cm = was oviginally thought te be a local mede was iater found to be

a neon line. To establish the arigin of these local modes, [t was recessarvry

Al bhis

to make severa!l modifications to the Raman spectrometer system. Tho most
inpertant modification was the substitution of a Dendble Czerny-Turner monc-
chrerator for a Littrow-mount instrument. (2) These new local modes atl

550 cg-} ana 580 cxﬁl were not observed for sazples microscorically damaged

by the TEHGO laser. These new modes could be produced only with the ouiti-

DAL L St

-3 . -1
sde laseyr. (3) Careful measurement of the 207 cm ~ and the 466 cm  vibrations

showed that within experimental error the line position and the linewidth
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for both iines were irdependent of the number of laser pulses incident to
the sample. The double montchivomator was necessary for reaching this
conclusion. Since the Raman spectrum was measured typically 30-60
minures following the laser pulse, it was concluded that if a memory of
nicroscopic damage exists in crystalline quartz, it is very small or it
decays rapidly, perhaps in a time comparavle to the laser pulse deacay
time. Tou test this rapid decay theury, the evolution experiment described

in Section IV was performed.

IT1. LARER-MODE STRUCTURE EF7ECTS

Messu-ements were made of the macroscopic damage properties of
crystaliine quartz for laser pulses having different mode structures. For
a multimode l2ser pulse the catastrophic damage threshold value was found
to depend on both the propagation and polarization directions of the
incident radiation. The threshold value for uamage produced by the TEHGO
larer was independent of direction. In addition to the different threshold
values, the damage patterns were dependent on the direction of propagation.

The effects of the laser-mode structure on the macroscopic damage
were measured for crystalline quartz using the TEMOO laser and the multi-
mode laser. Shown in Fig. 5 are isodensity contour plots of the energy
distribution in the output beams of these two lasers. These contour plois
were made by photographing the beam in the Iocal plane of the danage lens
(f1=30 mm) using fine grain Kodzk type 649-0 film, Shown in Fig. 5a are
the smooth and approximately Gaussian distribution of the isodensity contour
lines that are typical for the 'I‘EHQ9 laser. The Fresnel numbar for this
laser is about 0.67 so that the normalized spatial and temporal intensity
distributions remain about the same during the pulse lifetime for this
TEHOO laser.lz This being the case, the time jintegrated beanm diameter at
the 1/e° intensity points of Fig. 5a wss taken as the beam diameter for
our experiments and corresponds to 50u. The full width at half maximum
(FWHM) pulse width is 8 nsec for the TEMG? laser pulse. The tiae integrated
profile of the multimode laser, MM}, shown in Fig. 5b, has a dismeter

of about 275:. From the irregular contour lipee it can bz scen that the
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energy was nonuniformly distributed across the beam profile, These

regions, scmetimes called "hot spots," vary in space ana time from pulse
to pu)ee.lz The space integrated FWHM pulse width was typically 20 nsec
for the multimode laser. The Fresnel number for the multimode laser was
about 93. The irregular spatial and temporal behavior for the MM laser
output ma-es the analysis of data taken with this lagser more complex than
the analysis cf data taken from the TEKOO lager.

The experimental procedure was to focus the Leam of either laser
into a quartz sample that had been crystallographicaliy sriented relative
to the laser propagation and polarization diractions. The focusing lens
was the same one as used to produce Fig. 5. The peak power of the laser
for each pulse was measured using a calibrated ITT FWllé biplanar diode
and a Tektronix 51% oscilloscope. The absence or presence of internal
damage within the sample was determined by viewing with the unaided eye,
using side lighting from a low power He-Ne laser. A visible spark inside
the crystal was noted whenever internal damage was prcduced. Following
each pulse the sample was translated such that an undamaged sample volume
was in position for each laser pulse. The peask power demsity thresheld
values for the MM and TE?-!09 lagers are shown in Table I for different
directions of laser propagation and polarization. The notation, P{xy),
indicates that the laser was propagating along the x-crystallographic
direction and was polarized parallel to the y-crystallographic directicn.
The damage threshoid values shown in Tabie I indicate a propagation and
polarization directiumal dependence for the MM laser. The threshold vaives
for the TES.QG laser were independent of propagation and polarization.

The damage thrazsnold values of Table I were estimatecd as follows:
Ffor a given propagation and polarization direztiom, the peak power density
for each pulse was recorded as to whether damage was produced or not.
The +56€Ic§2 values correspond to the damage power density above which
80X of the laser pulses produced demage. Below the -Sc?icﬁz valuss, 801
of the laser pulses did not produce damage. The dacage threshcid peak
powver density is the median of these two values. The ticgfcﬁe deviation
in Table I was recorded directly for each set of measurements and i{s not

the result of a weighted statistical analysis. For the z-propagation
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Table 1. Internal damage threshold values in quartz for the mulvimode

and TEHOO iasers. P(xy) indicates the peak power density for
E a laser pulse incident in che x-crystallographic Airection and

polarized zlong the y-direction.

iyt U By
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Multimode Laser

E P{xy) = 34 + 5 GN/cmz
7 P(xz) =130 = 5 Gﬂ/cnz
3 P{yx) = 63 2 5 Gwlcm2
: F(yz) = 47 £ 5 wacmz
E P(zx) = 80 *+ 5 GW/ca’
t P(zy) = 80 * 5 Gwlcmz

,‘ ) JH‘L

TEM Laser
00

IR

P(1j) =~ 28 ¢ 5 GW/cm®
; 1, =x, v, 2
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direction, about 75 datz points were used, About 30 data points were

i

used for the x- and y-propigation direction measurements. A proper

statistical analysis would assign a smaller variance to the threshold

o S

valu~ for the z~propagated danage than for the x~ or y-directions. It
should be n::ed that the threshold value for the TEMGO laser, P(fj) =
28 + 36W/.m°, falls within the range of values quoted by Olnessiu
{13-3063/c&2; ror damage produced Ly a “single spatial mode” ruby laser.
The damage ‘hreshold peakpower denmsity values wvere computed using
the measured laser peak pover and the time-integrated beam diamerer of E
Fig. 5. For the TEHoc laser, the vime inregrated pveam diameter is approximately
the same as the iastantaneous values.12 and the space integrateu pulse

duration is approximately the same as the local values. Thercfore, the

value listed in Tabie I for the TEHOO laser is an accurate representation

of the threshuld. For the MM laser, however, the pulse is irregular in
time and space such that the values given in Table I for the MM laser can
only be considered 2s relative and shouid not be compared with the TEHOO
threshold vaiues., However, the relative values of the MM laser data are

accurate becaune of the 801 points' method of recording.
P 14

L AU i

No evidence of self-trapping tracks was observed for any of the damage

E regions froduced by either laser in these experiments in quartz. Under
other conditions, the critical pswerls required for catastrophic self-
focusing may be achieved and we could produce self-trapped tracks in

E crystzlline quartz. If possible, self-trapping which compiicates

and sometimes confuses the picture of ldser damagelb should be avoided

'} sc that the basic mechanisms of laser damag® may bhe studied and compared.
Given in Table 11 are the ratios of the propagation velouvities of

elastic waves (acoustic phonons) in crystalliue quartz. v(zx) is the

A3 A0 Wt skt £l

v« locity of a wave propagating in the z-directlion and polarized alon§

= the x-direction. The veiocities were calculated in the nsual manner’
esing published elastic c.astant da'a for quartz. Also :isted are ratios
of zhe MM damage thresheld peak power densities of Table 1. One can see
E 3 strong dependence ¢ rhe ratios of the MM laser damage threshold values
3 on the acoustic phonon propagation in quariz. :
7 The follewing phensuenolegical rmodel has been developed to explain

the damage mechanise i{n quartz for the twe lasers. Radiaticn incident on

it




S

I

Table IY. Ratios of the acoustic wave propagation velocities and

multimode laser damage values in quartz. v{zx) is the

velo~ity of a wave propagatfing in the z-direction and polarized

ir the x-direction,
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a dieleciric sample such as quartz primarily interacts with the electrons

and the electrons in turn interact with the lattice. Under some conditions
the incident radiation can also ioteiact directly with the lsttire through
9iac£rostricti9n.ia For esither the direst or indirect radiation-lattice
interaction, the icns will be set in motion with a piven ompiftude. The
wagnitude of the amplitude will depend on the amount of energy pumped
Inte the lattice from the incident trield. For proper input conditions
the amplitude of the iomic motion may reach a threshold value at which
the jonic bonds are broken resu:ting in the observed internal damage.

The increase in the amplirtude of the ioniz vibractions in the crystal due
to the amplification of acoustic phonon motions depends directly on
crystallographic direction and roc¢ on the laser mude structure. The
internal damage patterns would, theretore, be expected tc depend on the
direction of propagation and not on the type of laser used. Figure 6
shows typical damage patterns produced by the MM lasers. Wwhen the laser
was propagating along either x- or y-crystailographic direction, a cross
was cbserved in the drmage cross-section as shown in Fig. 6a. A circular
damaged cross-section is seen in Fig. 6b whern the laser is fired into the
z-direction of the crystal. The damage patterns in both cases can be
correlated with the dire. ional dependence of sound velciities.lg The
damage patterns produced by the TEHGS laser have similar directicnal
dependence with fracture patterns about ten times smaller.

The difference in damage thresholds in the two lasers may be
explained as follous. The temporzl and spatial variagtion of the TERGE
laser field is smooth. This tvpe of light pulse iateracts primarily with
the electrons. The efficiency of this interaction is gquitre independent
of crystailographic directien for insulators such as quartz, and thus
the damage threshold value would be independent of the propagation ard
polarization directions of the incidect laser pulse as given ia Table 1.
The strong spatial and temporal gradients present in the output profiles
for the MM laser on the otheyr hand can wmedulate the jonic motion by
electrostyrictive Interaction. This modulation has compoments in the same

fraquency and wave vectcr range as the zone-center acoustic phonons of

the crystal and as a result laser emergy may also be absorbed Cirectly and

critically by the lattice from the imcident pulsz. Because the excitation
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(€a). Either the x ur y cryst:llographic direction.

{(&b). z-direczion propagation.

1

Typical damage patterns produced by the M1 laser for different
propagation di

recticns in quartz. (a) The laser was propagating

along either the x or y crystallographic direction. (b) z-directienm

propagation. he iracture patterns produced by the TEM lasger
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are similar and are about t«n times smaller =
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eof the acoustic wave in this case results directly from the streng spatlatl

and temperal intensity grsdients of the propagating MM iaser pulse, {ts

7]
[=

prepagation and pelarizaticn is dictated by the laser beam. #s the fonic
motion derends oo the crystallograpnic bondinz directions, the efficiency
of this interaciion and the MM laser damage threchold values would be

dependen:t on crysiallographic directions (Table I). The uxistenze of
electrostrictive interactions may slso causs self-focusing of the laser

beam in solids. Tt should be noted that seif-focuecing requires a critical
beam intensity and the direct coupling between the radiation and the acoustic

wave in our medel depends only on the strong intensity gradients of the MM

]

[

laser pulse. It can be estimated -~ that wur laser iatenslty was below

the crirical value for czatastrophdc self~foczusing bur the intensity gradient
for the MM laser was strong enough o excite acoustic waves of catastrcophic
amplitdes resulting in fracture within the crystal.

The details of the effects of lzser mode structure on damage will
] ig
be published elsewhere. In addition, we have alsc axamined the surface

damage patterns producsed by the ?E§§& and MM lasers. This is shown in
Fig. 7. Coatrary to the iuternal dasige, the laser mode structure has

a pronounced effect on the surface damage patterns as well.

IV. EVOLUTION OF MICROSCOPIC DAMACE

Primary goal of thi!s as weil as opst laser dosage programs had been

to determine the origin of the damage. The rescarch program described

hers attempted to determine the conditiong under which the macrascopic

damage could evolve from the micreoscopic damege. Trom the experiment
described in Section II it was concluded that if a memory of micreoscopic

damage existed in crystalline quart2, it would have a short lifetime.

rther the follow.ng experiments

"y
©

To pursuc the memory and evolution ideas

were performed. {i“ The incident and transmitted radiation were munitored

for a laser pulse with peak power 80Z

Both the multimode and ?EEQG laser were used for this experiment.

o
0]

of the macroscopic threshald value.
{2) The

incident and 90° scattered radiation were =onitored. ¥For this experiment

oy

crystaliine guariz, fused

only the TEM  laser was used, bur samples
) -

silica, and Nd-laser glass wvere used.
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For the transuission eéxperiment, the incident and transmitted pulses

were recorded by a single photodicde (FW114) snd oscillescope (Tektronix
519). The incident pulse was optically or electrically delayed relative
to the other pulse, thus permitting rhe two pulses to appear on a single
escilloscope trace. For this experiment the optical and electrical
delay schemes gave equivalent results. Large fluctuarions were cbserved
in the ratio of the transmitted to incident power usiig the multimode
laser. These fluctuations were due to the complex mode structure and poor
reproducibilivy of the laser puise.ga Using the ?Eﬁos lager, the fluctuations
in the data were negligible. Shown in Fig. B8 is the ratic of the transmitted
energy (i.e. the area under the pulse) to the incident energy plotted as a
funcrion of the number of laser pulses incident in a particular sample
voluse. The TESGQ laser pulses corresponding to these data were each
at about 80F of the macroscopic damsge threshold value. The solid line in
the figure is a least~squares fit of the data points to a sloping straight
1inc. The datza were also fitted to a constant value but the resulting
"confidence of fit" was appreciably greater for the line shown. Second
and third order polynomials were alsc fitted to the dats but the confidence
wae about the sam: a3z for the sloping sriraight line. The large ratio value
for pulse number 13 is probably due to a malfunction of the laser. For
those places where no data ave given, the oscilloscope ¢id not function
properly so that no traces were recorded. The error bar shown in the
figure was determined from the reproducibility of reading the areas
under the oscilloscope traces.

From the decreaze in the energy ratios of Fig. 8 it iz concluded
that a cumulative effect of microscopic damage was observed. The evelution
of macroscopic effects from these microscopic effects was not observed
before the determination of the experiment (20 laser pulses).

The data of Fig. § were alsoc analyzed by searching for nonlinearities
in the instantareous povers of the incident and transmitted beams for a
given laser pulse. Shown in Fig. 9 is a typical plot of the instantaneous
incident power, ?i, as a function of the corresponding transmitted
power, ?t. for a typical data point of Fig. B. The solid curve represents

a least-squares Tit of the datas points te a quadratic curve. The confidence
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of this fit was better than for a straight line fit. This gquadratic
dependence would indicate that during the lifetime of the laser pulse a
slight nonlinearity, perhaps due tc a change in the refractive index of

the sample, had been iutroduced by the incident laser. No data were avail-
able where macroscopic damage was produced.

For the 90° scattering experiment it was theorized that, if cunmulative
effects were present, the scatterad light, starting from a very low level,
should increase by a small amount with each successive laser pulse and
would be expected to increase suddenly when catastrophic damage was produced.
This sudden change in the amount of scattered light would thus be evidence
of the evolution of micrescopic into macroscopic damage. To test this
hypothesis, the TEHDQ lager was used to irradlate samples of crystalline
guartz, fused silica and Nd~laser glass. Shown in Figs. 12 and 11 are
plots of the ratio of the scattered o incident power as a function of
the number of laser pulses for samples of crystalline quartz ang fused
silica, respectively. The peak power of each pulse was about 80 of
the catastrophic damage threshold value. For both samples, changes in Lhe
90° scattered light are inconclusive. For the Nd-laser gizss samples,

the scattered light was not detected because of the large absorption in

3 the glass. For each sample, measurements were made of the 90° scattered
E radiation for each successive laser pulse until the sample develcped

catastrophic damage. Within the accuracy of Figs. 10 and 11 evidence of

micrescopic damage is inconclusive. This type of experiment is apparently

less sensitive than the foiward scattering experiment.

V. SUMMARY AND DISCUSSION

An important conclusion of this research is that the mechanism

-

governing the onset »f lassr-produced damage in sclids depends, in a

critical way, on the spatial and/or temporsl gradient of the interaction
strength across the focal voiume. Differeaces in macroscopic damage
threshold were measured for the TEHOG and the multimode laser. Due to

the strong spatial and temporal gracients of the multimode laser beam, the

electrostrictive interdction provides a direct way of feeding energy te the
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aroustic phenons in the crystal and thus resultiong in a directional
dependent threshold values. For the TEMoc laser, the incident radiation
can only interact with electrons, and unless cutastrophic damage occurs,
pronons in the crystal will not be significantly perturbed, thus accounting
for not observing changes in Raman lice position or linewidth in micre-
scopically damaged quartz. For cne experiment the cumulative effects of
microscopic w.mage were observed ip crystalline quartz. Other experiments
designed to deters cumulstive effects were nct affirmative indicating that
thece measurerents were not as censitive as first assumed.

The technique of light scattering as a diagnostic tool for laser
induced microscapic damage can be effective if used under proper conditions.
To be completely successful it is necessary to differentiate laser~induced
effects from normal light scactering effecte. The results of this research
program indicate that lignt scatvering measurements can provide information
abour damage and may be the only tool to diagnose the true mechanism for
iaser—induced damage in solids. Further investigations on the differences

between amorphous and crystalline materials, such as quartz and fused

guar:z samples, in terms of laser produced damage should be continued.

At A ot b A

AT AL L

S i vl

Ao b Ut




AT .I'illrlﬂumr'llb!ﬂl'lﬂlllﬂmmmﬂlm

T T TR R
[WS)

13.

E 11,

E )z,

13.

KEFEKENCES

A. J. Glass and A. H. Guenther, "Damage in Laser Glass,” ASTM Symposium,

1989, Special Tech. pub. 469.

A. J. Glass and A. H. Guenther, "Damsge in Laser Materials,” ASTM Symposium,

1970, NBS Specifal pub. 341.

A. J. Glass and A. H. Guentiier, "Damage in Laser Materials - 1971," ASTH

Symposium, 1971, NBS Special pub. 356.

Y. D. Harker, C. Y. She and b. F. Edwards, "Stress-Dependent Raman

Frequency and Linewidth in a-Quartz,” Appl. Phys. Letters 15, 272 (1969).

D A. Kleimmean and W. ., Spitzer, "Theory of the Optical Properties of

Quartz in the Infrared,” Phys. Rev. 125, 16 {1962).

Y. D. Harker, C. Y. She and D. F. Edwards, "Raman Spectra of a-Quartz

Under Uniaxiai Stress," Jour. Appl. Phys. 41, 5274 (197G); Y. D. Harker,

C. Y. She and D. F. Edwards, "Effect of Uniaxial Stress of Vibrational

Modes in a-Guartz," Tech. Rept. AFCRL - 69 - 0445, U.S. Air Force (1969).

J. D. Masso., "Raman Scattering 1in a-Guartz,” Ph.D. Thesis, Cclorsdo State

Cniversity £1970).

C. M, Stickley, H. Miller, £. E. Hoell, C. C. Gallagher and R. A. Bradbury,

"Color Centers and Ruby-Laser Qutput-Energy Degradation,” J. &ppl. Phys.

40, 1792 (1969).

A. L. Schawlow, I. L. Wood, and A. M. Clogston, "Eiectronic Spectra of

Exchange~Coupled Ion Pairs in Crystals,” Phys. Rev. Letters 3, 271 (1959).

R. C. Powell, B. DiBartolo, B. Birang, and C. S. Maiman, "Fliuorescence

Studies of Energy Transfer Between Single and Pair €r3+ Systems in

ii203," Phys. Rev. 135, 236 (1967).

D. F, Edwards, Y. D. Harker, J. D. Massc and U. Y. She, "Diagnostic and

Evidence of Pre-cacastrophic Damage in Transparent Solids,” ASTM STP 469,
28 (1969).

G. L. McAllister, M. M. Manp and L. G. De Shazer, "Transverse-Mode

Distortions in Giant-Pulse Laser Uscillstions,” IEEE J. of Quantum

Electronics QE-6, 44 (1970).

D. F. Edwards, €. Y. She, J. D. Masso. Y. D. Harker and H. C. Schade,

¥

"Raman Scattering in Hicroscopically Damaged Quarzz,” in Damage in laser

Materials, A. J. %Slass and A. H. Guenther ed., NBS Sypecial pub. 341, 97

(1%70).

El

M

e i, Bl G

AL A




27

; 14. D. Claess, "Laser-Induced Breakdown in lransparent Dielectrics,”

- J. Appl. Phys. 39, 6 (1968).

] 15. E. L. Dawrs and J. H. Marburger, "Computer Studies in Self-Focusing,"
] Phys. Rev. 179, 862 {1569).

Ll
st N U

-

16. E. 3. Bliss, "Pulse Duraticn Dependence of Laser Damage ! echanisms,”

]

Second AS.M Symposium on Damage in Laser Materials, NBS Special

pub. 341. 19% (1970).
_ 17. C. Xittel, Introduction tc Solid State Phyvsics, 3rd Ed. (John Wiley and
: Scns, New Ycrk, 1968).

i

18. Edwin L. Keryr, "Transient and Steady-State Electrostrictive Laser Beam
Trapping,"” IEEE Jour. Quantum Electronics CE-6, 616 (1970).

19. V. 6. Dragsoo, £. ¥. She, G. L. McAllister and David F. Edwards,
"Effects of Laser Mode Structure on Darage in Quartz,” I1EEE Quantum
Electronics, Feb. 1972 (tc be published)}.

20. David F. Edwards, C. Y. She, V. G. Draggoo, T. W. Broberg and G. L.

I
S S T A

DUl

McAllister, "lnvestigation of Cumulative Effects in Microscopically Damaged

Quartz," Third ASTM Sympcsium on Laser Damage, NBS Special pub. 356,
24 (1971).

5
3
E
E
g
E
-
-
g
=
=
b
§
z
e
E




gl

CONTRIBUTING SCIENTISTS AND ENGINEERS

David F. Edwards, Frofessor of Electrical Engineering ard Physics,
Principal Investigator.

Chiao-Yao She, Associate Prefessor of Physics, irvestigator.
Sanford Kern, Associate Professor of Physics, Iavestigator.

G. L. McAllister, Assistant Professor of Electrical Engineering,
Consultant.

Y. D. Harker, Ph.D. Student.

Jon D. Masso, Ph.D. Student.

T. W. Zroberg, Ph.D. Student.

H. C. Schade, Graduata Student.

V. G. Draggoo, Graduate Student.

0o it 'ummvuu.'wnw\uluuu.unmn|unmum‘m.muu'numwulummmunuiimunnmnmmmwumwmnummmthmevmW

i Gailbns)




4 15.

VBLICATIONS

Resulting fr.» Partial Sponscrship of the Contract

Y. D. Harker, Jon D. Masso and David F. Edwards, Appi. Opt. 8, 2563 (1969;.
David T. Edwards, Jon D. Masse, Y. D. Harker and C. Y. She, in Damage in

Laser Glass, A. J. Glass and A. H. Quenther ed., Special Technical publication,
Amer. Soc. Testing and Materiais STP 469, 128 {1963).

Y. D. Harker, C. Y. Sne and David F. Edwards, Appl. Phys. Letters 15,

272 (1969).
Y. D. Harker, C. Y. She and David F. Edwards, Technical Report AFCRL - 69 -

0ué45, U.5. Afr Porce (1969).
J. D. Masso, C. Y. She and David F. Edwards, Phys. Rev. BI, 4179 (197C).
David F. Edwards, C. Y. She and Jon D. Masso, Bull. Amer. Phys. Soc. 15,

297 (1970).
C. Y. She, Jon D. Masso and David F. Edwards, Bull. Amer. Pays. Soc. 13,

372 (1970).
David F. Edwards, C. Y. She and Y. D. Harker, Bull. Amer. Phys. Soc. 15,

B10 (1970G).
David . Edwards, C. Y. She, Jon D. Massc, Y. D. Harker and H. C. Schade,

in Damage in Laser Materials, A. J. Glass and A. H. Guenther ed., U.S.

Dept. of Commerce, MBR Special publisatien 341, 97 (1970).

David F. Edwards and C. Y. She, "Evidence of Laser-Ianduced Pre-catastrophic

Damage in Ouartz,” Presentation, International Quantum Electrenics Conference,

Kyoto, Japan, Sept. 1970,
Y. D. Harker, C. Y. She and David F. Edwards, J. Appl. Phys. 41,

5274 {19703.
C. T. Meneely. C. Y. She and Dav.d F. Edwards, J. Moi. Spec. 39, 73

(1971).
C. Y. She, Jon D. Masso and David F. Edreards, J. Phys.

Chm. Solids 32,

1887 {1%71).
V. G. Draggoo, "Laser Induced Damage in JQuartz," M.S. Thesis, Colorado

State University.

C. Y. She, T. W. Broberg and David F. Edwards, Phys. Rev

B4, 1580 (1971).

ﬂ‘iMMMU!MMquUH#MhMMIMMHMMWWWWWMWWWWWWMW

:;
=]
g
F|
-
3
=2
E
E
%

Bt




TSR ST PO PR

L Dol

T

L i

16,

-30-

David F. Edwards. C. Y. She, Y. G. Draggoo, T. W. Broberg and G. L. McAllister,
in Damage in Laser Materials - 1971, A. J. Glaes and A. H. Guenther ed.,

U.S. Dept. of Commerce, NBS Special publication 356, 24 (1971).
Y. G. Dragpoo, €. Y. She, G. L. McAllister and David F. Edwards, IEEE
J. Quan. Elect., Febr. 1972 (to be published).

g
i
‘§

R L

A e

ey

ot it it

i




T R e

i

G

T

Ay
Uiy

-31-

Unclassified

Sreunty Clagucfcation

COGLEAERT CONTROL GAJA-RLD

(L ity o Bt CiTon 05200 Of $iH10, burdy 8 00z b § Bk soodhe gomy my mosi. = mmst kb GniOred WhAn L g uns 2 Femant 3a FlassiNed)

1 OB-Giwe tig AC o fC 0 pwrnte oviiuy; 136, AESODT LEC® TV CLANIICE Pilie

Unclassified

Colorado State University " Saus

__Fort Col ing, Colorado 8Q%52%

3 MEPOMY ViYL Y

LASEPR. PRODUCED DAMAGE IN TRANSPARENT SOLIDS

& DLACHBVivE uBTED [Type of 1opart snd vt heiive So100} At proved:

Scientific. Final: (1 March 3969 - 30 Seprember 1971) 35 March 1972 |

$ Ay FHO88 {Finet nome, Bifile Nuiet, (482 Aevn)

David F. Edwards
C. Y. She

a ALPORY Tave 1a forTey o GF Pigce i'i =3 OF AP

February 1972 39 20

" COWTROCT OR SRADT R DR imaAlGE S ACOORT muwdial,

F-19628-59-C-0197

& PPOIELY, TARK ARD BURAK LIIY W)

4645-07-01

& X0 tLtunT D iniwm M PIM RO {Asy St rpmiess Wl cap bn 00 MigEad

62405F e
« 000 SuBtLement  £I4645 AFCRL-72-0143

13 O ITIMDY 7 STAFEUEn Y

A-Approved for public release; distribution unlimited.

13 SUPPLEMETNTEET NOTLS S PFDwITRNE sl tTAAY A VIW:T Y

Air T --~e Cambridge Research

. Laboratories (OF)
TECH, OTHER L. G. Hanscom Field

TR TILTOR Bedford, Magsachusetrs 01720

The mechanism governing the onset of laser-produced damage in
solids was found to depend, in a critical way, on the spatial and/
or temporal gradient of the interaction strength across the focal
volume. As a result, the threshold values of damage produced by
a multioode laser as well as the internal damage patterns depend
strongly on the laser propagation and polarization direcicns.

In the forward scattering experiment, the cumulative effects
of microscopic damsge were observed in crystalline gquartz. Other
experiments designed to detect cumulati-e effects were inconclusive.
Various lig..t scattering spectroscopy as a diagnostic tool feor
laser-produced damage studies were investigated.
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