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RESUME

Nous décrivons une technique expérimentale permettant de déter-
miner le seuil d'endommagement des surfaces optiques de verre et de
plastique irradiées par un laser CO2 TEA impulsionnel. Les densités

-~

d'énergie correspondant 3 une probabilit& d'endommagement de 50%, telles

: qu'estimées par une analyse probit, sont de 4.0 J/cm2 pour la silice
fondue, de 2.1 J/cm2 pour le verre sodocalcique, de 2.3 J/cm2 pour le

thermoplastique, de 2.3 J/cm2 pour le plastique acrylique et de

1.7 J/cm2 pour le polystyréne. Nous présentons une interprétation des
distributions statistiques observées en fonction de divers mécanismes
d'endommagement. Enfin, plusieurs améliorations susceptibles d'accrol-

tre la précision des résultats obtenus sont suggérées. (NC)

ABSTRACT
- An experimental technique is described for determining the
damage thresholds of glass and plastic optical material surfaces,
opaque to laser radiations, when irradiated with a pulsed TEA-Cd2
laser. Use of a probit analysis to estimate the irradiance required
for a 50% probability of damage gives threshold levels of 4.0 J/cm2 ’
for fused silica, 2.1 J/gm2 for soda-lime glass, 2.3 J/cmz‘for

polycarbonate, 2.3 J/cm2 for acrylic and 1.7 J/cm2 for polystyrene

/!/57 [ H

plastics. The significance of the statistical distributions observed

in attributing various mechanisms to the damage is discussed. Finally,

some improvements are suggested to make the measurements more accurate’(U)
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1.0 INTRODUCTION

A number of workers have shown that damage to transparent optical
materials from laser radiation is a statistical phenomenon. Bass and
Barret (Ref. 1) first demonstrated the statistical nature of the damage
due to an intrinsic electron avalanche breakdown, while others (Refs.
2-5) showed that damage due to absorbing inclusions and structural
defects in the material were also statistical. In these cases, the
concept of a damage threshold could only be defined statistically since
irradiating apparently identical sites with identical laser pulses

produced damage for some of the trials only.

On the other hand, homogeneous absorption by the irradiated
material is non statistical, and materials damaged by this phenomenon
should show a definite threshold. Under this assumption, the absence
or presence of statistics could be an indication of the damaging mech-
anism. Caution is required, however, since there are many sources of
statistical fluctuations associated to damage threshold experiments.
For example, lasers' inherent pulse-to-pulse variation in energy may
mask the statistics of the damage phenomenon; the surface conditions
of the samples may influence the amount of energy absorbed; the actual

failure mechanism, triggered by the absorbed radiation, may be statisti-
cal even if the absorption is not.

In this work, we present some typical results of damage experi-
ments on various glasses and plastics, opaque to the laser radiation.
Damage is defined on the basis of changes which occur in the physical

appearance of the surface of the materials. Since the absorption is

homogeneous in the materials chosen, the damage is presumed to be non-
statistical.
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To measure distributions in the damage thresholds, we adapted
the experimental technique used by Hacker and Halverson (Ref. 6) for
determining the breakdown threshold of gases. The influence of laser
energy fluctuations is largely eliminated by recording the energy of
each pulse along with an indication of whether or not damage occurred.
Any remaining statistics that can be attributed to the damage phenom-

enon may be used to characterize its process.

Section 2 describes the experimental setup and the procedure for
acquiring the data. An outline of the statistical analysis which allows
to estimate the damage threshold and the parameters of the probability
density function appears in Section 3. The results and a discussion of

their significance follow in Section 4.

This work was performed at DREV, between January 1977 and May
1980, as partial fulfilment of tasking for DLAEEM under PCN 33B39,
Laser Induced Damage to Optical Surfaces.

2.0 EXPERIMENTAL

2.1 Damage Testing Facility

Figure 1 schematically illustrates the physical setup used for
the damage tests. Damage was induced by a Laflamme type (Ref. 7)
TEA—CO2 laser (Ref. 8) modified for variable pulse length operation
(Ref. 9). The pulse length of this laser can be varied from 0.1 us
to 100 us (width at 10% maximum height) by changing the reflectivity
of the output coupler and the composition of the gas mixture. Figure 2
shows the typical waveform of the 34-us pulses used in these experi-
ments. The available pulse energy ranges from 5 to 50 J, depending on
the pulse length and the discharge voltage. The laser operation is

multimode on the P20 line, at 10.6 um, with a beam approximately 50 mm

by S0 mm at the output.

Y |
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TEA-CO, laser F"
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Physical arrangement for laser damage threshold experiments

FIGURE 1 - Physical setup for laser damage threshold experiments. The
pressure of propylene in the gas cell attenuator controls
the beam energy. The two reflected beams from the NaCl, 5°-
wedge beamsplitter are monitored by the pyroelectric Joule-
meter for a measure of the beam energy, and by the photon
drag detector for the time evolution of the laser pulse. The
spherical mirror and the optical integrator produce a~12 mm
square spot on the target plane. Long-focal-length mirrors
were used to avoid the possibility of air breakdowns in the
focal regions. Except at the flat turning mirror, all angles
between incident and reflected beams were kept less than 10°
to reduce polarization effects at the surface of dielectrics,

and aberrations from the spherical mirrors.

R
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FIGURE 2 - Time evolution of the laser pulse recorded from a photon drag

detector with a 150-MHz-bandwidth oscilloscope terminated
with 50 Q. Pulse width of 34 us is measured as the width at

10% of the maximum.
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A series of plane and spherical mirrors (Fig. 1) folded and
focussed the beam to a spot approximately 12-mm square at the target
plane. A homogenizing reflector, consisting of 32 small flat mirrors
mounted on a spherical surface, was also incorporated to obtain a
uniformly distributed beam profile. This arrangement avoided air
breakdown, and allowed the use of small off-axis angles to reduce
the effects of spherical aberrations. It also provided for spatial
filtering if a more uniform beam profile were needed for greater pre-
cision in future experiments. The current profile at the target plane
is flat to within 10%. Provision was made for a second NaCl, 5°-wedge
beam splitter to be inserted between the final focussing mirror and
the target plane to provide two additional sample beams, one for

monitoring the laser wavelength by means of a CO, laser spectrum ana-

2
lyzer, the other for future continuous monitoring of the laser beam

profile at the target plane with a pyroelectric vidicon camera.

A mechanism (Fig. 3) held the target and repositioned it between
the shots to expose a fresh site to the laser beam. This mechanism
allowed the laser beam to scan the target in raster fashion to cover

rectangular samples from S cm to 30 cm on a side,

2.2 Procedure

The technique used was a multiple-shot, l-on-1 experiment in
which each site of the sample was irradiated once by a pulse from the
Cco

or conditioning of the sample (Ref.10), and ensured that the effect of

2 laser. This avoided cumulative effects, such as laser polishing

each shot was independent. To obtain as many damaging shots as
undamaging ones, we controlled the laser energy from shot-to-shot
with a gas cell attenuator. We attempted to collect sufficient data

at each energy level to ensurc at least one surviving or one damaged

site.




UNCLASSIFILD
[§)

FIGURE 3 - Mechanical scanner used to transport a fresh sample site
into position betwecen laser shots. A 5 to 30 ¢m square
sample may be accommodated; it moves horizontally between
adjustable limits then shifts 20 mm vertically to start a
new horizontal scan. Scan speced may be set over a wide
range but, in this experiment it was adjusted to spacc sample

sites ~20 mm apart between laser shots.
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The joulemeter produces a peak voltage pulse proportional to
the laser beam energy it monitors. The corresponding energy actually
falling on the target plane can be calculated if the ratio between the
joulemeter voltage and the target energy is known. This ratio was
obtained by direct measurement, and frequently verified so as to detect
any variation caused by inadvertent changes in the alignment or the

optical properties of the components.

To increase precision, we offset the joulemeter voltage by a
known constant before reading its peak with a digitizer and storing
it in one of two 256-channel memories. Short duration noise, which
appears on the joulemeter cable at the time of the laser firing,
prevents the use of the peak reading mode of the digitizer. However,
since the joulemeter voltage rises slowly, over several milliseconds,
and reaches its maximum after the noise has subsided, the reading
could be taken by triggering the digitizer with a pulse delayed to

coincide with the peak.

Damage was detected visually since all the sample materials were
transparent in the visible region of the spectrum. The polystyrene,
polycarbonate and silica surfaces were damaged by melting. Damage in
these materials was detected by projecting images of their surfaces on
a screen, with a white light, to observe their patterns. It appeared
as white spots in the acrylic plastic (PMMA), and as fine cracks, which
occurred within 5-10 s of irradiation, in the glass. In these two
materials, damage was detected by illuminating the samples with a
collimated beam of white light from an arc lamp and by viewing the

laser irradiated area with a standard TV monitor.

e e ARbb e e mena Pt
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A 555 timer, connected as a bistable multivibrator, registered
whether a site was damaged or not. When damage occurred, the multi-
vibrator output was manually set high, otherwise, it was left low.
The pulse that triggered the digitizer for the joulemeter also trig-
gered a second digitizer which recorded the state of the multivibrator
in the second 256-channel memory and reset it low. This allowed
several seconds, after the laser shot, for the damage decision to be
made. We must be aware that, although the energy of the nth laser
shot was recorded in the nth channel of the first memory, the damage
decision was recorded later in t, the n+1th channel of the second
memory. This can easily be integrated to the computer program to

perform the analysis.

Via a CRT terminal, the data computed from the numerous shots
was transferred from the memories to DREV's main computer through a
custom-built interface. Within a few seconds, preliminary results of
the statistical analysis were displayed on the CRT terminal's screen
(Figs. 4-8) so that one could rapidly determine if the data was

adequate.

The samples were tested as received from the distributors. No
special treatments were applied to the surfaces beforehand other than
the removal of any obvious dirt and dust with compressed air. The
soda-lime glass was ordinary window glass from the carpentry shop.
The polycarbonate plastic sheet was LexanR* 9030, the acrylic plastic
was PlexiglasTM**, and the polystyrene was a "K-LUX'" Safe-t-vue clear
sheet. The silica was a Corning 7940 fused-silica plate with a

commercial polish.
» R Trademark of the General Electric Company, Pittsfield, Mass. 01201

™ Trademark of the Rohm and Hass Co., Philadelphia Pa. 19105
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- Experimental results for the measurement of the damage

threshold of fused silica irradiated by a 34-us-long TEA-CO,
laser pulse at 10.6 um. The upper left graph is a histogra;
of all laser shots as a function of laser energy (represented
by the signal voltage from -the energy meter). The lower left
graph is a histogram of those shots which damaged the sur-
face. (In fused silica, the damage was characterized by the
onset of surface melting). The upper right graph shows the
probability of causing damage as a function of laser energy.
The crosses represent the relative frequencies of damage
obtained by dividing the histogram of damaging shots by that

of the total number of laser shcts. The curve is the max-

imum likelihood estimate of the probability where a normal
probability density distribution was assumed. The lower
right hand graph is a probit plot of the same data. The
probit is a coordinate transformation which linearizes the
probability curve. The dashed lines represent 95% confidence
limits based on Student's t distribution. The damage thresh-
old corresponding to the 50% probahility of damage occurs at

5
0.120 + 0.002 V, which represents an irradiance of 4.0 .J/cm”.
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FIGURE 5 - Experimental results for the measurement of the damage
threshold in soda-lime glass. An explanation of the graphs
appears in the caption of Fig. 4. In soda-lime glass, damage
is characterized by surface cracking. The threshold for a
50% probability of damage is 0.242 * 0.003 V, corresponding

5
to an irradiance level of 2.1 J/cm”.
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FIGURE 6 - Experimental results for the measurement of the damage
threshold in polycarbonate plastic. An explanation of the
graphs appears in the caption of Fig. 4. In polycarbonate,
damage is characterized by surface melting. The threshold
for a 50% probability of damage is 0.075 * 0.001 V, corre-

sponding to an irradiance level of 2.3 J/cmz.
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FIGURE 7 - Experimental results for the measurement of the damage
threshold in acrylic (PMMA). An explanation of the graphs

In PMMA, damage is

The threshold of a 50%

probability of damage is 0.304 % 0.003 V, corresponding to
2

appears in the caption of Fig. 4.

characterized by surface melting.

an irradiance level of 2.3 J/cm
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FIGURE 8 - Experimental results for the measurement of the damage

threshold in polystyrene.

appears in the caption of Fig. 4.

An explanation of the graphs

In polystyrene, damage

is characterized by surface melting. The threshold for a

50% probability of damage is 0.0579 # 0.0009 V, corresponding

to an irradiance level of 1.7 J/cm
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3.0 STATISTICAL ANALYSIS OF DAMAGE MEASUREMENTS

3.1 Sources of Statistics in Threshold Measurements

The five materials chosen for this series of experiments are
strong absorbers of the 10.6-um radiation from CO, lasers. Assuming
: that the absorption is homogeneous, one at first ;xpects the damage
due to the absorbed energy to be deterministic, i.e. free from statis-
tics. A few measurements quickly showed that this is not strictly
L true as two, apparently similar, laser shots produced different

results. The statistical nature of these results could arise from

several causes such as fluctuations in the laser output, lack of
material homogeneity, presence of localized dirt or polishing compounds,
variations in the positioning of the sample, fluctuations of the laser
beam profile, or the intrinsic way in which damage manifests itself

after the laser energy is absorbed.

This experiment was designed to eliminate the effects of the
variations in the laser output by accurately measuring the energy of
each pulse. Lack of material homogeneity seems unlikely in our
experiments since the sites were all on the same sample, and any small
variations in the absorption are negligible compared to the 90% to
96% absorption (Ref. 12) for these materials. Although the samples
were tested as received, their appearance ruled out any gross contami-
nation by foreign substances. In any case, the absorption is not
expected to be greatly affected by small amounts of imperceptible
dirt. Variations in the positioning of the sample were reduced by
ensuring that the scanning motion was parallel to the surface of the
sample. A poor alignment of the scanner would have caused the damaged
sites to collect in the same portion of the sample. Temporal variations

in the laser pulses were not expected to affect results since those

. pulses were all nominally the same length, and any small variations
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occurred over time periods much shorter than the diffusion time
necessary for the irradiated areas to cool down. However, fluctuations
in the beam profile and in the way damage occurs in glass do affect
the results, as discussed in Section 4. Once all statistics due to
extrinsic causes have been accounted for, those that remain must be
attributed to intrinsic ones and they must be checked against their

expected distribution.

3.2 Probit Analysis

The underlying assumption is that the probability for damage
increases with the density of energy falling on the surface of the
material. Furthermore, we assume that the threshold levels are
aormally distributed, with a variance related to the damage mechanism.
If the energy density, or irradiation, is denoted by E, the probability
distribution of damaged sites may be expressed by

/2

P = (2102) Y2 exp [-(E-w)%/20°]dE (1]

where dP is the probability of damage occuring over the energy density

. . . . 2, .
range dE, u is the mean of the distribution, and ¢~ is the variance.

The analysis used to estimate the parameters u and 02 of eq. 1
is based upon the probit transformation of the experimental results
(Ref. 13). The probit is the random variable which corresponds to the
probability in a normal distribution, with mean 5 and variance 1.

Symbolically, the probit, Y, of the probability, P, is defined by

L S
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Y-5
p = (2n)~1/2f exp [-u2/2] du [2]

Integration of eq. 1 gives the expected proportion of samples damaged

up to an energy density E_ as !

E
P = (2n02)_1/2f © exp [-(E-u)%/20%] dE (3]

Comparison of [2] and [3] shows that the probit of the expected
damaged proportion is related to the energy density by the linear

equation
Y =5+ (E - w/o (4]

Traditionally, the probit method is to fit a best straight line
to eq. 4, by adjusting u and ¢ to obtain the maximum likelihood
estimate for the experiment. That is, the two adjustable parameters
of the distribution function are varied to obtain the probability dis-
tribution which corresponds to the results observed to be the most
likely outcome of the experiment. 1In the past, the probit transfor-
mation was used to linearize the probability distribution and thus
to facilitate this fitting. Although modern computers makes this no
longer strictly necessary, expressing the results in terms of the
probit is useful for comparison and interpretation. Our fitting
procedure, which closely follows the method developed in Appendix II
of Ref. 13, is performed in APL, as described in Appendix A. Once
the maximum likelihood estimate of the probability distribution
function has been obtained, it is easy to determine the energy density

required for a given probability of damage. For a 50% probability of

damage, the energy level required is equal to .

AR E T S RN S 7 VISRV S
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Strictly, the probit refers only to the normal distribution.
However, it is instructive to perform a similar analysis for a general
distribution. In particular, the APL program we elaborated can also

perform the analysis for a uniform distribution.

4.0 RESULTS AND DISCUSSION

With an APL program, we scaled and sorted the raw data into
two histograms, one of the total number of laser shots, the other for
those shots causing damage as a function of joulemeter voltage. Fol-
lowing the probit analysis, the data was displayed graphically, as
shown in Figs. 4 to 8, for fused silica, soda-lime glass, polycarbonate,
acrylic and polystyrene plastics respectively. In each of those
figures the upper left graph is the histogram of all laser shots
plotted as a function of the joulemeter signal voltage proportional
to the energy density of the beam at the target. The lower left graph
is the histogram of those shots which damaged the surface. The upper
right graph shows the probability of causing damage as a function of
the joulemeter voltage. The crosses represent the relative frequencies
of damage obtained by dividing the histogram of damaging shots by that
of the total number of laser shots. The curve is the maximum like-
lihood estimate of a normal probability density distribution. The
lower right graph is a probit plot of the same data. The dashed lines

represent the 95% confidence limits based on Student's ¢ distribution.

We define the damage thresholds as the energy density levels
at which the probability of damage is 50%. Table I gives the values
obtained for the thresholds, and the standard deviation of the proba-

bility distribution function.

s g o
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raBLi {

hamage Threshold for Various Optical Materials

\LL'H&\_L THRESHOLD (1) STANDARD DEVIATION (1) COEFFICIENT OF VARIATION (=/.01
(J/cm:) (J/cm:)

Fused silica 4.0 (.03)* 0.31 {0.06) 0.076 (.016)

Soda-lime glass 21 (.01) 0.08% (0.01) 0.0432 {.007)

Polvcarbonate plastic 2.3 (.02) 0.16 (0.03) 0.071 (.013

wcryviic plastic 2.3 (.01 0.047 (0.01) 0.021 (.003;

Polystyrene plastic 1.7 (.01 0.091 (0.01) 0.054 (.008}

*

Numbers in parentheses are the standard deviations of the estimates for the parameters

of the probability distribution function.

Laser shots

Damaged sites

FIGURE 9
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Analysis of the experimental results for acrylic plastic
assuming a uniform density for the probability density
function. A full explanation of the graphs appears with
Fig. 4. The estimated energy density for a 50% probability
of damage occurs at 0.304 + 0.002 V, corresponding to an
energy density of 2.3 J/cmz. This result differs insignif-

icantly from that obtained using a normal distribution

function.
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Figure 9 illustrates the results of the soda-lime glass analysis
when a uniform probability distribution is used. The results for o
and u only slighty differ from those of the normal distribution in
Fig. 5. There is no significant difference between the two distribu-~
tions for representing the experimental data. This holds for the other

materials as well.

The coefficient of variation, (o/u), is an estimate of the
relative dispersion in the threshold data. As shown in Table I, this
coefficient is small for all materials tested. The finite binwidths
used in calculating the estimates had no significant effect since
Sheppard's correction was negligible and recalculation of the estimates

of o showed no changes, even when bins several times larger were used.

The experiments on the fused silica, polvcarbonate, and poly-
styrene samples yielded the largest coefficients of variation. Since
it meant looking for surface distortions due to melting, detecting
damage in these three materials was difficult. 1In fact, their melting
points are ill-defined and the recorded deflection and heat resis-
tance temperatures factors for plastics vary greatly (Ref. 14). Some
of the variations in the reported temperatures can be attributed to
differences between manufacturing processes or batches. On the other
hand, silica is a true glass; it does not 'melt', but because of a

decreasing viscosity, it becomes softer with increasing temperature.

However, the cracks in the glass and the white spots in the PMMA
samples were readily seen and gave a clear indication of the damage
occurence. Therefore, the dispersions observed in the fused silica,
polycarbonate and polystyrene seem largely due to the damage detecting

method. The observations in PMMA and glass likely reflect other

causes,
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The damage in PMMA consisted of many voids, ~10 pm in size,
lying in the surface (Fig. 10). There is little evidence of ejected
debris. This, and the strong solvent-like odor exhaled during the
experiments suggest that damage occured when the plastic decomposed
into volatile substances which evaporated under the laser heating. The
narrow dispersion in the measured damage thresholds indicates that this

decomposition occurs at a well defined temperature.

On the other hand, the glass failed by thermal fracture, as
shown in Fig. 11. It is possibly because the surface first undergoes
compressive stress, due to thermal expansion when heated by the laser
beam, then partially relaxes as a viscous flow relieves some of the
stress, at high temperatures, when the viscosity of glass drops dra-
matically and finally contracts on cooling to produce a tensile stress
sufficient to cause failure by fracture. Temperature increases of
~750°C will cause that type of failure in soda-lime glass. To
induce failure in fused silica, the temperature changes must exceed
2000°C. Such temperatures being well above the point where silica
flows easily, damage in this material would first appear as surface

distortion due to melting.

The surface of glass can be abraded during handling. The flaws
thus created control the fracture by concentrating stresses and causing
failure at levels much lower than the theoretically predicted loads
calculated from the forces between the atoms of the glass. Therefore,
the distribution of these flaws is expected to be reflected in the
distribution of failure thresholds for laser damaging of glass.

Fisher and Hollomon (Ref. 15) investigated the theoretical distribution
of stress failure in glass for simple and hydrostatic tensions as well
as unidirectional tension with equal bidirectional compression. They

assumed an exponential distribution of flaw sizes and used the Griffith
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FIGURE 10 - Scanning electron micrograph of a sample of PMMA damaged
by a 34-us CO2

of many voids caused by the evaporation of the monomer

;
laser pulse at 8.3 J/cm”™. Damage consists

produced when the material is depolymerized by heating.

ok dia . adasad mid
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FIGURE 11 - Micrograph of the surface of a sample of soda-lime glass
damaged by a 34-us CO2

lines due to thermal stress are evident. An above thresh-

)
laser pulse at 2.8 J/cm™. Fracture

old irradiance was used to produce a large number of
fractures. Under the assumption that the fractures occur at
micro cracks in the surface, a minimum density of 15 000
cracks per cm2 must have been present to produce the

observed results.
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model in which the failure strength of a defect is inversely propor-
tional to the square root of its length. The theory may be extended

to include the stress induced by laser heating of the surface. In this
case, there is tensile stress in two directions parallel to the surface
but no stress perpendicular to it. Qualitatively, the results are
similar to those obtained in Ref. 15 for the other stress fields.
Figure 12 illustrates the frequency distributions for fracture stresses
in laser-heated glass samples as a function of the number of crack
flaws. There is a marked decrease in the mode and mean of the dis-
tribution as the number of cracks increases. More explicitly, the

most probable failure-causing stress (the stress for which there is a
50% probability of failure) drops as more defects are included within
the laser heated region. The dispersion of the fracture values also
decreases as the number of cracks increases. As Fig. 11 shows, the
distance between fractures is 60 to 80 um, indicating a crack density
of at least 15 000 to 30 000 per cmz. For the 12-x12-mm spot si:ce

of these experiments, this corresponds to 20 000 to 36 000 defects.

The coefficient of variation for a distribution with this number of
cracks ranges from 0.061 to 0.065. This is approximately 50% higher
than the coefficient of variation we observed during our experiments
and it requires a crack density of~3x106 per cmz. Since the distri-
bution of flaws is not the only factor accounting for the observed
variation, it appears that even more defects are required to explain

the results with this simple model.

From measurements of the fracture strength of glass, Fisher and
Hollomon (Ref. 15) estimated a flaw density of ~1 000 per cm2 of
surface area. The dispersion observed in the threshold experiment
thus requires a density of flaws much greater than expected, even
when the 15% to 20% standard deviation of the coefficient of variations

is considered. During the glass heating phase, the compressional

© e e [
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FIGURE 12 - Frequency distributions of fracture stresses for glass
samples containing 1 to 107 cracks. The normalized curves
represent the probability distribution functions for
failure as a function of uniform tensile stress parallel
to the surface of the sample. As the number of cracks
present increases the most probable and mean failure
stresses decrease and the dispersion also diminishes.
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stresses produce shear stresses in any cross section that is not
parailel to the surface. These stresses may exceed the dynamic shear
strength of the glass and produce many small cracks or enlarge those
already present, so that the distribution of flaws is significantly
altered by the time the tensile stress develops. It is also possible
that our glass samples initially had more relatively large crack flaws

since they were not protected against abrasions during handling.

Determining the irradiance level from the total beam energy
and the beam profile is the main source of error. The absolute cali-
bration of the joulemeter is known to within ~5% and variations in
the height of the beam profile are ~10%. Uncertainties in the latter
could be reduced considerably by space filtering the beam and by
accurately measuring its profile with a pyroelectric vidicon camera.
These refinements will be incorporated for future measurements. We
estimate that the overall accuracy of the threshold levels obtained
with the current arrangement is 15% - 20%, when the accuracy of the
measuring and recording instruments and the calibration of the energy

monitoring technique are included.

5.0 CONCLUSION

We described an apparatus and a method for measuring the
magnitude and the statistical distribution of the laser irradiations
required to damage various glass and plastic surfaces. We determined
threshold levels for a 50% probability of damage by ~34 us TEA—CO2 laser
pulses for fused silica, common window glass, clear acrylic, polycar-
bonate, and polystyrene sheet plastics. Significant statistics were
observed for all materials, except for the acrylic plastic whose
dispersion was at the limit of the experimental technique. The

mechanism of laser induced damage varies for the different materials.

The fused silica, polycarbonate, and polystyrene specimens failed by
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surface melting, and have relatively large dispersions, showing that
their melting points are not well defined. The acrylic plastic
decomposed at a well defined level and soda-lime glass failed by

thermal fracture over a narrow but finite range. The number of surface
flaws required to explain the narrow dispersion of threshold irradiation
levels measured in soda-lime glass is larger than expected from glass

strength measurements.
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APPENDIX A

Maximum Likelihood Estimation by the Probit Method

Under the assumption that eq. 1 represents the probability
distribution function (p.d.f.) of the damage producing energy densities,
the probability of damage occuring at an energy density, E, is given by

eq. 3 for the normal distribution or by

0 if Y <5 -/ 3
P={ (Y-5+Vv 3)/2V 3 if |¥-5| <v/ 3
1 if Y >5 4+ 3

for the uniform distribution.

In a batch of n samples, irradiated at a level E, independently

of one another, the probability of r being damaged is

B(r) = (nt/ri(n - »)!] P71 - P)*7 [A1]
Consequently, the probability of a particular experiment in which the
number of damaged sites is counted for a variety of k irradiation
levels to occur is

k r

. n.
1 1
P-= igl (n,t/r,t(n, - r)11P, “[1 - P;]

-,
v [A2]

The maximum likelihood method consists in determining the values of the

parameters of P which maximize P.

The regression equation used in the probit method was given in
eq. 4 as

Y=5+ (2 - u)/o or

Y =a + Bx [AS]
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where o« = 5 - y/o and B = 1/0.

The solution to this equation is detailed in Appendix II of Ref. 13

and is found by solving the following two equations for g and b.

j .
Ww. + b L. = n.aw.y.
a 5 :nlwt 5 :nz 171 S : i¥i¥s

1 =

, 1=1 1=1
[A4]
:?: :f: 2 .
a nawLL, * b nw.x. = nwLY
1=1 1=1 1=1

where a is the maximum likelihood estimate for o,

b is the maximum likelihood estimate for 8,

vy = Yy oy - B2,
w, = Z%/P.(1 - P.),
n; = number of sample sites tested at energy density level Ei’
T, = Joulemeter signal volts corresponding to Ei’
p; = ri/ni where r, is the number of damaged sites at level Ei’
Yi = the probit corresponding to z,,

and z, = (Zv)_l/zexp[-(Yi—S)Z/Z] for the normal distribution,

1/2v 3 if 1yi -5 <V'3
or Z., =
0 if lYi - 5| >+ 3 for the uniform distribution.
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‘ Since the summations in eq. A4 are functions of Y and hence
also of a and b, the solution to eq. A4 must be found iteratively.
The procedure is to start with reasonable guesses aj, b; to a and B8,
calculate Y from eq. A3, perform the indicated sums, and solve eq. A4
for new estimates a, and b,. The process is repeated with Y = a, + byx
and continued until a consistent solution is obtained within the desired
accuracy. This procedure is performed with the APL program PFIT in

= which the criteria used to test for convergence to a solution is

[|ch.+1 - a; I/aj + ij+1 - b l/bj] < 107, where j is the iteration

number. Once a and P are found, the parameters of the p.d.f. are

determined from:

(5 -a)/b

3
n

[AS]
1/b

Q
[]

The variances of the parameters appearing in the computer program are

calculated as follows.

x
V(y) = 1/ Z n?:wi

i=1
Via) = EZVSxx
vem = (V@) + (n - ©P/s 1/b2
V) = V(b)/bY

Vio/m = V@) + (BP/s ) /bm

The fiducial limits to Y are calculated from Y + ¢ v/ V(Y) where ¢t is
the Student's ¢ deviate for the 95% level of probability used. The

fiducial limits for x corresponding to a given probit Y are given by
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2+ g@ -8/ -g) 2 t[(1 - PVE) + (x - é)z/sm]”z/ba -9
where g = tzlbzsxx.

Table Al lists and describes the important APL variables found
in the program. The listing appears in Table A2. Table A3 is a sample

program output for the fused silica case of Fig. 4.
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TABLE Al

Variables used in PFIT program

APL Name Variable Name
Pr -
INX -
IFG -
LL -
P P,
- 7
XX X.
7

S
M m
A a., b

Z A
NA apyqo bi+l
Y Y
2 A
W ,/n;ﬁ;
YY -

Description

p.d.f. identifier flag '¥' for Normal,
'U' for uniform
matrix of {ri, s xi;
convergence flag = 0 for no convergence
= 1 for convergence
mask for empty bins or bins with no deaths or no
survivors (i.e. no sites damaged or all sites
damaged at a particular Ff)
relative frequency ri/ni for signal voltage r.
signal voltage
maximum likelihood cstimate of g, the
standard deviation of the p.d.f.
maximum likelihood estimate of u, the
mean of the p.d.f.
value of fitted parameters before iteration I
value of fitted parameters after iteration <
estimated probit
estimated probability
p.d.f. 2, = 21) V2 exp. (-, - 53°/2)
for the normal distribution or

{ = 1/2v/ 3 if lyi - 5]<v' 3
1

= 0 otherwise for the uniform distribution

i = 72 . - .
weight factor where w, Zi/P1(1 Pl)

matrix of sums in eq. A4 =

k k

Ln.uw, L nw.x L n.w,y

e sy LA o 29T

k k k

L nw.a £ 1,22 I nw..y
sttt A oy bt

SRVEPRE




APL Name

Variable Name

XB

YB

SXX

SXY

)44

CHID

CHI

HET

Ny

HETF

vY

w- :: PRI e

x

«f

Sxx

Sy

Syy

x2/v

v{m)

1408
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Description

k k

(L nw.x.)/L nw,
g T EL ;0L

X X
(Z ngwpy;)/T
1= 1=

niwz.
r=1

1

4e1 0T
k _,
rnw,.y., - y)

jep 200

na.(p, - P,)2/22 = contribution of ith
[t LS 4 i Z

point to chi square parameter.
chi square parameter =
k

- 2772
Ly - BN

heterogeneity factor
number of degrees of freedom; v=k-2

max. (1, HET) heterogeneity factor myltiplying

variances
variance of m

variance of Y




APL name Variable Name
Vs V(o)

VA V(a)

VB V(b)

T t

G g

MD -

MB -
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Descrigtion

variance of o = o"V(b)
k
variance of a = 1/ n,w.
i=1 vt

variance of b = 1/Szx

parameter in Student's ¢ distribution (includes
heterogeneity factor) for calculating confidence

limits

g = t2/b?sxx

1/2
[t/ (1-9) 11 -g) /2w, + (x-%)2/5xx] terms

used in fiducial limits of m

z + glz-2)/(1-9)
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TABLE A2

Program Listings

VR PoID SIXGLL UL 5 s X3 XY Wy Dy Y3 IR T HET ;X8B3 YByCYID Y
S sV Vsy o -

aa/x=i, L1V, [.50X

Qo= Fn VIRWAL DISTRIBUTING, YUY FPOR UNIFRIRY DISTR
(8 rol.

[77¢0

as Aal wWITH AT LEAST JVE DEATY, END 4IPH AT LEASD WK
SUIVIVIN

Aak oy KAPYY RIUS

Ll«voz dx(1;]

LL+LIx12P¢3471 ¥ JX

geLlL/?

AavLl/RiAL33)

A

ANSIINATE STARTING PARAMETERS

q

Jelox|=/KX01,044]
Soede, 5%+ JAXL1, 044 ]

iie(o=-4%5),3%5

S1lid«dd

rYe1l1j+402xx4

50:+(PD="NYY)/ 3N, Sd

(¢ PaIAKILIYY MUSY 3K 4 0% U, KRETYPE.!
Phe |
+>50

SiiPernd3v(r=5)

Ze(021)x (P20 )x((22)% ,S5)x*x  ,5x(Y=5)*2

+52

SsDPe( 7+ 5+43% ,5)52x3%,5

Rlfrel

De?xP>]

Pe(PxP<1)+E>1

e 5P *,5)x (3% ,5)>Y=-5

S2ewe((LL/ X2 ) x2xsx((Pey)sP)x((Pr1}+1-P))*,5
=g S5 0D =1 T AWOID 0. wEIGYT, W, 148 7 FACTOXR
£ dALE SYLa LT TARKSCT LAMKR,

Y/e7+(2=DP)t24+.=0

Akt xR(xed Do dvxid), [1)wxyy

>([E7=1)/754

Lahe i3 ]alsr 2)

> ul<+/]|T1viAzA)IE

[#7+1

+51

2]

R 20y dBESYLLS

.
— ~ETNCIT T TR et Vz"a-i




{41
fuzy
233
ey
“us5j
chud
47
cuwed
L4321
ta0l
co1d
L3523
2531
[54]
551
{561
{571
(58]

{59
{601

-
(o]
[y
(S

[82)

[ W ae W e W W aae W o W st MmN e}
ASER R ot B X B VAR A T T oI ]
- W NCn
e e e e b b e et

mMea
~ 3

~ 0~
UoFE LN
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Q
Suede(s=-a0l1 1)L 2]

Seri1l2]

A5¢x02;2)8x01511]

Y3ex01;30:x(01511

SAAeX(2327=-4kbxx[2;:1 )

SKY+a(2:3)-XExX{1;3]

SIYe{(+/ S Y*xSYY«YY=xa)=Y3xX{1;3]

AL JCUID« DA IXxCH I+ x (P=P) 3 .

Pulel0 Ly ide 2+40X4A

qnree1lysyr

VieSxSx(+A01;13)+((M=XB)*2):95KX

VY dTIEx (30131 1)+ ((KX-XB)*2)+ 54X

VS«(S*U):SX4

VSde((#XT131])+X8xXB+SXA)x(Ss2)*y

VA«il[2;23:40151]

VBe:SAX

Te(IETFP* . S)x( (¥ U204 )%x1,90+2,30220J=-1,082)+(5.18xU=5)+(
Y,5xiJm2)+12.71x4U=1

GelxX5xS5 S

HD«V =~3xSx5+x1;1]
A3 (M- Fx)XB)1-G
YMOTRESHALD(.50) =
*x,5)

»(4D<I) /71

AU P31 =0) %D x5
*>(3<1)/42
+(4<XB)/U3

YRLOWER RPIDYCTAL [ITAIT (.95):
>N
d1sY%0 FIDUCIAL LIYITS
hath
N2:vN.95 FIDUSIAL LIAIZS ¢ ™M, P7.5,%+/-"1,F6.5,%
< d < NR7.5, )M (4B D AS=UD UR+ND)

R VAL
N3:tNWPPKEKE  LI4IT
NIV SVARKLAGCE OF
YUSPANDARD DIVIATION =
xXY5)Y*,5)
tNNATTO
)

Yo il 3, 12,0 =
VST DREJEITY FACIOkR
YPANASE RS

vy = N, FL0.5, %

M, F10.5," (N, F5.5, N a(V; (TETFExY )

o> M 8,5« B+ 4D

AT EXIEDT .95 LaVEL!

(M, F7.5
(.395): M <

A4 =

v, F1

N, 7.5 a8 5
YL, E20. 10 uV AXHETE
0.5, (M, F8.6,M)M «(S; (IETF

THE

S/1 = 1,7

6., M (M,86.0, MM a(38N; (IETFxVSY)%x.0

G, 8.8 a(NU3Cil)
(APPLLIED [FF >1) = B, FS5.3"«1ELD

5 = 9Y,710.6"¢1 2piA4
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oy o= M, e10.6,M Ve = N,811.06'21 2p( 1KLL« TE*x, S)xV
A VE
Tex> = Y, P10.6,Y <Y> = M, F10.5'u«(lbyVB)
t sy = ML,E10.0,M 175« = M, F12.10%alx{131)54015210)
*YWoss o= Y, F10.6,M SY = M,Flu.b'al 2p401;2 3]
tS2 = N,FP10.6,M SA.Y = M, F10.6'al 2pX(2;2 3]
YYSXA = M,F10.6,M;  SKY = %W,F10.6,M; SYY =N%,F10.6%'a(3

AX335XY:5YY)
v

' TXer 'L

L ¢ N R P PROBIT b W Yv i
w & WY o ardI

Ve
YES,3,2I4,F5.2,F7.2,2F8.3,85.2,2F9.3,F6.3 al(XA;LL/RYXL
2313 LL/RUKTL5 ]3P POF PROBIT PiYswxa s YY swxwxXasWxdxy;CH
1D0)

v

vPrRI3vIIv

VJePRIOBI K3837

RCALCULATES ADKYAL DISYAIBUTION PROBABILITY FUICIION
Be((pxX),5)p.31938153 ~.355563732 1.731477937 ~1,821255
578 1.330274429

B (X (X<0) )+ (K20)x1=-2+((D2) % ,5)x(+/Bx(#1+,2316H419x|X)
o k1S ) xk=Xx %2

v

VPROZLCLIV

L+ePDF PROBIT A
~(POI=VU¥Y) /51,552,593
S1:4«PROBIT] £

+)

52:4«PHIBITY X

+0
S3:2«PRIIIIMW A

-+

v

vERIZI?PN( 1]V

VYePRIBIIY Pyl

&+ (2>,0)=P

Le(T2xd )%, b
Yel=(2,515517+7x,8023855+/%x,010328)+#(1+7"=1,432788+°'x,13
42+ ,001308x%x[)

fe5+Yx(T1) %<,

7
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- VI+PKOSBIVY P
| T1] Y« (Px2x3% ,5)+5=3%.5
v
TABLE A3

Sample Output

FUSED SILITA Y04 28 APRIL 1930

TURESHOLD(.50) = 11978 (.00039)
.95 FIDYCIAL LIMITS .11975+/-,00229 ( .11745 < ¥ < ,12204)
VAKIANCE OF THF YEAN «+*"0000799097588

TR

STANDARD DEVIATION = .00917 ( ,001912)
RATID S/% = ,0766 ( .0169)
o4 53 ( 9) = 2.489
HETEROGENEITY FACTIR (APPLIED IFF »1) = 277
PARAMETERS
4= -8.057728 B = 109,014407
va = .014332 V8 = 516.,321202
<X> = .119890 <Y> = 5.012060
SWw = 105.371089 1/S#¥ = .0094902692 :
Sk = 2.632989 SY = 528.126243 .
Sx2 = 1.516512 SX.Y = 63.528439 i
SXX = .001937; SXY = .211137; SYY = 25.526211
EXPT[
X /i R P PROBIT Y yw Yy HX AwY ATHT
111 7 1 .ty 3.93 4.070 3.232  3.94 L3560 13.157 .0S4 :
114 25 7 .28 4,42 4.397 13.923 4,42 1.591 61.250 .005 i
.116 19 7,57 4,66 4.561 11.273 4.67 1,305 51.411 .125
.117 16 5 .71 4.51 n.72u 9.908 4,52 1.162 45,805 .u18
.119 16 8 .50 5.00 4,898 10.139 5.00 1.204 49,558 ,1293
.120 21 10 .u8 u,.94 5.051 13,356 4.9u4 1.605 57.466 .165
.122 22 13 .59 5.23 5.215 13.773 5.23 1.617 71.821 .003
.123 10 7 .70 5.52 5.378 5,042 5.52 L7458 32.498 .121
.125 20 15 .75 5.67 5.542 11,435 5,87 1,425 63.359 ,186
.126 15 12 .80 S.64 5,708 7.952 5.83 1.004 45,366 .133
. .128 9 6 .67 5,43 5.859 4,332 5.35 .5%3 25,424 1.1u49
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