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MULTITHRESHOLD MEASUREMENT AND ANALYSIS OF PULSED LASER DAMAGE ON OPTICAL SURFACES

J. 0. Po~:eus, J. L. Jernigao, and W. N. Faith
Physics Division, Michelson Laboratories
Nava! wWeapons Center, China Lake, California 93555

The methodology of multithreshold analysis, a new approach to laser-damage
research, is described. The comparison of thresholde for va- .ous damage-related
effects identifies dominant failure mechanisms and ,ro- ides better guidance for
laser-materials technology. After a brief description of apparatus, the proce~
dure for routinely measuring up to eight different thresholds per sample is
given. The maximum-likelihood principle is used to derive an algorithm for
computing threshclds and standard deviations. The use of a stand~xd gold sample
to verify reprorucibility and to maintain long-term calibration is discussed.
Examples of multithreshold results on uncodted and coated infrared optical
components are presented. The followwag are some of the effects for which
thresholds are compared: slip, rowgnening, cracking, pits, melting, craters,
delamination of coatings, ion and .ight emission. and work function change.

Key words: Damage thrashol.s,; failure modes; laser-optical components; Mo
mirrors; optical coatings; pitting; ripples; standard sample Au mirrors; sur-
face characterization; surface uniformity; threshold estimation; windows.

1. Introduction

The damage resistance of optics for iasers may be improved with an understanding of important
damage mechanisme ind their relationship to material characreristics. The comparison of thresholds for
the various observable damage-related effects prcvides a good basis for this understanding. Some of
the effects typical of a bare metal mirror may be scen in figure 1. Slip bands and intergranular slip
indicate susceptibility to stress damage, which cau be related to yleld strength, as shown in a compan-
ion paper [l]l. Melting, which produces the dark area in the dark-field micrograph, is an indicator of
optical absorption. Laser-induced pitting, which occurs mainly on grain boundaries in figure 1, can be
caused by segregated impurities. Cratering, identified by a raised rim around the melt zone, is usually
caused by pressure associated with vaporization. Other effects measured by other techniques nay also be
informative. A change in surface work function, for example, can signal changes in surface composition
or topography. Ion and light emission indicates plasma formation.

The present work presents the methodology of obtaining thresholds routinely and accurately for as
many as eight different laser-induced surface effects., after a brief description of the apparatus,
details of which ar: given elsewhere [2], the procedure for acquiring and reducing the data is discussed.
The derivation of an algorithm based on the maximum-likelihood principle, which is used to compute
thresholds and standard deviations, is also given. We then discuss the use of a standard gold sample to
verify reproducibility and to maintaia :alibration. Finally, we present typical results and their
interpretation on various infrared optical components.

2. Apparatus

Measurements are made in a previously described laser damage facility (2], whe~e comprehensive
target monitoring and careful beam characterization are key features. Our ultrahi_h vacuum (UHV) test
chamber was equipped with the following monitoring apparatus for the results presented here: (1) 20~
power microscope; (2) Faraday cup with grounded entrance grid (10-mA/sr detection sensitivity at 35° off
the laser beam axis) for sensing of target-emitted ions and neutrals having sufficient energy to produce
secondary electrons; (3) an Auger analyzer with electron imager [2). The electron images are generated
by work function variations % 0.l eV over the target surface caused by variations in surface composition
and topography.

Figure 2 illustrates the Gaussian spatial intensity distribution of the 10.6 um laser beam when
focussed on the target by a ZnSe lens having a focal lengch of 24 cm. Temporally, each pulse consists
of a train of mode-locked spikes which furm an envelcpe of 100 nsec nominal duration., 7Inresholds given
are peak thresholds, i.e., they refer to the time-integrated fluence of the damaging pulsec at the point
of maxinum spactial intensity.

* Work supported by the Naval Air Systems Command, the Office of Naval Research and NWC Independent
3 Research Funds.

1. Figures in brackets indicate the literature references at the end ~f this papex.




3

SRS

The data reduction equipment consists of a Hewlett-Packard Model 9821 calculator interfaced with a
Tektronix Model 4662 interactive digital plotter. Data reduction is performed entirely in the calcu-
lator, while the plotter is used only for display cf final results.

3. Experimental Procedure

The sample is exposed to one pulse at each of approximately 50 sites spaced at l-mm intervals
along its surface: Pulse energies, which are measured for each pulse [2], are uniformly distributed
over a range which includes the thresholds for each of the damage effects of interest. The occurrence
of light emission (flash) and pit formation are noted by an observer as they occur, while damage fea-
tures which are more difficult to identify, e.g., slip, melting and cratering, are categorized with the
ald of more sopbisticated optical microscopy after the sample has been removed from the test chamber
(fig. 1). The damage observed at eacn site is summarized by a set of code numbers, each number repre-
senting a specific effect. The data is reduced by entering the damage summary and corresponding peak
energy fluence for cach site into the calculator and applying the algorithm derived below.

3.1 Threshold Algorithm

The routine determination of up to eight thresholds per sample tested requires an algoritha permit-
ting rapid data reduction. On the other hand, effective use of available data is important, since the
fluence range of thresholds 1s often wide, and therefore incompatible with a high density of data p .nts.
In this section we develop an algorithm whick yields reproducible results with a minimum of computational
complexity.

Consider the probability Py of obtaining a certain type of damage Xi times out of Ny shots on fresh
sites (l-on-1 damage) [3,4], all at the same fluence ¢i. This is represented by the binomial distribu-
tion

N ey a Ni\ Xi,q _ o N,X
Pi(Xi,Ni,pi) (x“’ Pi (1 pi) 171, (1)
where
Py = piwi,o,a) , (2)

the probability of single-shot damage is a function of the damage threshold ¢ and its standard deviation
5, in addition to the fluence ¢4. The problem is to obtain statistical estimators for ¢ and o in terms
of the damage data Xj, Ny and ;. Our solution is based on the method of maximum-likelihood [5]). Maxi-
mizing the logarithm of the likelihood with respect to the parameters ¢ = ¢ or o, leads to two expres-

gions of the fcrm
ap X, -~ N,p
‘ﬁ[‘iﬁ—i—% =0 ®
Py Py

Solving simultaneously for ¢ and ¢ ylelds the corresponding maximum likelihood estimators $ and 0. How-

ever, the functional form of py 1s required. For computational simplicity we assume that p; is uniformly
dist.ibuted, 1.e.,

1
'y < - 2
Uty
1 | 1
P, fug+ T |ui| <3 , (@)
L
Losuyp ey
where
tl -3
G, = . (5)
! .:n? J

Substituting ey. (4) in «q. (3), one finds that only those terms j for which iuj, < 1/2 are non-
ety To furgher sieplify the cumputation we neglect ui? terms in the denominators,”which are of the
form 1/4 ~ uy“- As a result, our estimators differ from the true maximum-likelihood estimarors in that
data points near uy = 1/2 are le.»> heavilv weighted vela:ive to those near uy = 0. This compensates to
sume degree for the fact that the distribution given bv eq. (=) generallyv represents the sample distri-
butior less dccurately near ujy = 1/2 Introducing e:. 35) and sclving for 3 vields
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Solving for o gives
XOIN] - 3,
5=t 1 e ";‘N)#O , (7a)
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but gives the indeterminate form 0/0 when Z(x %Nj) = 0, Noting that eq. (6) defines the sample mean
of °j under the latter condition, we infer that -

Zuj ZNj

It follows from the definition of j that eqs. (6) and (7) apply only to data within the interval

i, - %uj) -0 . (7b)

0, - ¢

2/3 ¢

<3 . (8)

While the estimators ; arl J are expressed entirely in terms of the damage data, the data interval given
by eq. (8) involves the unknrwns ¢ and o, and must be determined by trial and error. A satisfactoxy
method for this has been developec, and is included in the routine data reduction procedure described
below,

3.2 Data Reductinn

Equations (6) through (8) are applied to each damage effect in turn via the calculator as follows.
Flue'.ces assoclated with the code number corresponding to a particuler effect are sorted into a damag-
ing, and the remaining fluences into a nondamaging category. Damaging fluences are then arranged and
listed in order of ascending value, while the nondamaging fluences are listed in descending order. Data
near the head of each list 1s examined for consistency by the operator and reclassified or discarded as
required. Equations (6) and (7) are then applied to the revised lists. The j summations are initially
taken over all data in the smaliest interval which (a) includes the lowest damaging and highest nondamag-
ing fluence, and (b) includes a damaging and nondamaging fluence as upper and lower limits, respectively.
The interval is then extended as required to provide the minimum value of 0, determined by applying eq.
(7) to each new interval. This minimum G and the ¢ obtained by applying eq. (6) to the same
interval are taken as the final results for the effect in question. In practice, it is found that $ 1is
rathe.’ insensitive to the data interval. However, 0 depends more strongly on the number of data points
used and their separation. Given adequate data the major contribution to o0 usually comes from the varia-
tion of the damage threshold across the sample surface, with a relatively small contribution coming from
the experimental uncertainty.

Repeated application of the algorithm gives an average threshold, together with its standecd devia-
tion, for each effect. The resulting thresholds for the target are presented in the form of a bar graph
or damage profile, examples of which are presented below.

3.3 Reproducibility and Long-Term Calibration

The reproducibility of the threshold results can be demonstrated by repeated application to a
sample with uniform damage characteristics over its surface, as indicated by relatively small standard
deviations of the damage thresholds. A mirror produced by electrodeposition of Au on diamond-turned
bulk Cu has this desiratle property. The oxidation resistance 1s an added advantage, which makes this
sample especially attractive as a standard for calibration maintenance. The ability to directly
standardize damage thresholds is an invaluable asset in the long-term development of damage-resistant
optical components.

Figure 3 presents the results of two independent multithreshold measurements on the standard gold
sample. Figure 3(a) was obtained before. and figure 3(b) after replacing the output coupler on the
lagser over one month later. After correction for a 10% change in focal spot diameter, the thresholds
for all effects listed except one agree within the combined standard deviaticns given. Statistically,
approximately half the thresholds should agree this well when the effects are independent. It is clear
that changing the output coupler had negligible effect on the calibration. Furthermore, we may conclude
that the threshold algorithm gives consistent and reproducible results, the accuracy of which is
congervatively represented by tne standard deviations.




3.4 Exazpies

Multithresnoid anslycis has been applied to a variety of infrared mirror and window surfaces pre-
pared by various techniques. Both coated and 'mcoated sawples heve been scudied. The present section
gives a few representative examples of results obtained.

The appiication of multithreshold analycis tc relate damage mechanisms to surface characteristics
of bare meral mirrors, particularly Cu, has beer amply demonstrated [1]. Certain aspects of the Au
mirror reprasented in figurs 3 were elso discudged. To complete this discussion it should be pointed
out tiwt the relatively high slip threshoid indicated in figure 3 way be infiuenced by the difficulty in
observing slip on this sample [1]. In fact, the lowest threshold is for work-function change, which is
at.ributed to evolution of water by the Au layer. This result is supperted by a laser-induced diminu-
tion of oxygen as observed by Auger.

The value of multithrestold analysis im evaluating nomipally acuivalent mirror finishes is illus- .
trated in figure 4, where we compare damage profiler of Ho mirrors polished by :two different vendors.
{le mirror A exhibits higher thresholds for most types of damage, including melting, it is far more
susceptible to pitting and associated plasma formation. The superior uniformity of mirror B is also
evident in the smaller standard deviaticns.

As an example of multithreshold results from a window material we compare profiles for damage
occurring on the entrance (front) and exit (nack) surfaces of a polished NaCl blank (fig. 5), Only
those sites where no simuitaneous damage wus observed on the front surface are represented in figure 5(b).
All thresholds on the front ai2 essentially che same, indicating breakdown as the only damage
mechanism. Thresholds at the back surface are generally lower because of the constructive phase rela-
tionship between incident and roflected fields. Effects peculiar to the back surface are ripples, pits
and fracture., Ripples tresult from the irterference of incidens and scatzerad radiation [6}. Present
evidence shows that ripplez occur only in the presence of a plasma. The pits may represent scattering
sources for the ripples. The fact thac pits ozcur only on the btack surface suggest thar they result °
from bulk, ratner than f..m surface inbomogeneities. Scrubbing sszociated with the plasma, whilh vas
observed in mirrors {1], hae aiso hHeen observed on thi:c saaple.

A damage profile from in enhancad-refiection coating on polished buik Cu is zhown in figure 6. The
thresholds are well below those for bare Tv. Titrirg cue co coarim, defecis 1y the dominant £3ilure mode.
Almost identical damage pyofiles were ohbtained when the same coatin; design was applied to Mo and to ULE

glass.

Flgure 7 compares damagc thresholds frcm w8753 in buik form, and as a costiang (7] on the NaCl. 1In
the bulk material the coincidance of threshoids far su-face pitting and bulk damage suggest that these
result from the same mechanism which, surpriaingly. 1s active below the threshold for pitting in the
coating. Also, pitting in the coating tends to associate with a plasma, wnich 1s not true in the bulk
material.

4. Sumuary

An efficient and relishle 2erhod has been developed for simultanenusly meassring the throsh-
olds and standard deviations for nr to eighit laser-damage-related crfects on a single sampia. an
algorithm based on the maximum-likelihood principla has been derived for Zompuning results directly from
the experimental data. Reproducibliiry has reer. demonstrated by r=veated measurements on a standard Au
sample. The use of this sample to m3ial«in long-term calibcation was described. FExamples of multi~
threshold results on representative optical componentc of each tyoe have been gliven and the principsl
weaknesses of these cowporents idencified. The comparative analvais of guch cesults {vom well <harace
terized samples prepared from differert materials and by Aifferent rechniques yields the relationship
between damuge thresholds and material cheract2iistics, These fomparicens can aiso jirovide 3 hetrer
understanding of lagser-damage mechanisme,
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Figure 3(a). Damage profile of standard gold sample,
measured for calibration with the original laser out-
put coupler. Thresholds are indicated by the shaded
bars. Standard deviations (+ or -) are indicated by
the semishaded boxes at the ends of the bars.
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Figure 4(a). Damage profile of polished bulk Mo
from vendor A.
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SNGLE-CRYSTAL MaCl, HARSHAW, FRONT SURFACE

Figure 5(a). Front surface damage profile of a NaCl blank,
6.4-om thick, polished or both surfaces.
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:f Figure 5(b). Profile of damage occurring only ca the back
surface of the same blank. The laser beam was focussed on
‘" the front surface.
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Figure 6. Damage profile of a 10.6-um erhanced reflection
coati~~ on bulk Cu. Coating consists of alternating layers
of Ge and ZnS on a thin Ag layer.
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Figure 7(a). Damage profile of an As;S3 coating on
the front surface of NaCl.
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Figure 7(b). Damage profile of polished bulk As,Sj3.
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