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ABSTRACT 

Laser damage measurements have been performed on all-dielectric 

narrow-band filters to Investigate the'influence of defects in the film 

on laser damage* The 514 nm continuous wave (CW) beam from an argon 

laser was focused by a microscope onto the test sample. The spatial 

profile of the focused beam was measured by pinhole beam scans. The 

beam was Gaussian with a 1/e2 width of about 115 um* The samples were 

illuminated by a monochromator and viewed through the same microscope, 

to direct the laser beam onto clear areas, moisture patches, moisture 

penetration sites, and other defects In the sample and to observe the 

effects of laser irradiation on those areas. Laser damage measurements 

were analyzed using the 50 X damage threshold and onset damage 

techniques. Although It was not possible to obtain measurements in the 

limited time available upon which conclusive results can be drawn, 

preliminary data indicate a correlation of lower laser damage resistance 

to the presence of moisture penetration sites In the film. 
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CHAPTER 1 

INTRODUCTION 

Pulsed lasers are commonly used in laser damage experiments. 

Two types of pulsed laser damage are generally recognized: uniform and 

selective damage. Uniform damage is evidenced by a spatial distribution 

or morphology determined *by the laser beam intensity profile. Thus 

uniform damage Is characterized by a radially symmetric damage 

morphology for lasers whose intensity profile is Gaussian. The 

characteristics and causes of laser damage to optical surfaces are 

generally unknown. Uniform damage is believed to occur as dielectric 

breakdown of the thin-film material, but quantitative models of the 

mechanism under which intrinsic damage to optical materials occurs are 

far from complete. Present theories Involve multiphoton absorption and 

avalanche ionization and consider the relative importance of self-

focusing in the damage process (Kelly et al. 1981; Epifanov et al. 1981; 

Jensen 1981; Van Stryland et al. 1981). 

Selective damage is also observed in laser damage experiments. 

Unlike uniform damage, selective damage typically initiates on off-axis 

regions within the focal spot area of the laser beam and usually occurs 

at a lower fluence level than uniform damage. Figure 1 compares 

uniform and selective damage to a film. The damage morphology is 

typically a combination of uniform and selective damage areas. However, 

pulsed laser damage studies (Marrs et al. 1981; Porteus, Jernigan, and 
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Fig .. 1. 

(a) 

(b) 

Examples of (a) uniform and (b) selective damage (from Marrs 
et al . 1983). 
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Faith 1977) on dielectric reflection and anti-reflection (AR) coatings 

have shown that the dominant type of damage, which limits the optical 

performance of the coating at high laser fluences, is selective damage. 

Although the detailed mechanisms and causes of selective damage 

are unknown, they are believed to be associated with absorption sites or 

other defects in the film coating (Lowdermilk, Milam, and Rainer 1979; 

Walker et al. 1979; Lange et al. 1984). For example, M. J. Soileau 

(1981) has reported initial test results on AR coated LiNbOj with 30-nsec 

pulses at 1.06 pm, which Indicated damage initiation at absorbing defects 

at the coating-substrate interface. Furthermore, there generally occurs 

a wide range in the damage threshold, spacing, and diameter of the 

selective damage site, which suggests a distribution in the 

characteristics of the defects or inhomogeneities in the coating (Marrs 

et al. 1981). 

From the evidence cited above, defects appear to influence the 

laser damage process. The structure of thin films is unlike that of 

bulk materials. Many defects in thin film coatings result from 

anisotropic deposition. Thin films grow in roughly cylindrical columns, 

having axes along the direction of growth. Between the columns are 

pores that can fill with moisture because of capillary condensation. It 

is hypothesized that the porous regions where moisture enters the film 

may influence laser damage. Furthermore, if the laser damage threshold 

is lower for certain defects, such as the moisture absorption sites, 

these defects may be responsible for selective laser damage in thin 

films. 
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Since the selective damage sites limit the optical performance 

of coatings, investigation into the causes of laser damage and the 

characteristics of selected damage sites may lead to improved coatings 

in their limit to laser resistance. The study reported iti this paper was 

undertaken to determine what influence, if any, certain types of defects 

in dielectric coatings have on laser damage. 

To understand the importance of localised absorbing defects on 

the laser damage process, Danileiko, Manenkov, and Nechitailo (1981) have 

proposed a mechanism in which heating and rapid expansion followed by 

photo-ionization of the surrounding medium is responsible for the damage 

event. Based upon this model, they have proposed a scaling law of laser 

damage in which the size and propertiea.of defect, wavelength, and pulse 

duration of the incident irradiation are considered. 

Danileiko et al. (1981) have developed a statistical theory for 

determining the distribution of thresholds for the case of microdefect-

dominated damage in transparent solids. Following their work, Porteus 

and Seltel (1984) have considered a theoretical interpretation of the 

damage probability in terms of a defect ensemble that involves the 

damage threshold for a set of defects. They showed that a simple spot-

size scaling law results which depends on the axial irradiation profile 

and the defect ensemble. A brief review of Porteus' model is found in 

Chapter 5. 

Not only is the importance of defects to laser damage 

inadequately understood, but the Influence of laser spot size, 

wavelength, and pulse length are subjects of controversy and testing. 
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Depending on the optical material, various scaling laws have been 

proposed that attempt to relate damage thresholds generated by 

different lasers. As one example, Foltyn and Newnam (1981) have cited 

evidence for pulse width and wavelength scaling factors of t1/* and A* 

respectively, for UV laser testing on high reflection coatings. In 

addition, these same researchers (Foltyn 1984) have shown that for pulse 

widths less than 2 nsec, no spot-size dependence on laser damage was 

evident, whereas others have proposed scaling of energy density by 1/d. 

Since no standards exist for the interpretation of laser damage, 

the damage valueB found in this experiment are only significant when 

compared to other values determined in this test. The absolute values 

are not important. 

The influence of water in the laser damage process has received 

limited study. Allen et al. (1984) showed that the infrared laser 

induced desorptlon of water and other contaminants such as hydrocarbons 

can vary drastically across the surface of the sample. This effect may 

be associated with surface microcracks and other defects that may 

precipitate laser damage. The rate of desorptlon of these contaminants 

correlates with the surface damage threshold, to the extent that gradual 

desorptlon of water increases the damage threshold dramatically 

(Forteus, Faith, and Allen 1983). 

All-dielectric narrow-band filters were chosen as the test 

specimens because of the characteristic shift in the pass band of the 

filter caused by moisture absorption. Thus moisture areas in the film 

may be directly observed by viewing the filter in transmission with light 
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of a certain wavelength. Other defects in the coating are also evident 

in light transmitted through the filter. 

As alreddy mentioned, most of the laser damage work reported in 

the literature involves pulsed laser testing. Because of the temporal 

profile of pulsed laser irradiation, the mechanisms leading to pulsed 

laser damage may differ greatly from that of CW laser damage in the 

same film. Since selective damage sites are not usually observed in CW 

laser damage, there is little evidence demonstrating the influence of 

defects to damage in thin-films under CW irradiation. Yet CW laser 

damage testing, conducted by the Naval Weapons Center, China Lake, that 

utilized an infrared sensing camera to record the onset of laser damage, 

suggests that CW laser damage is also initiated at selective damage 

sites. However, because of the long irradiation times, a more or less 

uniform damage morphology results, obscuring evidence of selective 

damage. 

A CW laser was used in this experiment because of its output 

power, wavelength, and availability. Individual defects and moisture 

areas in dielectric narrow-band filters were irradiated. The results of 

this experiment may bear directly on damage Initiation sites in CW laser 

damage. In addition, it is hoped the resistance of films to CW laser 

damage investigated in this experiment may relate to pulsed damage laser 

work as well. 



CHAPTER 2 

TEST SPECIMENS 

All-Dielectric Narrow-Band Filters 

All-dlelectric narrow-band filters were chosen aB the test 

specimens with which to Investigate the influence of defects on laser 

damage because they permit the direct observation of water absorption 

and other defect sites. 

The simplest type of narrow-band filter is based on the Fabry-

Perot etalon, which consists of two equally-reflecting surfaces on 

either side of a spacer (Macleod 1969)* In a dielectric narrow-band 

filter, the spacer consists of a dielectric material of an integral 

number of half waves in optical thickness. This number is referred to 

as the order of the filter or spacer. On both sides of the spacer are 

quarter-wave reflecting stacks of alternating high and low index 

dielectric materials. One very common pair of materials for a visible 

filter of this type is zinc sulfide (ZnS) and cryolite (Na,AlF,). One 

test sample used in this experiment consisted of these materials. 

The notation commonly employed to describe a thin-film coating 

design is to use H and L for quarterwave optically thick layers of high 

and low index materials respectively. For example, a second-order 

narrow-band filter with five pairs of alternating high and low layers 

comprising the reflector assemblies on both sides of the spacer would be 

written as 

7 
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(HL)5 4H (LH)S / glass . 

This represents a filter of design HLHLHLHLHLHHHHLHLHLHLHLH. 

A characteristic transmission curve for an all-dielectric 

narrow-band filter, shown in Fig. 2, consists of a narrow pass band 

centered at the characteristic wavelength of the filter and side bands 

created by the quarterwave high reflector stack. The characteristic 

wavelength, A, of the filter is influenced by the phase thickness of the 

spacer layer, 6, which is given by, 

j a 2»ndcose 

where n and d are the Index and the physical thickness of the spacer 

layer respectively, and 0 is the angle of incidence of the irradiation to 

the filter. 

As 8 increases, the spacer layer thickness decreases by cos 6. 

If we let X' be the characteristic wavelength at e» then 

X* » A cos 9 , (2) 

and the characteristic wavelength also decreases by cose. 

Moisture Adsorption In All-Dielectric Narrow-Band Filters 

The physical structure of thin films is unlike that of bulk 

materials. Electron microscopy studies (Guenther and Pulker 1976) have 

shown that vacuum-deposited thin films have a columnar structure, with 

approximately cylindrical columns and with the axis along the direction 

of growth. Between the columns are long pores that run through the 

thickness of the film and lower the density below that of the bulk. 

Furthermore, the pores can fill with moisture through capillary 



PEAK WAVELENGTH 557-411111. 
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Fig. 2. Measured transmit Cance of a narrow-band all-dielectric filter 
with unsuppressed sidebands. Zinc sulphide and cryolite were 
the thin-film materials used (from Macleod 1980). 
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condensation when exposed to the atmosphere and alter the optical 

properties of the film (Pulker and Jung 1971). 

In narrow-band filters, water adsorption in the pores of the 

film increases the index of the spacer layer and shifts the peak 

transmission to longer wavelengths. Because of the narrow bandwidth of 

these filters, distinct patches indicating moisture in the film and 

typically centered about the water penetration sites are present when 

the filter is viewed in monochromatic light. The advantage in using all-

dielectric narrow-band filters to investigate the influence of defects on 

laser damage is this distinction, under proper viewing conditions, of the 

water penetration sites, moisture areas, and defect-free parts of the 

film. 

Depending on the porosity of the layers that make up the filter, 

the optical constant will increase where moisture adsorption has taken 

place. This Increase in the index of the film where adsorption has 

occurred results in a shift of maximum transmission to longer 

wavelengths. Since these areas transmit at a wavelength different from 

the surrounding unaffected regions, moisture adsorption areas appear as 

patches. When observed in collimated monochromatic light in 

transmission, the patches brighten or darken with respect to the 

unaffected parts of the filter as the wavelength is varied. This shift 

in peak wavelength is illustrated in Fig. 3. 

Visual observation of moisture adsorption patches in thin-film 

filters was first made by Richmond (1976) by viewing filters 

microscopically in monochromatic light. Using a similar technique, Lee 



11 

Fig. 3. Wavelength shift in a narrow-band filter: 
a) in vacuum 
b) due to moisture adsorption 
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(1983) continued this study- by investigating the rate of moisture 

penetration in filters under various humidity environments and baking 

cycles. 

Although the detailed mechanism by which water penetrates into a 

multilayer film is unknown, Lee (1983) proposed a model that attempts to 

explain his observations. Upon exposure to the atmosphere, water enters 

the film through a central pore and penetrates to the substrate while 

diffusing laterally through the layers at rates that depend on the film 

materials, conditions under which the film was deposited, and the 

humidity of the environment. As water penetrates into each layer of the 

film, a corresponding shift in peak wavelength occurs over that area. 

Figure 4 shows a schematic model of the water adsorption 

process Into an all-dielectric narrow-band filter and the resultant 

shift in wavelength as deeper moisture penetration occurs. 

There may be several circles In each patch that vary In peak 

wavelength corresponding to moisture at different depths within the 

filters. Although each layer will contribute to the overall wavelength 

shift, Richmond (1976) has shown that the most significant shift is due 

to the adsorption in the cryolite spacer layer of a ZnS-cryollte filter. 

For a first-order filter of this type, the spacer accounts for almost 

70% of the total wavelength shift, and increases in importance as the 

order of the filter increases. For a first-order filter in which the 

spacer layer Is made of ZnS, Richmond (1976) has shown that the cryolite 

layers next to the spacer produce the greatest wavelength shift for a 

given amount of moisture penetration. His analysis assumed ZnS to have 
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a packing density of 1 and thus no void regions into which water may be 

adsorbed. Figure 5 illustrates the relative layer sensitivity to 

moisture in this filter, and it can be seen that the cryolite layers on 

either side of the spacer contribute to about 70 to 80% of the 

wavelength shift. 

The patches visible under monochromatic light indicate the areas 

of extensive moisture penetration. In most samples, water has 

penetrated at least into the spacer layer of the filter and probably to 

the substrate. Although moisture penetration may have occurred more or 

less uniformly throughout the filter as evident by the wavelength shift 

measured in a spectrometer, there is more water in the patches since 

their peak transmission is at longer wavelengths. 

In this description of moisture penetration, no effort was made 

to account for the lateral or vertical extent of moisture in the film. 

Also, the magnitude of the wavelength shift depends on the packing 

density of the film and the model used to calculate the resultant index 

of the film. Both aspects are beyond the scope of this report. See 

Chain (1983), and Macleod (1983) for a discussion of these topics. 

Test Sample Description and Characterization 

The dielectric narrow-band filters used in this experiment were 

of two types. The sample identification, design, and peak wavelength at 

the time of laser testing are given in the following table. 

These samples were made by Cheng-Chung Lee at the Optical 

Sciences Center in 1983 and were utilized extensively in his moisture 

adsorption experiments. These samples in no way represent laser hard 
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coatings but were chosen instead for the laser-damage experiments 

because of the number of defects and definition of the water adsorption 

patches. 

Table 1. Test Sample Characteristics 

Identification Material Design 
Peak 
Wavelength (nm) 

D-21-4 ZnS/Cryolite (HL)54H(LH)'/Glass 
H - ZnS, L • Cryolite 

496 

760-21-5 ZrO,/SiO, (HL)s6H(LH)VGlass 
H « ZrO„ L » SiO, 

538 

The zinc sulfide-cryolite sample, D-21-4, was manufactured by 

thermal evaporation at 1 - 5xl0~® torr in an 18-in. Edwards coater. 

Figure 6 shows the ZnS/cryolite filter shortly after manufacture. This 

sample was subjected to high relative humidities and temperature 

cycling. A recent photograph, (Fig. 7), of sample D-21-4 just prior to 

laser damage testing reveals a similar patch pattern. The patches are 

still clear and sharply defined. Figure 8 is a Nomarski micrograph of 

this sample showing surface Irregularities. 

Narrow-band filters constructed from oxide materials also show 

a shift in peak transmission because of moisture adsorption. The 

resultant patches, however, are far less sharp than those in ZnS-

cryolite filters. Figure 9 shows a zirconium oxide-silicon oxide 
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a) 

b) 

Fig. 6. Water adsorption in ZnS/Na
3
AlF6 filter six days after coating. 

RH 46% (from Lee). 

a) A 484 nm. 
b) A 507 nm. 



a) 

b) 

Fig. 7 .. 
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Sample D-21-04, ZnS/cryolite used in the laser damage 
experiment~ 

a) ). = 483 nm. 
b) ). 508 nm .. 



Fig. 8. Nomarski micrograph of the ZnS/eryolite sample D-21-4 
taken at the Naval Weapons Center, China Lake, California. 
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a) 

b) 

20 

Water adsorption in Zr0
2
/Si0

2 
filter. Sample 760-23-9 a few 

days .after coating and baking (from Lee, 1983). 

a) A 542.5 nm. 
b) A 550.5 nm. 
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(Zr0z/Si02) filter just after manufacture. The patches in this filter 

have very blurred boundaries, probably because the Zr02 layer is very 

adsorptive. 

The Zr02/Si0t sample, 760-21-5, used in this experiment was made 

by reactive evaporation in a Balzers BAK 760 with electron-beam sources 

and a constant background oxygen pressure of 1 x 10~* torr. The 

substrate temperature was 300°C. This sample was subsequently exposed 

to a severe humidity-baking cycle as part of Lee's (1983) investigation. 

The appearance of relatively distinct patches in the sample can be seen 

in the recent photo (Fig. 10), indicating a limited return of wavelength 

caused by desorption of moisture from the film when exposed to a less 

humid environment. 

Spectrometer measurements of narrow-band filters also show the 

characteristic shift in peak wavelength caused by moisture adsorption. 

The amount of shift experienced by the filter depends on the exposure 

duration and humidity of the environment (Lee 1983). Furthermore, the 

halfwidth of the peak broadens with the amount of moisture adsorbed 

because of the nonuniformity of transmission when large areas of the ' 

filters are viewed in the spectrometer. 

As the moisture adsorption increases in high relative humidity 

environments, a very distorted transmission peak results. Figures 11 

and 12 illustrate the shift and shape of the peak wavelength for a 

ZnS/cryolite filter of design similar to D-21-4 in 81% and 100% relative 

humidity, respectively. The transmission peak becomes very distorted at 

high relative humidity. Inspection of recent measurements of the 
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Fige lOe Zr02 /Si0 2 sample used in the laser damage experimente 

a) ). 528 nm. 
b) ). 553 nm .. 
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Fig. il. Shift of characteristics of narrowband filter after exposure to M 

81X RH for 10 hours and after baking (from Lee 1983). w 
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0 
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UAVEICHGTM (run) 

Fig. 12. Shift of characteristics of narrowband filter after exposure 
to 100% RH for three hours and after baking. Note the very w 
distorted peak shapes that result (from Lee 1983). 
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spectrum of sample D-21-4 taken on a Cary 14 spectrophotometer (Fig. 13) 

shows a sharp transmission peak, indicating that despite extensive 

humidity testing the sample has desorbed moisture and regained Borne of 

the characteristics that it had just after manufacture. 

Figure 14 showB the characteristic shift for a ZrO,/SiOt filter 

exposed to 32% relative humidity. The similarity of this spectrum to 

that of sample 760-21-5 prior to laser damage testing (Fig. 15) Indicates 

some reversal of the film's characteristics must have occurred despite 

its subjection to humidity and baking effects studies in 1983. 

No drift in wavelength was observed for either test sample 

during the duration of the laser damage testing (about eight weeks), 

indicating film stabilization in both samples. 

Defect Characterization 

The characterization of defectb in the samples is based upon 

microscopic observation of the filters in collimated monochromatic light. 

The apparatus used is discussed in Chapter 3. The characterization 

technique was crude; no further effort was made to investigate the 

structure of the defects. Dividing defects into three categories aided 

in the correlation of laser damage with defect. For this experiment, 

defects are classified into moisture penetration sites, moisture patches, 

and pits. 

Moisture Penetration Sites 

An attempt to explain the columnar structure of thin films in 

terms of the energy of the arriving adatoms during deposition has been 
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Fig. 13. Transmlttance spectra of the ZnS/cryollte filter used In the 
experiment. 
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WAVELENGTH (ran) 

Fig. 14. The wavelength shift of ZrOt/SiOt filter caused by water 
adsorption (from Lee 1983). 
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Fig. 15. Transmittance spectra of the ZrO,/SiO, filter used in the 

experiment. 



made by Movchan and Demchishin (1969). Extending their temperature-

dependent model of film microstructure, Thornton (1974) has proposed a 

model illustrated in Fig. 16 in which the resultant structure of the 

film changes from fibrous grains with weak grain boundaries to a 

columnar morphology and finally to equated crystalites as mobility 

increases. 

Computer simulations (Jacobson, Horowitz, and Liao 1984) of film 

growth show the development of fissures or voids extending from the 

substrate. A computer simulation technique has been developed in which 

a relaxation process assigns the adatom mobility after impact. The 

average distance traveled after impact, x, is normalized by the adatom 

diameter, d, to yield a mobility parameter, x/d. Figure 17 illustrates a 

computer-simulated film growth for two different incident angles and 

mobilities. The columns and voids are clearly evident. 

Ogura (1975) has shown that in cryolite films a large number of 

3- to 4-nm-dlameter micropores exist. However, inspection of electron 

micrographs (Guenther and Pulker 1976) shows that columns have diameters 

of 10 to 15 nm (Fig. 18). It has been suggested that small columns are 

actually strands in larger columns that entwine Into yet larger columns, 

forming a hierarchy of columnar structure. Figure 19 shows a three-

level model of columnar structure in amorphous germanium proposed by 

Messier, Takamori, and Roy (1976). Columnar structure on the order of 

100 A to a few micrometers is evident. This model of a thin film as a 

hierarchy of columnar structures provides a basis upon which to predict 

a rich assortment of defect types and sizes. It is suggested that the 
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Fig. 17. Simulation of film growth (from Jacobson et al. 1984). a) 
x/d - 0.9, o - 0°, (NZ,NY) - (120,64). b) x/d - 0.9, a - 65°, 
(NX,NY) - (120,64). c) x/d - 1.4, a 0°, (NS,NY) - (120,64). d) 
x/d - 1.4, a - 65°, (NX,NY) « (120,64). 



Fig. 18. Micrograph of a cross section of a thin film illustrating 
columnar microstructure (from Guenther l976)e 
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fissures or voids predicted by these models could act as the moisture 

penetration sites through which water migrates into the layers of the 

film. 

In both the ZnS/cryolite and Zr0js/Si02 filters, small defects 

near the center of the moisture patches can be observed. Some of these 

areas display wavelength shifts in peak transmission greater than 

moisture patch areas. Others were dark at all wavelengths, indicating 

complete saturation or a completely different structure in a very small 

region. They are thus believed to be penetration sites. Because of 

their small size, it Is difficult to measure their diameter. A few tens 

of micrometers is a good estimate and would correspond to the largest 

pore size of Messier columnar hierarchy. 

Nodules 

A common defect seen in virtually all films is the nodule, which 

is believed to be a bundle of threadlike fibers that diverge from the 

substrate defects toward the film surface in a cone-like structure. A 

hemisphere may protrude above the surface of the film. Guenther (1982, 

1984) has developed a model of nodular growth in which nodules develop 

under conditions of zero mobility of the adatom on the substrate. Zero 

mobility was chosen by Guenther simply to ease the computing problem, 

and it is not a necessary condition for nodular growth. Micrographs of 

nodules in a Ti02 layer are shown in Fig. 20. 

Nodules appear to be more weakly bound to the surrounding 

material than is the case with normal columnar grains. As a nodule 

loosens, perhaps due to excess strain energy, a moisture penetration site 
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(a) 

(b) 

Fig. 20. Scanning electron micrographs showing (a) a nodule and (b) a 
nodule about to fall out (from Guenther 1984). 
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may develop, allowing seepage of water about the nodule into the depths 

of the multilayer* A moisture penetration site may also develop if the 

nodule falls out completely and the resulting void region is not too 

large to sustain capillary condensation of moisture. A number of 

transparent sites of about 20 um in diameter were observed in the 

ZnS/cryolite sample. It is suggested that these sites may have formed 

on the removal of large nodules from the film surface, resulting in 

"pits" too large for water to condense. 

Moisture Patches 

The evidence for the existence of numerous moisture adsorption 

patches was presented in the last section. Indeed, it was because of 

these patches that these particular filters were chosen. The patches 

indicate areas high in moisture in comparison to the surrounding region. 

The patches varied greatly in size and density. In the 

ZnS/cryolite sample, the moisture patches varied from a few tens of 

micrometers to a few hundred micrometers with an average diameter of 

about 100 um. The patch density in this sample also varied greatly from 

about 10 to 50 in a 1-mm-square area. The patches in the Zr0t/Si02 

filter were much less distinct and hence more difficult to measure. 

Generally they averaged 10 to 50 um in diameter with a density of about 

50 in a 1-mm-square area. 

About half of the patches in both test samples showed no 

evidence of penetration sites within them. It is not known if the 

penetration sites for these patches are too small to be observed or if 

water has seeped into the area by other means. The micropores discussed 
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earlier may be responsible for these moisture patches in which large 

penetration sites are not observed. It is difficult to understand, 

however, how moisture regions associated with micropores could be 

similar In size to those centered on large adsorption sites. 

The defects discussed above, moisture penetration sites, moisture 

patches, and pits, as well as the clear areas of the film, were the 

targets for laser damage testing. Since 1/e* Gaussian width of the 

focused laser beam was about 115 ym, it was possible to irradiate each 

defect individually to investigate the Influence of that particular 

defect on laser damage. 

The defects discussed above are illustrated in Fig. 21. More 

complicated defect morphologies than those defined in this section are 

possible. For example, a penetration site may fill partially with 

moisture. Nodules at the center of penetration patches may show 

wavelength shifts depending on the amount of moisture that has 

penetrated about the nodular structure. To eliminate confusion, all 

defects at the center of moisture patches are defined as penetration 

sites irrespective of the presence of a nodule. 

From studies involving the growth rate of moisture patches in 

narrow-band filters under various relative humidities, Lee (1983) has 

suggested the existence of numerous fissures or cracks radiating outward 

from the center pore. If this model is correct, the disturbed region of 

the film, which includes the radial network of fissures, extends well 

beyond the penetration site. The size and structure of this hypothetical 

disturbed region of the film may cause the disparity In the laser damage 
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Fig. 21. Defect types characterized in the experiment . 



threshold and morphology of selective damage sites discussed in the 

introduction. On the other hand, the characteristics of the central 

region of the moisture patch may be responsible for the initiation of 

laser damage. 

Electric Field Intensity Distribution 
Within All-Dielectric Narrow-Band Filters 

The laser damage experiment Investigated the influence of the 

film defects on laser damage. However, a complication in attributing 

laser damage to the geometry or number of defects alone is that the 

electric field intensity distribution within a narrow-band filter varies 

according to the distribution of moisture in the filter. 

He have seen in Chapter 2 that the passband of a filter moves to 

larger wavelengths in the presence of moisture in the film. Because of 

the increase in the effective index of refraction and resultant shift in 

the passband at moisture areas, the electric field intensity distribution 

changes with respect to moisture-free parts of the film. It is likely 

that thermal absorption occurs primarily in the disturbed material at 

film interfaces (Temple 1979) and we may therefore assume that the 

electric field peaks at a film boundary coincide with those locations 

within the multilayer most sensitive to the laser irradiation. Thus, not 

only may the laser damage investigated in this experiment be dependent 

on the type of defect, but also on the electric field distribution within 

the area of the defect. 

At least two researchers have shown that pulsed laser damage is 

independent of electric field distribution. It has been shown (Zverev, 



40 

Kolodnyl, and Poryardin 1978) Chat for single 12-ns pulses at 1.06 urn the 

damage threshold of titanium dioxide and silicon dioxide reflectors did 

not depend on the field. A similar investigation (Svechnikov 1981) 

utilizing ZnS/SrFx mirrors having layers of different optical thicknesses 

demonstrated that laser damage to a msec-duration pulse does not depend 

on the radiation intensity distribution in the layers, but rather was 

caused by the presence of micrometer-size absorbing lnhomogeneities. 

The research cited above was carried out using pulsed laser 

irradiation at 1.06 urn on reflectors. It will be shown that the electric 

field distribution within a narrow-band filter is much more sensitive to 

detuned irradiation than is the case for reflectors. Thus the results of 

Zverev et al. (1979) and Svechnikov (1981) that found no influence of 

field on laser damage for reflectors cannot be applied without 

reservation to narrow-band filters. The effect of the electric field in 

the filter samples on laser damage was not investigated in this 

experiment but is recommended for further research. 

For defects that extend through the thickness of the filter, 

such as penetration sites or pit defects, the film assembly no longer 

acts as a narrow-band filter and the electric field calculations for a 

filter no longer apply. Instead, laser damage must be influenced 

primarily by the nature of these defects. 

Admittance Diagram 

We will compare the calculated electric field amplitude 

distribution in the moisture patches and moisture-free areas of the 

narrow-band filter samples used in this experiment for an incident 

radiation of wavelength 514 nm. 
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The magnitude of the electric field amplitude within the layers 

of the narrow-band pass filter can be determined in a simple way with 

the aid of an admittance locus. This technique, developed by H. A. 

Macleod (private communication) is an Argand diagram of the locus of the 

optical admittance of a multilayer assembly beginning at the substrate 

and ending at the front surface. 

The optical admittance, Y, is the ratio of the magnitude of the 

magnetic, H, and electric fields, E, of the light wave in the medium in 

which it is propagating. 

Y - H/E (3) 

In terms of the susceptibility, e, and permeability, ji, of the medium, 

the optical admittance is 

Y « (e/u)1/1 - (̂ i) 1 (4) 
MrW# 

where er and ur are the relative susceptibility and permeability 

respectively and e0 and y0 are the free space values. At optical 

wavelengths wr = 1, the optical admittance is proportional to the 

refractive index since 

Y - Y#(er)l/l " (5) 

where Y0, which equals eg1/*, is the admittance of free space and n is 

the complex index of refraction. Y, is unity in Gaussian units and in SI 

units is 1/377 siemens. Since 

Y/Y0 = n , (6) 

the optical admittance measured in free space units is equal to the 

refractive index. 
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Each layer of a multilayer assembly may be assigned a 

characteristic matrix. For normal Incidence, the characteristic matrix 

of the jth layer is given by 

cos6j 

lnj sinfij 

— sinfj 
nj J 

cosfi 'j 

where is the phase thickness, given by 

* 2* , 
- ~r nJdj • 

Here dj is the physical thickness, and nj the index of the jth layer. 

The performance of the multilayer Is 

(7) 

B ( cos 61 — 
nj. 

1 

C_ 

1 / 

. - TT \ 
3-1 / 

In,sin6j cosfij nsub (8) 

where nsub is the refractive index of the substrate and the optical 

admittance, Y is 

Y - G/fi . (9) 

The reflection coefficient, p, is found from the continuity of the 

tangential components of the E and H fields at the film boundaries, and 

Is given by 

n0-Y 

n„+Y 
(10) 
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where n0 is the refractive index of the incident material. The 

reflectance, R, is 

R 13 pp* . (11) 

If we plot the optical admittance of a dielectric layer on an 

Argand diagram, the result is a circle that is traced out clockwise with 

increasing phase thickness, starting on the real axis at point (nsu|j , 0). 

As the phase thickness of the jth layer becomes a quarter wave, the 

admittance locus results in a semicircle starting at (nsufc , 0) and 

stopping at nq2/nsuij , 0). Figure 22 shows a plot of the admittance 

locus. 

The point (nq*/n8ub , 0) on the real axis can be considered the 

equivalent optical admittance, o, of the jth layer, and is now the start 

of the admittance locus of the (q - l)-th layer. If this layer is also a 

quarterwave, the locus is a semicircle that stops at the point 

(%! , o) or (M̂ ib , 0) 
a iiq 

This process is continued until the locus of the front layer is plotted. 

The resultant reflectance of the assembly is zero only if the admittance 

locus terminates at the point (n0,0). We may also plot on the. Argand 

diagram isoreflectance and isophase contours as shown in Fig. 23. 

One advantage of the optical admittance plot is that contours of 

constant electric field amplitude are simple in form. In free-space 

units the net Intensity passing into the multilayer is given by 

1/2 Re(EH*) = 1/2 Re(BC*) 

= 1/2 Y0Re(YBB*) = 1/2 Y0BB*Re(Y) (12) 
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where BB* =» E*, the electric field amplitude squared. For dielectrics, 

the net intensity entering the assembly is the same as that which 

emerges. If we let the incident intensity be unity, we can solve for 

electric field amplitude, giving 

E - (13) 

E is in volts/meter, provided Y is in free space units, i.e., if Y is 

numerically equal to the refractive index. Since E is inversely 

proportional to Re(Y)1/*, when plotted In the Argand diagram, contours of 

constant E are vertical lines originating from the points (Re(Y),0). 

Contours of constant E are illustrated in Fig. 24. 

Using the technique discussed above, we can plot the admittance 

locus for the ZnS/cryolite sample D-21-4. This is done in Fig. 25 on 

semilog scale because of the wide range of values of the admittance 

through the multilayer assembly. In the figure, the locus for only the 

Inner reflector and spacer layer of the filter is plotted. The 

admittance locus for the outer reflector of the filter assembly is 

continued In Fig. 26* 

Figure 27 plots the distribution of the electric field intensity 

within the filter. A similar plot results in Fig. 28 for the Zr0£/Si02 

filter except that neither the admittance nor electric field amplitude 

oscillate as greatly since the ratio of njj to n̂  is not as large. As can 

be seen from these figures, the amplitude of the electric field is 

largest within the spacer layer for both filters. 
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Fig. 24. Contours of constant electric field amplitude (from Macleod 
1980). 
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If the filter is detuned to the incident radiation, the 

admittance plot will no longer contain semicircles for each layer of the 

film terminating on the real axis. For incident radiation of wavelength 

longer or shorter than the characteristic wavelength of the filter, the 

admittance loci will be shorter or longer respectively. The result is a 

shift in the electric field peaks and a decrease in intensity. 

For a narrow-band filter that is detuned to the incident 

wavelength, the filter acts much like a reflector. For example, if 

radiation of 514 nm is incident on the ZnS/cryolite filter tuned to 

496 nm, the electric field intensity shown in Fig. 29 decreases within 

the spacer layer of the filter and peaks aC the first H/L interface of 

the film. 

At a moisture patch in the ZnS/cryolite film, Che characteristic 

wavelength has moved to S07 nm and the effective index of the cryolite 

layer has increased from 1.36 to about 1.41 because of adsorption of 

moisture primarily into the cryolite layers. The distribution of Che 

electric field due to incident radiation of 514 nm at moisture patch 

areas is also plotted in Fig. 29. We see that the field distribution is 

different in wet than in dry portions of the sample. In the spacer 

layers, the field peaks at higher values in Che presence of moisture. 

Thus Che disparity in the laser damage thresholds at moisture patches 

and moisture-free areas may be due to the variation of the electric 

field caused by moisture as well as the type or structure of defects. 

A similar effecc is realized in Che ZrÔ /SiOj sample. In Fig. 30, 

the electric field is plotted for a filter designed for 538 nm and 
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detuned to the Incident radiation of 514 nm. He have assumed moisture 

adsorption in the Zr02 layers increasing the index from 1.905 to '1.97. 

Again we see a difference in peak intensities within the spacer between 

the moisture-free and moisture portions. The difference, however, is not 

as large as in the ZnS/cryolite filter, but the field is now reduced in 

the presence of moisture. 

One possible method in which to correlate laser damage results 

of one type of coating design with another, both incorporating identical 

materials is to compare the electric field intensities within the layers 

of the coating. 

We may compare the filed intensity distribution for an all-

dielectric narrow-band filter detuned to the incident irradiation as 

shown In Fig. 26. Under these conditions, the electric field is greatest 

in the outermost layers and decreases as the wave propagates towards 

the substrate. This is also the case with the simple quarterwave stack 

usually used as a high reflector. For a reflector of design 

(HL̂ H/glass, (see Fig. 31) the electric field distribution of the 

reflector does not vary significantly with tuning, and its field 

distribution is not noticeably altered by the presence of moisture. 
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Fig* 31. Electric field distribution for reflection of design 

(HL)*H/glass. H(ZnS) » 2.35, L(cryolite) - 1.35. The solid line 
represents X tuned to 496 nm. The dashed line represents \ 
detuned to 514 nm. 



CHAPTER 3 

EXPERIMENTAL APPARATUS 

Laser Damage Facility 

The setup used to perform the laser damage testing consisted of 

a continuous wave (CW) argon laser, a microscope for focusing the laser 

beam and viewing the test sample, and a monochromator system. A silicon 

photodiode detector and lock-in amplifier were also employed to measure 

relative beam intensities during beam scans. The detector-amplifier 

system also monitored scatter from the test sample under irradiation. A 

schematic and photographs of the test facility are shown in Figs. 32 

and 33. 

To view moisture adsorption patches and other defects in the 

test samples prior to and just after laser irradiation, the sample was 

observed microscopically in monochromatic light. The monochromator 

system was assembled at the Optical Sciences Center for an earlier 

project and was modified in this laser damage experiment. It consisted 

of a Bausch-and-Lomb tungsten-halogen light source, a high-intensity 

monochromator-collimator, and an x-y-z translation stage. When viewed 

through the microscope, an approximately 1.3-mm-diameter area on the 

test sample was seen at a focal length of 0.535 cm. 

The laser used to perform the damage testing was a Coherent-

Innova Model 90-4 argon laser. The laser was vertically polarized and 

the output power in the TEM00 mode at 514.5 nm was rated at 1.7 W, 
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Fig. 33. Laser damage test facilityo 
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although output power as high as 2.5 W was achieved. Long term power 

stability under optical feedback regulation was rated at ±0.5%, however 

a 2% fluctuation was experienced under 2.0 W and even larger Instability 

at output powers greater than 2.0 W. This was probably due to 

occasional fluctuation In the cooling water pressure. 

The output power was measured Internally, within the head 

assembly. A beamsplitter following the output coupler mirror directed 

the output beam through a dlffuser onto a photocell. The photocell 

provided the output power signal used to measure and to regulate the 

output power. 

Beam Scans 

The laser used to perform the damage testing was an excellent 

single mode source* Scans at the beam's focal plane were made prior to 

damage testing. 

The setup for the beam scans Is shown In Fig. 34. The output 

beam was attenuated to prevent detector overload, chopped, and directed 

along the axis of the microscope. Beam scans were made In directions in 

the focal plane of the microscope using a 25-ym pinhole at 2.0-W output 

power. The light emerging from the pinhole was collected by a 

converging lens, focused onto a photodlode detector, and then measured 

by an EG&G 5205 lock-in amplifier. 

The spatial profiles of the focused beam are shown in Figs. 35 

and 36. The beam profile at 2.0-W output power was Gaussian with a 1/e2 

waist diameter of 115 ym. The error bars represent the deviation of two 

shots at each output power. The measured beam profile represents a 
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HORIZONTAL SCAN 
OUTPUT POWER = 2W 

FWHM 

-50 

TRANSVERSE POSITION (yu.m) 

Fig. 35* Special profile of focused laser beam Gaussian fit at 1/e* 
width of 115 um. 
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VERTICAL SCAN 
OUTPUT POWER = 2W 

FWHM 

TRANSVERSE POSITION (/i.m) 

Fig. 36. Spacial profile of Che focused laser beam. Solid line 
represents a Gaussian at 1/e* width of 120 um. 
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convolution of the pinhole with the focused laser beam. The result of 

this convolution Is to enlarge the measured beam diameter by about 1 % , 

which is negligible compared to other sources of error in the 

experiment. 

It was found that at different power levels the beam shape 

changed slightly. This fluctuation was responsible for most of the 

uncertainty in the beam radius and hence the fluence levels as well. 

Alignment of the laser beam through the microscope was extremely 

difficult. Any misalignment resulted in an odd-shaped beam profile. 

Although care was taken to preserve the alignment during damage testing, 

a change in output power caused the laser beam to propagate In a 

slightly different direction. This necessitated a realignment of the 

optics and microscope, and undoubtedly resulted in a beam shape 

different from the beam scans* 

To determine total power in the laser after transversing the 

microscope, the relative beam intensity was measured by the detector 

and compared to the signal detected when the microscope was removed. 

Figure 37 plots the lock-In reading with and without the' microscope in 

the laser beam path 'for various output powers. As can be seen, a loss 

of light intensity of the beam in traversing the microscope resulted. 

This loss was linear with output power up to about 2.0 W. At this power 

level, losses In the microscope increased drastically because of high 

scatter or misalignment. Figure 38 correlates the fluence of the 

focused beam at the focal point to the total output power of the laser. 

The power density on-axls of the spatial profile of the focused beam is 
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referred Co as the beam fluence. The fluence values In Fig. 38 were 

found by determining the power loss of the beam traversing the 

microscope (from Fig. 38) plus a 5% scatter loss at each relay mirror 

directing the beam from the laser Into the microscope. The energy 

values were then divided by the calculated beam area at the 1/e radius 

of 80 im. Inspection of Fig. 38 shows that fluence on the target 

increased linearly with total output power up to about 1.5 W. The 

deviation of the curve in Fig. 38 from a linear calibration is a good 

estimate of the uncertainty in the laser beam fluence for various output 

powers. 

Beam scans and Intensity measurements were not taken during 

laser damage testing. Since the CW output of the laser was relatively 

constant, the fluence at the target during testing was determined by 

comparing laser output power to the calibrated fluence determined by 

Fig. 38. 

On-axls beam scans through the focused beam waist were made to 

determine the focal distance of the laser beam from the microscope 

objective. The pinhole was positioned near focus and the microscope 

translated slightly to defocus the beam. Orthogonal scans were then 

made at a number of out-of-focus positions. Inspection of these 

results, plotted in Fig. 39, show that the beam intensity Is relatively 

constant within ±5 |im of the waist position. The beam waist was located 

0.535 cm from the microscope objective and about 0.4 mm behind the 

position where the eye sees focus. This was important, since it was 

convenient to first focus the microscope onto the test sample by direct 
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viewing and then to adjust the sample to the focal position of the laser 

beam. 

In summary, because of the limited time available to do the 

actual damage testing, beam scans could not be performed evey time the 

laser output power was changed. Characterization of the focused laser 

beam was made prior to laser damage testing by pinhole beam scans. The 

beam profile at 2.0-W output power was found to be Gaussian with a 1/e* 

waist diameter of 115 jim. Although the output power of the laser 

remained fairly steady over long periods of time, deviation of the beam 

path as. the output power was changed together with the difficulty in 

aligning the beam along the axis of the microscope prevented 

determination of a unique beam profile. 



CHAPTER 4 

LASER DAMAGE TESTING 

Procedure 

The setup used to perforin the damage testing was described in 

Chapter 3 and is illustrated in Fig. 32. 

The test procedure used began with viewing the test sample 

through the microscope and adjustisng the monochromator to give the best 

contrast in transmission between moisture patches or other defects and 

the defect-free portions of the filter. The site to be damaged was then 

centered in the microscope and moved to the beam waist formed by the 

microscope. The visible scatter of the laser beam from the test sample 

increased when the beam was focused on the sample; fine adjustment of 

focus was made by maximizing the scatter. In the latter part of the 

experiment a scatterometer was added; it consisted of a chopper and a 

silicon-diode detector, enclosed in a box with one small opening for the 

detector. The detector and reference signals were sent into the lock-in 

amplifier. 

Because of the small size of the adsorption sites and pit 

defects, centering the focused laser beam was difficult. However, 

scattered laser light increased noticeably when the beam was centered on 

these defects. The procedure employed was to scan the sample at low 

power (« 0.1 W) looking for a significant increase in scattered light. 

After viewing this site through the microscope, the laser output power 
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would be increased and damage testing initiated. Subsequent laser 

damage at high power on large scatter points confirmed this positioning 

technique. This technique of scanning the surface at low power may have 

inadvertently resulted in a cleaning effect. Multiple-shot pulsed 

irradiation of optical components at laser intensities below threshold 

has been shown to increase the damage threshold of the material 

(Porteus, Faith, and Allen 1983). However, it is not felt that low power 

CW radiation resulted in a cleaning or annealing effect. 

Damage thresholds were determined largely by trial and 

observation. The laser output power was initially set at low values of 

about 0.1 to 0.5 H, and the sample irradiated for various durations, 

beginning usually at 30 sec and increasing to 2 to 5 min. Following 

exposure to the laser beam, the irradiation site was viewed through the 

microscope to determine if damage occurred. If damage at that 

particular site did not occur, the sample was translated to a new site, 

and exposed to a higher power for increasing intervals. 

Because positioning the laser beam at pit defects or adsorption 

sites was tedious, it was convenient to leave the sample at one position 

and increase the output power until damage occurred. Some conditioning 

or annealing of the site may have occurred and the damage threshold, 

therefore, may have been influenced by previous laser exposures. 

If difficulty was experienced in damaging the sample, the damage 

sequence was then initiated at high power (2.0 W). If damage occurred, 

the exposure time or output power was reduced. Exposure times and 

fluence levels were varied to relate defect damage to both the fluence 
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and duration of the laser exposure. For some exposures, a site, once 

damaged, was irradiated further to record the growth of the damage site. 

While attempting to damage certain defect sites, it.was observed 

that the amount of scattered laser light off the sample varied not only 

with fluence level but also with the type of defect. From this 

observation it was thought that the relative amount of scattered light 

may be related to the damage threshold. Later on in the experiment the 

scattered light level was measured by the scatterometer. 

Data and observations for each test run are shown in Tables 2 

and 3 for the ZnS/cryolite and Zr0x/Si02 samples respectively. A test 

run represents consecutive exposures at one site. For each test run, 

the type of site irradiated (clear, moisture patch, penetration site, or 

pit) is given along with the fluence level, duration of exposure, and 

scatter level. If laser damage is noted, it represents damage that was 

observable through the microscope. 

Both samples were aligned normally to the laser beam. Since 

the characteristic wavelengths for the ZnS/cryolite and Zr02/Si02 samples 

were 496 nm and 538 nm respectively, both were detuned to the incident 

radiation of 514 nm. We have seen that for a detuned filter, the 

electric field intensities move outward from the spacer layer into the 

reflector stack with the result that the filter behaves more like a 

reflector. The effect of detuning on laser damage is not known. 

Observations 

Sample D-21-4 

The effects of laser irradiation on sample D-21-4 were 

investigated in 43 test runs. Because damage did not generally occur at 
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low power levels at defect-free or moisture patch areas, the initial 

power level was set at 2.0 W. Since most of the test runs were 

conducted before the scatterometer was installed, only a qualitative 

value of scatter is noted. In contrast to sample 760-21-5, there 

appeared to be no correlation between the amount of scatter observed 

prior to damage and laser damage threshold. For example, in Run 15 very 

high scatter was observed, whereas in Run 14, a relatively low amount 

was noted. However, the filter was damaged in Run 14 and not in Run 15. 

Nonetheless, when damage did occur, a large amount of scatter was 

evident. 

Runs 14, 18, 23, 30, and 33 investigated the growth of the 

damage spot due to consecutive exposures. Generally, the spot failed to 

grow at a particular fluence level while increasing the duration of 

exposure. The damage spot did enlarge, however, when the power level 

was increased. Figure 40 plots the growth in diameter of damage site 

No. 18, created on an adsorption site defect as the output power and 

exposure duration are increased. 

A further observation is that when damage occurred, it appeared 

almost immediately after exposure to the laser beam. An immediate 

increase in scatter that overloaded the detector was noted. Damage was 

verified by observation through the microscope. Most damage sites were 

on the order of 20 um in diameter. However, for Runs 25 and 30 

(Fig. 41), damage craters of 150 um and 50 jim, respectively, resulted. 

In only one test run was a shift in the peak wavelength observed 

because of irradiation at a fluence less than that needed to cause 
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Fig. 41~ Laser damage for a) Run. No. 25, and b) Run No. 30. 
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damage. This occurred in Run 31 where a pit defect that the laser 

failed to damage showed the characteristic shift in transmission 

wavelength indicative of a moisture adsorption patch. In all other cases 

the shift in peak wavelength caused by moisture adsorption was 

uninfluenced by exposure to the laser beam. Moisture did penetrate into 

the film in some cases after damage had occurred. 

In Runs 4, 9, 18, and 23, the sample was translated during 

exposure to a damaging fluence level. It was found that in this 

situation the damage threshold was far below the threshold at which 

damage was initiated. Results of Run 23 are illustrated in Fig. 42. 

Although the absorption site initially was damaged at 2.0 W output 

power, a power level as low as 1.25 W could sustain damage as the 

sample was slowly translated across the laser beam. 

Shown in Fig. 43 are photographs taken in monochromatic light of 

damage resulting in Runs 18 and 23. Nomarski micrographs of the same 

areas are shown in Fig. 44. Notice the circular areas in the Nomarski 

photos, which may indicate a surface height variation, correspond to the 

moisture patches detailed in Fig. 43. 

Sample 760-21-5 

Sample 760-21-5 was subjected to 22 test runs. Scatter 

measurements were recorded for most of the runs. The amount of 

scatter, as measured by the lock-in, should be compared to the 

background detector reading to indicate the relative amount of scattered 

light detected. During the low power (0.1 W) scans across the sample, 

scatter increased significantly at absorption sites, as seen for Runs 7 
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Fig. 44. Nomarski micrographs of the damage sustained in a) Run No. 18 
and b) Run No. 23, taken at Naval Weapons Center, China Lake, 
California. 
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and 13; for these runs, the amount of scatter was 12 and 2.6 times the 

background level, respectively. Scatter seems to correlate with damage 

threshold for the runs examined, since Run 7 damaged at a relatively low 

level of 0.5 W and No. 13 could not be damaged until 2.0 W output power. 

This relation of scatter below threshold to the threshold level does not 

appear to hold for the clear areas of the filter. Once damage occurred, 

however, the scatter Increased dramatically, as was expected. 

Damage occurred for Sample 760-21-5 at the moisture absorption 

sites and moisture patches as well as defect-free areas of the filter. 

Damage threshold values varied greatly from one site to the next. The 

diameters of the initial damage sites were from 10 to 20 um and 

increased with continual irradiation. Photographs of some damage sites 

on this sample are shown in Fig. 45. Run 12 was particularly 

interesting. In this run a defect-free area was irradiated and damaged. 

Immediately following exposure, a moisture patch was observed centered 

on the damage site. 

Summary 

Observations may be summarized as follows: 

1. Scatter laser light was greater at adsorption sites or pit 

defect sites than at clear or moisture patches of the film. 

2. Scatter increased drastically when damage occurred. 

3. When damage did occur, it occurred instantaneously. 

4. Not all defect sites could be damaged. 

5. Initial diameters of the sites damaged ranged from 20 um to 

40 um. Continual irradiation at the same power level did not 
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Fig. 45., Damage sites on the Zr02 /Si02 sample (760-21-5)., 
a) A = 553 nm. 
b) A = 524 nm. 
c) A = 600 nm. 

Position of irradiation for each run indicated in b. 



82 

increase the damage area in sample D-21-4. When the power 

level was increased, however, the damage site increased in 

area. In contrast, continual irradiation at the same power 

level did enlarge damage site areas on sample 760-21-5. 

6. Damage, once initiated, could be sustained at much lower 

fluence as the sample was translated. 

7. The wavelength shift caused by moisture in the film occurred 

in only one test run as the result of laser irradiation short 

of threshold. 



CHAPTER 5 

RESULTS AND ANALYSIS 

50 % Damage Threshold 

Inspection of the experimental data presented In Tables 2 and 3 

show a wide range of fluence levels causing damage to a particular 

defect. This distribution suggests that the structure of defects is 

varied and complex and cannot be completely characterized by the simple 

method used for this experiment. 

There is no one accepted method of analyzing laser damage data. 

In some instances where a ranking or absolute damage levels are 

important, the thresholds reported are the lowest fluences that produce 

observable damage (Marrs, et al. 1981). This is also the technique used 

in large spot laser damage testing with few data points. Laser damage 

data is also expressed in terms of the 50% laser damage threshold 

(Seltel, Frank, Marrs, and Williams 1983). The 50% damage threshold is 

an estimation of the peak intensity required to cause damage with a 50 % 

probability. This definition is convenient experimentally but is useful 

only in the evaluation of relatively defect-free films or when the 

damaging fluence levels do not fluctuate greatly from site to site. 

In dealing with materials that exhibit a distribution in the 

fluence levels at which selective damage occurs, the 50% threshold 

represents the mean of a damage distribution, and the standard deviation 

of the 50% threshold indicates the extent of the damage frequency 
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Table 2. Laser Damage Measurements on ZnS/Cryolite Filter Sample D-21-4. 

~ Power 
Def~ Power tlueuce Duadoa 

R.ua I:Ead:lebld (V) ( 1o- VI c:aa) of~ Sc:attK R.-.11:8 

Maisl:ure 1 m1n 
Puch 2.40 7 .o 2 m1n Low 

Clear 2~40 7.0 1 min Low 
2 Area 2.40 7 .o 5 m1n 

Clear 
3 Area 2.40 7 .o 1 min Low 

Adarp 
4 Site 2.40 7 .o 10 sec: Low Immed Damage 

Mcdsture 
5 Patch 2.40 7o0 2 m1n Low 

6 PJt 2.40 7 .o 30 sec: Low Damage (20 ~&m) 

7 Clear 2.40 7o0 1 m1n Low 

Maistul:e 
8 Patch 2.40 7 .o 1 lll1n Low 

Adscrp Damage 
9 Site 2.30 6.8 Immed High TJ:ana Sample 

Adarp 
10 Site 2.40 7 oO Immed High Damage 

Adscrp ·2.30 6o8 30 sec: Low 
11 Sire 30sec 

Maisture 2.30 . 6.8 1 !Up Moderate 
12 Patch 1 m:fn 

Adsorp 
13 Site 2.40 7.0 Immed H1gh Damage 

14 Moisture o.so 1.4 30 sec Low 
Patch o.so 1.4 1 m:in Low 

0.80 2.3 30 sec Low 
0.80 2.3 1 m:in Low 
1.50 4.5 30 sec Low 
1.50 4.5 1 m:in Low Damage 20 "m 
2.00 6.0 30 sec Low SameSlze 
2.00 6.0 1 m:in Low Enlarged to "'30 u m 
2o40 7.0 30 sec Low SameSlze 

15 Numerous 0.50 1.2 30sec Very 
Adsorpdon o.so 1.2 1 m:in High 
Site Areas 1.00 3.0 30 sec 

1.00 3.0 1 min 
1.50 4.5 30 sec 
1.50 4.5 1 m:in 
2.00 6.0 30 sec 
2.00 6.0 1 m:in 
2.40 7.0 30 sec 
2.40 7.0 1 min 
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Table 2 (continued) • Laser Damage Measurements on Zns/Cryolite Filter 
Sample D-21-4 ... 

OCpat Pow• 
Defee~ Power P.IDeDCe Dundon 

1.1111 Izndiatad (V) (lO• V/c••) of~ Sc.al:br R.~ 

16 PJt Defect 1.00 3.0 30 sec Low 
1.00 3.0 1 udn Low 
2.00 6.0 30 sec Low 
2.00 6.0 1 m:fn Low 
2.40 7.0 30 sec Low 
2 .. 40 7.0 1 m:fn Low 

17 PJt Defect 2.20 6.5 30 sec 
2.20 6.5 1 adn 
2.40 7.0 30 sec 
2.40 7.0 1 ndn 

18 Adaorp 1.00 3 .. 0 30sec Very fti3h Damage • 10 u m 
Site 1.00 3.0 1 1ldn Very High al5 um 

1.50 4.5 30•c Very High a20 um 
1.50 4.5 1 lll:fD Very High Same 
2.00 6.0 30sec Very High •25 um 
2.00 6.0 1 m:fn 1.5 88C v.., High ·Same 
2.40 7.0 30 sec Very High •25 um 
2.40 7.0 1 m:1D Very High Same 
2.40 7.0 Scan Very High Scan Cut FJlm 
2.00 6.0 Scan •160 um 
1.50 4.5 Scan Vcyfti3h Scan cut mm 
2.00 6.0 Scan Very High Scan No Cut 
2.40 7.0 Scan v.., High Scan No Cut 

19 Clear 2.40 7.0 1 Ddn Low 
2.40 7.0 2 aWl Low 

Maial:un 
20 Pacch 2.40 7.0 1 1ldn Low 

2.40 7.0 1 aWl Low 

21 PJt Defect 2.40 7.0 30sec Modente 
2.40 7.0 1 !ll:fn Moderate 

22 Adscrp 
Site 2.40 7.0 30•c Low 

23 PJt Defect 1.00 3.0 30 sec High Damage "'20 u m 
Area 1.00 3.0 30 sec High Same 

1.50 4.5 30 sec High •40 um 
1.50 4.5 30 sec High Same 
2.00 6.0 ·30 sec High •SO um 
2.00 6.0 30sec High Same 
2.40 7.0 30 sec High Same 
2.40 7.0 Scan •250 um High CutFnm 
2.00 6.0 Scan a 2.50 U II Bf3h CutFJlm 
1.50 4.5 Scan High No Cut 
2.00 6.0 Scan • 2.50 U II Bf3h Cut FJlm 
1.SO 4.5 Scanned at High cut rom 

Slower Rate 
1.25 3.1 Scan High Cut mm Then Damage Stopped 

Adsorp 
24 Site 2.40 7.0 15 sec High Damage a20 um 

25 PJt 2.40 7.0 15 sec High Damage alSO u m 
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Table 2 (continued). Laser Damage Measurements on Zns/Cryolite Filter 
Sample D-21-4. 

Oacpa£ Power 
Defee~ Power P'.lueace Duntloa 

Ibm Iaadiated (W) (101 W/c•-> of~ Scatter .. ~ 
26 PJt 1.00 3.0 30 sec Low 

1.50 4.5 30 sec Low 
2.00 6.0 30 sec Low 
2.40 7.0 30 sec Low 

27 Adsorp 1.00 3.0 30 sec High Damage 10 um 
Site 1.00 3.0 30 sec High Same 

1.50 4.5 30 sec High Same 
2.00 6.0 30 sec High Same 
2.40 7.0 30 sec High Same 
2.40 7.0 Immed. High Enlarged to 20 um 
(Adj Focus) 

28 Adsorp 1.00 3.0 30 sec Low-
Site 1.50 4.5 30 sec Low-

2.00 6.0 30aec Low-
2.40 7.0 1 min Low-

29 Adsorp 1.00 3.0 30aec High-
Site 2.00 6.0 30.sec High-

2.40 7.0 30•c High-

30 Adaorp 1.00 3.0 30 sec Modemte-
Site 1.50 4.5 30 sec Moderate Damage •20 um 

2.00 6.0 30 sec Moderate Same 
2.40 30aec Moderate Enlarged •50 um 

Bac:kp'oand o.oos v 

31 PJt 0.022 v 2.00 6.0 1m 0.410 No Damage 
2.00 6.0 1.5 adD 0.200 Became Mcdsture 

AdBorp Site 

32 PJt 0.020 v 2.00 6.0 1 adD 0.300-
2.00 6.0 1 min 0.455-

33 Mai.stun! 0.025 v 2.00 6.0 1 udn 1.097 Damage •10 um 
Patch 2.00 6.0 1 min 1.4 Enlarge to 20 um 

2.00 6.0 l min 2.0 Same 

Backgmuad 0.060 

34 Clear 0.067 2.00 6.0 1 m:in 0.740-

Haisc:u.ze 
35 Patch 2.00 6.0 1 min 0.730-

36 Clear 2.00 6.0 1 m:ln 0.720-

Moisture 
37 Patch 2.00 6.0 1 m:in 0.710-

38 Clear 2.00 6.0 1 min 0.857-

39 Clear 2.00 6.0 30 sec 3 and Rising- Immed High Scatter 

Maist:ure 
40 Patch 2.00 6.0 1 m:in 0.785-
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Table 2 (continued)., Laser Damage Measurements on Zns/Cryolite Filter 
Sample D-21-4. 

Low Ouq.t Po•• DUDI:IaD lUcia 
l.ua Povm: Pow• F.lueDce of Power 
No. D.t~ Sc.aa.. (v) (lo-V/ca•) ~ Sc:.att.u' 1.-u:. 

(Valra) 

41 Clear 2.00 6.0 1 lldD 0.70 to 1.15 
2.00 6.0 1 1ldn to 6.00 Damage •20 um 

42 Clear 1.50 4.5 1 lldD 0.740 
2.00 6.0 1 m:m 

Mc:zistuft 
43 Patch 2.00 6.0 l lldD . 0.710 
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Table 3. Laser Damage Measurements on Zr02/Si02 Filter Sample 760-21-5. 

Low Oai:NII: Pow.r DUIIII:Iaa lll&h 
B.ml Power Power F.luellc:e of Power 
No. Defec:c Scatter (v) (10'V/ca2 ) ~ Sc:attiu' 

(Volta) (Valla) 

Backpouad Sc.att8r 0.06 v 

Clear 0.20 2.00 6.0 Immed 4 R1sh1g Damage • 10 u m 

2 Clear 1.50 4.5 10 sec 4 R1sh1g Damage •10 u m 

3 Clear 1.00 3.0 5 sec: 4 R1sh1g Damage •10 u m 

4 Clear o.so 1.4 30 sec: 0.56 

5 Claar 0.70 2.0 30 sec: 0.47 Damage • 10 u m 

6 Clear 0.70 2.0 30 sec: 0.43 

7 Adsorp 0.72 0.30 6 60 sec: 1.86 
Site 0.50 1.4 15 sec: 3 and R:fSng Damage • 10 u m 

o.so 1.4 15 sec: 5 and R:fSng EnlaJ:ged to 20 u m 

8 Clear 0.25 o.so 1.4 30 sec: 0.27 

9 Claar 0.70 2.0 30 sec: 0.34 

10 Clear 0.80 2.3 30 sec: 0.43 -
11 Clear 1.00 3.0 30 sec 0.45 

12 Clear 1.20 3.5 30 sec: 0.6 and Rising Damage •10.um 
1.20 3.5 
1.20 3.5 

Bacltp'ouad Scatter 0.050 V 

13 Adsorp 0.13 0.20 0.4 30 sec: 0.21 
Site 0.20 0.4 30 sec: 0.18 

0.30 0.6 30 sec: 0.24 
o.so 1.4 30 sec: 0.36 
0.60 1.2 30 sec: 0.47 
0.70 2.0 1 min 0.57 
0.80 2.3 30 sec: 0.69 
0.90 2.6 30 sec: 0.72 
1.00 3.0 2 min 0.8 to 1.0 
1.20 3.5 1 min 1.2 to 1.5 
1.50 4.5 1 min 1.5 to 2.0 00 
2.00 6.0 10 sec: 5 Rising Damage :~20 um 

14 Clear 2.00 6.0 15 sec: 5 Rising Damage :~20 um 

15 Clear 1.50 4.5 30 sec: 3 RJslng Damage :~30 um 

16 Clear 1.00 3.0 30 sec: 0.62 

17 Clear 1.20 3.5 10 sec 2 lUsing Damge :~20 um 

Moisture 
18 Patch 1.0 3.0 10 sec 2 Rising Damage :~20 ~o~m 
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Table 3 (continued). Laser Damage Measurements on ZrOz/SiOz Filter 
Sample 760-21-5. 

Low Oaqla£ Pov.r Dundaa llfgb 
Ibm Power Power n..ac:e of Pow.r 
No. Defect: Sc:aa.r (v) (10 V/ca6) ~ ScdEar 1.-.lla 

(Valla) (Yalta) 

Moisture 0.50 1.4 30 sec 0.27 
19 Patch 0.70 2.0 10 sec 3 R1aing Damage a20 \111 

20 Clear 0.70 2.0 10 sec o.a R:1.sing Damage •20 'Lim 

Moisture o.so 1.4 30 sec 0.29 
21 Patch 0.70 2.0 30 sec 1.6 R:1.sing Damage •20 'Lim 

22 Adaorp Site 0.50 1.4 30 aec 2.0 



90 

distribution. The wide frequency distribution in this case suggests a 

variation in defect morphologies. 

The 50 % damage threshold technique is usually employed in the 

analysis of pulsed laser damage data with many data points. Although 

the testing reported in this paper represents CW laser damage, the laser 

damage data at each particular defect type will first be analyzed using 

the 50% threshold technique. 

Damage profiles for samples D-21-4 and 760-21-5 are plotted in 

Figs. 46 and 47 respectively using the 50% threshold technique. In 

these figures data is plotted for each defect type as damage occurs or 

does not occur at the corresponding fluence level. Precision of the 

threshold values is primarily determined by the step increments of 

fluence near threshold. Unfortunately, most of the power increments 

used in this experiment were too large to define the 50% threshold 

value precisely. The error bars indicate the highest fluence that did 

not cause damage and the lowest fluence that caused damage. 

For the ZnS/cryolite sample (D-21-4) the clear areas and 

moisture patches were especially difficult to damage with the laser 

output power available. Although there are some anomalies in the data 

(damage occurs at some points at a low fluence and does not occur at 

other sites at higher fluence levels), we see from Fig. 46 little 

occurrence of damage up to 7.0 x 10J W/cm1. The adsorption sites and pit 

defects in this sample show a 50% threshold around 7.0 x 10s W/cm1. 

The 50% damage threshold plots for the Zr02/Si02 sample 

(760-21-5), are shown in Fig. 47. Here the clear areas of the film show 
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46. 50% damage threshold plots for ZnS/cryolite sample (D-21-4). 
The number In parentheses Indicates the number of shots at 
that fluence. 
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a 50% damage threshold of about 2.2 x 10® W/cm2. The adsorption sites 

and moisture patches damaged at around 1.0 x 10s W/cm1 and 

1.5 x 10® W/cm2 respectively. Results of the 50% damage threshold 

analysis are tabulated in Table 4. 

Table 4. Approximate 50% Damage Thresholds (101 W/cm2), 

ZnS/Cryolite Zr02/Si02 
(D-21-4) (760-21-5) 

Clear Areas >7.0 2.2 

Moisture Patch >7.0 1.5 

Adsorption Site 7.0 1.0 

Pit Defect 7.0 — 

From the limited results we may infer that the Zr02/Si02 sample 

is considerably weaker in damage resistance than the ZnS/cryolite 

sample. Furthermore, moisture patches and adsorption sites are more 

susceptible to damage than clear areas in the Zr02/Si02 sample. In the 

ZnS/cryollte filter adsorption sites and pit defects show less damage 

resistance than clear areas and moisture patches. 

We may speculate that the lower 50% damage threshold for the 

Zr02/Si02 sample is a result of the very porous structure and low 

packing density of the Zr02 layers in the filter. 

Damage Onset Theory 

As already mentioned, the standard deviation of the 50% 

threshold indicates the fluctuation in the damage distribution. However, 
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the shape of the distribution is not apparent from this technique. The 

distribution in thresholds may extend to much lower levels of 

irradiation, which may not have been measured directly. Since the 

variation in defect morphology is postulated as the cause for the 

distribution in the damage fluences, the damage probability distribution 

together with the damage onset values may be a more complete 

description of the Influence of laser irradiation on high defect 

materials. Porteus and Seitel (1984) developed a technique that 

incorporates a theoretical relationship between damage probability and 

the defect distribution function to determine'the damage onset value 

from the damage probability distribution. By redefining the threshold 

from 50% to 0% (damage onset), the resulting damage probability becomes 

laser spot-size independent. A brief description of this theory will be 

presented here and the damage data from Figs. 46 and 47 analyzed in 

terms of damage probability. 

Following the theoretical development of Danileiko, et al (1981) 

where microdefeet-dominated damage in transparent three-dimensional 

solids was considered, the damage probability F, for a thin dielectric 

film is given by 

1 - exp (- dA f(Id) <1 - exp w(I, Id) dT 
J 0 

did) 

The probability of damage to a single defect during a pulse of duration 

t and intensity I can be written as 
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P(T) = 1 - exp w<I,Id) dt 
0 

where w(l,Id) represents the probability of damage perunit time. If an 

individual defect is assumed to have a unique, non-probabilistic damage 

threshold and 

w(I,Id) dt » 1 , 

then the damage probability becomes 

P = 1 - exp da 
A 

I(xy) 

f(ld)dld (14) 

In this equation f(Id) is the. defect ensemble function, representing the 

number of defects per unit area with damage thresholds between I<j and 

Id + dld» and I(xy) Is the peak irradiance at the point x,y, rewrite 

Eq. 14, as 

P = 1 - exp -IT 
Kxy) 

>0 
f(ld)dldrdr 

Letting A 

then 

-IT 

Kxy) 

o 
f(ld)dldrdr 

(15) 

-dE. = -exp U1 * 
dla exp a 

f(ld)dldrdr] 
(16) 

where exp[A] is 1 - P. 
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Equation 16 can be rewritten as 

—I— dP = _ d 
i - p air 3ir 

I(x,y) 

0 
f(ld)dld*dr 

. d rr 
3lT ¥ 

0 
f(Iae("ra/w2)d)I rdr (17) 

For the special case of a Gaussian intensity profile, 

I =• Iaexp(-rVwJ) (18) 

where r is the radial position, Ia is the peak intensity, and W is the 1/e 

radius of the focal spot, we can write 

_£tL =, e~r2/w1 
dla 

Eq. 17 becomes 

—1— dP. . 
l - P HIT 11 f(lae"r,/"') e-r'/u" rdr . (19) 

Also from Eq. 18, 

or 

dl - Ia e"rV"' C-|S> dr 

dr = 41 er*/2* 

Finally Eq. 19 becomes 

1 dP *w 
1 ~ P dla Ia 

Ia 
f(I') dl* (20) 

Reintegrating on Ia gives 
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P(Ia) = 1 - exp -17W [r —i 

o 
f(I') dl'j dl 

0 
(21) 

Equation 21 may be evaluated for specific damage models. For a 

degenerate ensemble, all the defects have the same damage threshold, I0, 

and f(Ia) can be represented by a delta function normalized to the 

defect density N. Using the degenerate defect model where 

f(Id) 3 » 5(1 - I0) (22) 

Eq. 21 becomes 

P(Ia) = 1 - exp [-irw2NJ*Qa I„/I dl] 

This relation simplifies to 

Pda) = 1 - (t^> 
-Nttw* 

(23) 

The degenerate defect model and the resulting damage probability 

distribution are illustrated in Fig. 48. The increasing probability of 

damage is a result of the enlarging irradiated area and the 

corresponding rising probability of finding a defect within this area. 

According to Porteus (1984), the degenerate ensemble model 

applies to many multilayer coatings damage tested at blue-green 

wavelength. At infrared wavelengths, the degenerate ensemble is less 

applicable, and the damage probability distribution may be more 

appropriately analyzed in terms of a power law model. 

One particular nondegenerate defect model is a simple power 

law defined by 
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f(l) » N6(l - l0) 

WHERE N - DEFECTS/AREA 

0 

g. 48. 

l/lc 

!r 
POa) 

=0.5-

-(£) 
—JTW2N 

sw2!̂  • 2 

'â 'o 

Degenerate defect daoage ensemble (left) and corresponding 
damage probability distributions (right). From Forteus et al 
(1983). 
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f(I) = constant x I (I-I„)p; for I0 <_ I <_ Ira 

1 0 ;  f o r  I  <  I B ,  I  >  I m  ( 2 4 )  

where Im is some maximum intensity. This case is shown in Fig. 49. Note 

that below the 50% damage probability, the probability distribution has 

a positive curve. 

To analyze the data of this experiment in terms of the defect 

ensemble model, we must make certain assumptions concerning the 

technique in performing the experiment. The experimental procedure 

involved directing the laser beam onto adsorption sites or pit defects. 

Thus, each defect was irradiated close to the on-axis intensity. In the 

formulation of the damage probability, the spatial integral was taken 

over the area of the focal spot. Within the focal spot were distributed 

defects corresponding to the defect ensemble. To compare the damage 

distribution to the theoretically determined probability without biasing 

the results, we assume that the irradiation intensity was Gaussian, and 

the defect could be located anywhere within the focal spot of the beam. 

Of course, this assumption need not be made for the clear area or the 

moisture patch damage area. 

The laser damage data from this experiment is plotted in 

Figs. 50 and 51 in terms of damage frequency, which is the percentage of 

shots at a particular fluence level in which damage occurred. 

Fitting the damage probability distribution to the damage 

frequency data for the degenerate defect ensemble involves two 

parameters, the defect density N, and the onset value, I0. There is no 

simple algorithm for determining the onset value. It can be estimated 
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Fig. 49* Power-Law defect damage ensembles (left and corresponding 
probability distributions (right). From Porteus et al. (1983). 



MOISTURE 
PATCH -

CLEAR AREA 
PENETRATION 

SITE -V UJ 

§ 06 

02 

3.0 6.0 

POWER FLUENCE (I03 watts/cm2) 
i 

50. Damage frequency plot for the ZrOt/SiOx sample (760-21-5). 

• Clear area 
O Moisture adsorption site 
• Moisture patch 



102 

1.0 

>-
CJ 

0.8 

lu 

O 06 
LU 
q: 
Ll. 

y 0.4 

s < 
o 

0.Z 

p' 

I - " * *  I 

.-D ' 

J £_ 
1.0 £0 3.0 4.0 5.0 6.0 7.0 

POWER FLUENCE (I03watts/cm2) 

Fig. 51v Damage frequency plot for the ZnS/cryolite sample (D-21-4). 

O Adsorption site 
• Fit defect 
• Moisture patch 
• Clear area 



103 

by extrapolating the measured damage frequencies to zero probability. 

Because of the limited data available, the damage onset value was chosen 

to be the maximum experimentally determined fluence level at which no 

damage occurred. 

The deviations of the 50% damage threshold represent a 

statistical variation of the damage data and do not reflect the absolute 

accuracy, which was influenced by many variables such as detector lock-

in calibration and beam profile measurement. Of all possible factors, 

error in beam profile measurement had the greatest influence on absolute 

accuracy. The beam profile was most affected by alignment of beam 

through the microscope as laser output power was controlled. The 

deviation of the calculated fluence, which was based on measurement of 

power loss through the microscope, from a linear fit in Fig. 39 is the 

best estimate of instrumental error. This error is as large as 30% at a 

fluence of 7.0 x 10® W/cm* and drops to 10% at 5.0 x 10J. The error 

remains at about 10% as the fluence decreases. Since the Zr02/Si02 

sample damaged at values between 1.0 and 3.0 x 10s W/cm*, uncertainty in 

the damage onset values are determined primarily by the variation of the 

damage data. In the case of the ZnS/cryolite sample that damaged in the 

range 6.0 to 7.0 x 10* W/cma, the uncertainty in the results is primarily 

due to the large instrumental error resulting at that high fluence 

level. 

For the Zr0a/Si04 sample, the damage frequency curves, Fig. 50, 

appear to be representative of the degenerate defect model. The damage 

onset values for the penetration site defects and clear areas of this 
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sample are 0.5 x 10s W/cm2 and 1.0 x 10s W/cm* respectively. The damage 

frequency curves for these defect types rise with generally the same 

curvature indicating similar defect densities. 

In Fig. 52, the damage frequency data for this sample is 

replotted in terms of the normalized (I/I0) power fluence and compared 

to the theoretical probability distribution assuming a degenerate defect 

damage model. We see that under the assumptions made, the N = 1 

probability curve best approximates the probability of damage to 

adsorption site defects. For the clear area, the best fit is made with a 

defect density 1 < N < 2. 

Less definite conclusions can be drawn for the moisture patch 

areas of the Zr02/Si0£ filter. The damage onset value is about 

1.0* x 10s W/cm2, identical to the clear area damage onset. Because the 

slope of the damage probability curve is proportional to N, we can infer 

that moisture patch areas contain more defects per unit area on the 

average, than either adsorption site defects or clear areas of the film. 

When the normalized damage frequency data for the moisture patch 

defects are plotted, Fig. 52, a theoretical approximation to the data can 

be attained with a defect density N=6. 

It must be emphasized that because of the limited data, these 

results are tentative and open to subjective interpretation. It is 

possible for example, to fit a curve of positive curvature on the 

adsorption site and defect-free damage data points, indicating a 

nondegenerate defect model* 
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The significance of the defect density parameter, N, is difficult 

to establish. During the laser damage experiment only one adsorption 

site defect was irradiated during each exposure run. This procedure 

insured a defect density of one. The comparison of the defect density 

predicted by the best fit of the probability curve indicates a good 

agreement of the degenerate defect model to experimental results. For 

the damage data of the clear area of the film, a value of N between one 

and two could indicate a greater defect density or defects of greater 

size than that for the adsorption site defects. This result, however, 

may be due to statistical error. Similarly, a large value of N (about 

six) which was found for the moisture patch defect type, may indicate a 

large number of defects within the irradiated area. This result may 

support the contention addressed in Chapter 2 that postulates the 

existence of radial cracks in a disturbed region about the central defect 

site. 

We have seen in Chapter 2 that the electric field peaks at 

greater values in the moisture-free portions of spacer layer for the 

Zr02/Si0z filter. Therefore we would expect the moisture areas to 

damage less readily on the basis of electric field distribution alone. 

However, since the defect density parameter was found to be larger in 

the presence of moisture in the filter, we may discount the direct 

effect of the electric field distribution on damage for this sample. 

The damage frequency data for all the defect types in the 

ZnS/cryolite filter were inadequate to establish the appropriate power 

law to represent the defect ensemble. Damage frequency plots for the 
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ZnS/cryolite sample are shown In Fig. 51. The curves do not approach 

the 100% line because of the difficulty of damaging the filter at the 

fluence levels available. A probability curve based on a degenerate 

defect ensemble does not seem to fit the data. A more complex defect 

ensemble must be postulated to reflect the damage data on the 

ZnS/cryolite sample. It is possible, however, to estimate onset damage 

values for this filter and rank the defects to damage susceptibility. 

A comparison of damage onset values estimated from the damage 

frequency plots for both samples are tabulated in Table 5. 

Table 5. Summary of Damage Onset Values and Damage Defect Models. 

ZrOj/SiOjt ZnS/Cryolite 
Damage 
Onset Defec 

Damage 
Onset Defect 
(10® W/cma) Model CIO* W/cm2) Model 

Defect 

Clear Area 1.0 Degenerate 4.0 
N - 1 

Adsorption Sites 0.5 Degenerate 0.5 
1 < N < 2 

Nondegenerate 

Moisture Patches 1.0 . Degenerate 2.0 
N > 6 

Pit Defects 6.0 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

Vapor-deposited thin films have a columnar structure with voids 

or pores between the columns through which moisture may be adsorbed 

into the film. Many defects in dielectric coatings are a result of this 

microstructure. It is hypothesized that such defects in films are 

involved in the selective laser damage observed. The selective laser 

damage limits the optical performance of coatings at high laser powers. 

The objective of this experiment was to investigate the relationship 

between defects In dielectric coatings and laser damage. 

Narrow-band dielectric filters were chosen as the test specimens 

because of their sensitivity to moisutre and their observability in 

monochromatic light. The two types of filters used were of ZnS/cryolite 

and Zr02/Si02 materials. Three types of defects were assessed: moisture 

patches, penetration sites, and pits. These defects and the clear 

portions of the film were irradiated with an Argon laser at 514 nm to 

determine laser damage thresholds. 

Evaluation of the data in terms of the damage frequency was 

made and compared to theoretical damage probability distributions for a 

degenerate defect ensemble model. Laser damage onset values were 

determined for the characterized defects. 

Because of the limited time and resources available, a 

compromise had to be made between diagnostics and testing. It is not 

108 
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believed that the errors resulting from the limited diagnostics are 

large enough to invalidate the findings. 

Realizing that the results are preliminary and subject to large 

statistical error because of limited data, the following conclusions are 

drawn. 

1. From the 50% damage threshold values for the types of defects 

investigated, the ZrÔ /SiOj film is more susceptible to laser 

damage. 

2. Penetration sites have the lowest 50 % damage threshold and 

damage onset values for both filter types tested. 

3. For the Zr02/Si0j, filter, the onset values for both the clear 

areas and moisture patches were nearly equal and were larger 

than penetration site defects. The steep slope, however, in 

the moisture patch damage frequency curve indicates a greater 

number of defects per unit area than in the clear portions of 

film. 

4. Results of the measurements on the ZnS/cryolite filter are 

even less conclusive that that of the Zr02/Si02 sample. 

However, adsorption site defects do show less laser damage 

resistance than clear areas or other defects present in the 

film. 

We may conclude that certain defects do influence laser damage 

in the dielectric narrow-band filters tested. Moisture penetration sites 

appear to be most responsible for limiting the laser damage threshold. 

Although the influence of other defects on laser damage is not clear, 

moisture patches may be weaker than moisture-free areas. 
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Because of the preliminary nature of the results, 

recommendations for further laser damage testing are made; 

1. Determine the beam profile using a CCD array more accurately. 

2. Characterize defects more extensively; perhaps to include 

Nomarski or TEM micrographs of the defect areas. 

3. Obtain additional laser damage data to determine the 50% 

damage threshold and damage onset values more accurately. 

A. Modify the laser damage facility to allow microscopic viewing 

of the sample in monochromatic light during laser irradiation. 

5. ' Test filters of other materials and designs. 

6. Investigate pulsed laser damage and conduct CW testing at 

other wavelengths. 

7. Explore the effect on laser damage of the electric field 

distribution within the narrow-band filter; perhaps irradiate a 

series of filters with slightly different passbands or damage 

testing a filter under various humidity conditions. 
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