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INTRODUCTION 

Hughes Research Laboratories (HRL) is engaged in a broad 

program to develop laser window surface finishing and coating technology 

ExtenMv. investigations are under way in many laboratories throughout 

the country,  as well as at HRL,  to develop window materials that have 

both the low optical absorption and the high tensile yield stress neces- 

sary to satisfy system applications.     Two classes of materials   -   the 

wide bandgap semiconductors and the alkali halides   -   have received 

major emphasis in these investigations.     The goal of our program at 

HRL is to investigate the surface characteristics and the optical coat- 

ings applied to laser windows in order to develop optimized finishmg 

and coating procedures so that the laser damage thresholds of the coat- 

ings and surfaces approximate as closely as possible the damage 

thresholds of the bulk window materials.    At present,   serious limita- 

tion to window performance characteristics can exist because as the 

laser pulse duration is shortened and the peak power densities rise 

the low damage threshold of some of the presently available coatings 

and surfaces can cause damage to occur below the bulk material damage 

threshold.    This lowered damage threshold caused by the presence of 

pores and microcracks which can be present in window surfaces and 

coatings was the subject of a report by Bloembergen and Stickley, 1 

which focused early attention on the importance of launching a relearch 

effort on surfaces and coatings to provide improvements in the state of 
the art. 

This report presents results we have achieved for the period 

1 November I073 through 30 April 1974      The program places empha- 

til on studies for 10.6 m» application«; however,   studies at 5.3 Hm 

are also performed where required. 

N.   Bloembergen and CM.   Stickley,   Report of the ARPA   IQT^iu.f     ■   1 
Research Council,  E.E.   Hucke,  EaitorfvnW^t^mill^^1: 

Preceding page blank 
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II. TECHNICAL DISCUSSION 

A. Coating Techniques 

During the course of our program it is our objective to prepare 

antireflection (AR) film coatings for candidate infrared laser window 

materials by three film preparation techniques:   ultrahigh vacuum 

deposition,  ion beam sputtering, and chemical vapor deposition.    Using 

these techniques the films are compared in an effort to determine an 

optimized method of preparation for use of the films in high energy laser 

window applications. 

1. Ultrahigh Vacuum Film Deposition 

a. Germanium Films   -   The work on germanium 

film preparation which was reported in preliminary form in Semiannual 

Technical Report I has been completed.    The inverse dependence of 

10.6 |J.m absorption on film deposition rate was confirmed.     Correla- 

tions were found between the deposition rate,  the impurity content, 

and physical structure of the films which appear to explain the results. 

Figure I  summarizeF the germanium film absorption versus 

deposition rate results.     The points which fall on the dashed curve are 

for films of more than a few hundred angstroms in thickness.     These 

points clearly show the inverse dependence of 10.6 fim absorption on 

deposition rate.    Other deposition parameters,   such as substrate 

temperature and system pressure during deposition,  were found not to 

affect the absorption results within the ranges studied (pressure:    1.5 x 

10'7 - 2.5 x 10'9 Torr; temperature 27 to 150OC).    The two points 

which are ,abled "90 % film" in Fig.   I are indicative of an excess 

absorption in thui layers which is probably concentrated at the film- 

substrate interface.    This high apparent absorption coefficient in thin 

layers in a result of assuming a uniform absorption coefficient through- 

out the layer otnd u^reb    neglecting the possibility of any surface 

effects.    For the thicker layers the error introduced is small since tie 

surface ab .orption is a small percentage of the total absorption.    It 

Preceding page blank 
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was believed at first that the controlling parameter in the absorption 

data v/^s the amount of potassium and chlorine interdiffusion between 

the germanium film and the KCl substrates (see Semiannual Technical 

Report 1.).    This potential explanation was weakened by finding the 

jame rate dependence of absorption on ZnSe substrates as on KCl.    It 

was subsequently found that the interdiffusion was essentially elimi- 

nated when the substrate temperature during deposition "vas reduced 

from about I50oC to 80OC or less.    The rate dependence of absorption 

did not change at this point; therefore,  other explanations were sought. 

Heavy metal impurities which were detected in the germanium films by 

Rutherford backscattering were found to be correlated with gold and 

barium found by electron microprobe analysis in the tip of the germanium 

source material. 

A germanium film prepared after removal of these impurities 

from the germanium melt had a greatly reduced heavy metal content 

and had low absorption compared with previous films.    A partial 

explanation of the rate dependence of absorption is provided by these 

observations.    The impurities in the germanium source material were 

concentrated in the last-to-freeze portion of the conical-shaped melt 

that develops when the e-gun evaporator is turned off after a run.    In 

subsequent runs at low rates only this tip of the germanium material 

is melted by the e-gun, and,  therefore,   the impurit/ content of the 

evaporating material is probably high.    When a run is made at high 

deposition rate the entire germanium charge is melted,  the impurities 

are dissolved in a large amount of germanium,   and the impurity con- 

tent of the evaporating material is probably low.    The amount of gold 

which was present at the melt tip is consistent with the gold concen- 

tration vv-hich would have been used to dope the germanium for high 

resistivity.    The vacuum melting and slow cooling which we have sub- 

jected the material to has probably resulted in a zone refining action 

(It should be pointed out that the Ge source material was purchased 

with the condition that it be vacuum zone refined material of 

99.999% purity,   or better,  with respect to metals.)    The heavy metal 

11 
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impurities cannot be responsible for the entire rate dependence of the 

absorption for a number of reasons.    Even after removal of most of 

the heavy metal contamination there If still an excess absorption of a 

factor of four for films prepared at  low rates over those prepared at 

high rates.    A further confirmation of this excess is the fact that 

germanium films sputtered at 0. 5 %/s were found to have absorptions 

in the neighborhood of 10 cm"1.    Therefore, a study of the physical 

structure of germanium films on KC1 and ZnSe substrates was 

initiated. 

X-ray diffractometer scans taken on films on KCl and ZnSe 

prepared at both high and low rates showed only a broad low angle con- 

tinuum from the germanium films.    This is usually takm to be indica- 

tive of an amorphous structure,  but is not conclusive for thin films. 

Reflection electron diffraction observations were done next on the same- 

four samples.    The high rate films showed a diffuse low angle scatter- 

ing,  which is again indicative of amorphous structure.    In this experi- 

ment the low rate films showed well de^ eloped debye rings indicative 

of polycrystalline structure with no preferred orientation.     Finally, 

the films on the KCl substrates were floated free by immersion in 

water and mounted on copper grids for examination by transmission 

electron diffraction.    The low rate film was found to consist of ran- 

domly oriented crystallites with a size equal to or less than the 

100 A electron beam diameter.    The high rate film was too thick to 

transmit the electron beam and,  therefore,  could not be studied by 

this method.    It is probable,  however,  that it would have been found 

to be truly amorphous.    These observations prov.de the probable rea- 

son for the remainder of the excess 10.6 |un absorption in low rate 

films as an effect of departure from aixiorphous structure.    They sup- 

port the conclusions as to structural effects on the infrared absorp- 

tion of germanium films arrived at by T.   Donovan (NWC-China Lake) 

by indirect means. 

b. ThF^ Films   —   At the conclusion of the work on 

ultrahigh vacuum deposition of germanium,  attention was turned to 
ThF4-    The germanium work was useful in learning to deposit and 

12 
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monitor films in the UHV system and in evaluating the usefulness of 

the various physical and chemical analytical tools at our disposal. 

However,   it is not expected that germanium will be a usable film 

material for most high energy laser applications nor is it clear that 

UHV deposition provides any advantage over conventional vacuum for 

it.    The situation is expected to be different for ThF4.    It is the best 

available low index material for 10.6 ^m use which is not water solu- 

ble.    Furthermore,   in the UHV environment the major residual gas 

after bakeout U  hydrogen rather than  .vater as in conventional sys- 

tems.    For a fluoride material whose infrared absorption is strongly 

affected by oxygen and OH' content the environment in the UHV  sys- 

tem should lead to reduced absorption in the films. 

In the initial ThF4 depositions the water residual was relatively 

high and the ThF4 absorption was similar to that oi  films prepared in 

conventional systems.    Careful mass spectrographic aralysis of 

residual gases,   leak detection,  and bakeout testing was initiated in 

order to be certain that the best possible background conditions are 

obtained in future depositions. 

2. Future Plans 

Work on UHV deposition of ThF4 films will continue 

until reproducible low absorption films can be prepared.    Following 

this  10.6 pi» antireflection coatings will be prepared in the UHV  sys- 

tem for absorption measurements and pul.ed laser damage testing. 

3 Chemical Vapor Deposition (CVD) 

The primary objectives of this task include the investi- 

gation of chemical vapor deposition and physical vapor deposiüon 

(PVD) of chalcogenide materials,   especially As^.   for the evalvftition 

of these techniques in producing high quality,  protective,  antireflec- 

tive coatings on optical materials  such as KCl,   ZnSe,  and CaF^ 

Early in this period a number of runs were madj using an 

open-tube PVD system (see Fig.   2) in which As^ .vas heated in a 

stream of hot dry nitrogen.    Experiments were performed using glass 

(vitreous silica) substrates as well as cleaved and cut and polished KCl 

surfaces.     The series of experiments indicated that a freshly etched 

13 
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Fig.   2.     PVD  apparatus 
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surface of KCl was necessary in order to get a smooth film.    The 

result of these experiments was the deposition of .ilms of As  S-. 

Because of the difficulties of composition control in this type of 

apparatus,  construction of a chemical vapor deposition (CVD) apparatus 

got under way. 

The C .'D apparatus (Figs.   3 and 4) was completed early in 

1974.     The apparatus is designed for the reaction 

3H2S +2AsCl3 + H2 -* As  S3 + 6HCI f + H.f , 

w' ere H, acts as a carrier gas for the As   Cl,.    Following a few inilial 

runs on glass substrates,  freshly HCl-etched KCl has been used. 

Twelve runs have been made to date. 

The following results were obtained: 

1. Amorphous films of AS2S, have been grown on 
KCl substrates,   typicallyTess than 1 fim thick. 

2. Composition of the product being deposited can 
be controlled by adjusting the flow rates of the 
HpS and H? (carrier gas for AsCl-). 

3. Quality control of the films is strongly depend- 
ent on substrate temperature; best films have 
been g^own at temperatures of 150   C but not 
at lower temperatures. 

4. Increased temperature has indicated an 
epitaxial growth of AS2S, on KCl.     This is 
an initial result which is still being evaluated. 

The major problems encountered so far have been the growth of 

crystals of dimorphite (As  S J nucleating within the amorphous As?S 

matrix (se^ Fig.   5(a) and (b)),   the crystals appear to grow larger at 

the expense of surrounding smaller crystals with increased time. 

Early problems which included room temperature reaction of the con- 

s ituents have been solved by reactor design.    Flow rates in excess of 

15 cc/min of HS and 70 cc/min of H- (which approximately conform to 

the stoichiometry of the desired product.  As  S-) have caused stream- 

ing in the reaction chamber and subsequent uneven deposition of the 

IS 
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Fig.   4.     Chemical   vapor   deposition   of   ^So^S 
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coating.    Lower flow rates and the presence of three baffles (two of 

quartz wool) have eliminated this problem.    An additional major prob- 

lem encountered was the effect of low temperatures in the subscrate 

region wherein major heat flow was by convective forces which 

resulted in uneven heating of the substrate and hence uneven deposi- 

tion.    The requirement for higher substrate temperatures as well as 

a thick copper cylinder around the tube in the vicinity of the substrate 

apparently have solved this problem. 

Plans for the future include adjustment of substrate temperature 

and gas flow rates to improve and control deposition of the desired 

coating (As^S^) of optimum thickness and optical properties.    Greater 

control o*" coating uniformity both in thickness and in composition appear 

attainable using the CVD system herein designed.    We believe this will 

produce a protective (no pinholes'.) coating for mate    als like KCl which 

will require such a coating for any future application as an optical 

component. 

B. Surface and Chemical Characterization 

1 • Degradation of KCI Surfaces 

As discussed in Semiannual Technical Report I,   proton 

channeling effects can be used to measure the crystalline quality of 

KCl surfaces.    As part of a study to correlate lattice disordrr with 

optical absorption we have used this technique to observe significant 

degradation of KCl surfaces with time.     Rackscattered energy spectra 

of 140 keV protons incident along the <100> channel of a KCl sample 

soon after etching (within 2 days) and after 2 months storage in a 

vacuum desiccator are shown in Fig.   6.    The sample was a single- 

crystal platelet (Optovac) which was cleaved along a   {100}  plane, 

mechanically polished,   etched in HC1 for 1 min,  and then rinsed in 

ethanol followed by  Freon vapor degreasing.    A tungsten filament 

provided electron flooding during the proton bombardment to prevent 

charge build-up. 

The small peak at the surface (channel 90) of Fig.   6 on the 

original etched surface is probably caused by a thin oxide layer.     The 

<100> yield just behind this peak is about 5% of the random or 

19 
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nonchanneled yield,  P result typical of a good single crystal surface 

region.    However,  the <100> spectrum after two months'  storage in a 

vacuum desiccator,  which is also shown in Fig.   6,   indicates an 

approximately 50% increase in yield near the surface and a broad peak 

starting at channel 75.     This peak is consistent with the incorporation 

of about 10% oxygen in a 1500 Ä surface layer.    The presence of the 

oxygen apparently causes the increased yield from K and/or Cl atoms 

ne?r the surface by a distortion of the original lattice.    It is also of 

interest to note that the 10.6 um absorption coefficient increased from 

0.0005 cm       soon after etching to 0.002 cm"* after two months' 

storage.    Thus there seems to be a definite correlation of increased 

absorption with chemical and physical degradation of the surface 

region.    Although additional work is needed to better define the reac- 

tion rate of KC1 surfaces with environmental conditions,  the present 

results suggest that protective coatings of KCl are essential to long- 

term surface stability even in a relatively H^O-free environment,   i.e. , 

a vacuum desiccator. 

2. Germanium Films 

It was noted last report period that germanium films 

deposited on KCl substrates maintained at 150OC during deposition in 

our ultrahigh vacuum system contained a heavy element,  K,  and O 

impurities.    The amounts of these impurities were larger at a olow 

deposition rate (0.6 Ä/s) than at a fast deposition rate (27 Ä/s).     To 

determine the effect of substrate temperature on the amounts of these 

impurities, a germanium film was deposited at a low rate (0. 17 %./») 

onto a KCl .substrate maintained at 30  C.    We were particularly 

interested in determining whether a lower substrate temperature 

would reduce the amount of K which possibly diffuses into the germanium 

film from the KCl substrate. 

A backscattered energy spectrum using 280 keV He   + analysis 

of this recent germanium film is shown in Fig.  7.    The amounts of K 

and O in the film are less than the measurement sensitivities,  ~1% 

and ~10%,  respectively.    These results should be contrasted with the 

4% K and 20% O observed earlier in the low rate film deposited at l50OC. 
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Therefore,  a reduction of substrat    temperature to 30OC markedly 

reduces the K and O contents 'n germanium films on KCl. 

However,  the heavy impurity peak at channel 185 of Fig.  7 is 

comparable in amount to the 0.07% observed earlier,  and consequently, 

is unaffected by substrate temperature.    Electron microprobe analysis 

of the surface of the germanium material used for the depositions 

revealed that trace amounts of gold and barium  were located Ln a small 

area (100 mil radius) near the tip of the germanium which was locally 

heated by electron beam bombardment during the depositions 

Thus the heavy element peak of Fig.  7 is attributed to gold and 

barium.     It is postulated that the gold may have been present in the 

bulk of the germanium and diffused to the tip during e-beam bombard- 

ment.    To check this point the contaminated tip was lapped away,  and 

another low-rate (0.4 %./s) germanium film was deposited on KCl. 

After lapping,  microprobe measurements of the germanium source 

.naterial indicated that the gold and barium had been removed. 

A backscattered energy spectrum from this film is shown in 

Fig.   8.    Since the germanium film is much thicker (1350 Ä) than that 

of Fig.   7,  the heavy impurity peak is broadened.    Nevertheless,   the 

level of the backscattered )ield from the heavy impurity near the sur- 

face at channel 182 of Fig.   8 is reduced to about 0. 5 of the previous 

level.    Microprobe analysis of the tip of the germanium source 

material after evaporation of the film of Fig.   8 revealed that a trace of 

barium was again present,  but that there was no re-introduction of gold. 

It seems reasonable to attribute the remaining heavy element concen- 

tration (0.05%) in the germanium film of Fig.   8 to barium.    Since BaF 

films were originally deposited in our UHV system,   the rc-introduction 

of barium onto the tip of germanium source material and in the deposited 

film apparently is caused by residual barium contamination of our 

vacuum chamber.    This result points out the difficulty of avoiding cross 

contamination of different film material deposited in the same system. 
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280 keV He++ ANALYSIS 
SAMPLE 2-25-74 U 
DEPOSITION CONDITIONS 

 \ 1 r 

RATE:  0.4 X/s 

PRESSURE:  5x lO-8 Torr 

SUBSTRATE TEMPERATURE: 

TIP OF Ge REMOVED 
a = 47 cm 

329:-3 

50oC 

1 

0.05% Ba IN Ge 

120 140 160 

CHANNEL NUMBER 

180 200 

+ + 
Fig. 8.  Backscattered energy spectrum of 280 keV He   inci 

dent on a 1350 A germanium film evaporated onto KC1 
in UHV after removal of the tip of the germanium 
source ma terial. 
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3. Compositions of Fluoride Films 

The compositions of several fluoride films were 

determined during this report period.    We were especially interested 

in comparing the compositions of evaporated and sputter-deposited 

thorium fluoride.    A backscattered energy spectrum of 280 keV He 

from an evaporated thorium fluoride film on a carbon substrate is 

shown in Fig.   9.    T:ie amounts of thorium and fluoride in the film are 

determined from the areas of the peaks corresponding to scattering 

from thorium and fluoride atoms,   respectively,  together with the known 

Rutherford scattering cross sections and are indicated on the figure. 

The ratio of the number of fluoride atoms to the number of thorium 

atoms is calculated to be 4.2  -t   5%,  the estimated error being caused 

primarily by uncertainty in ♦he background level of the fluoride peak, 

the dashed line of Fig.   9.    Therefore,   this ratio of fluoride to thorium 

is in agreement with the expected composition of ThF4.     Furthermore, 

no impurities were detectable. 

The results of similar measurements of Ar    beam sputter- 

deposited thorium fluoride and magnesium fluoride together with an 

electron microprobe analysis of rf plasma sputter-deposited thorium 

fluoride are summarized in Table I.    Also   included in the table are 

the results from the evaporated ThF. film discussed above.    In all 

cases the sputter-deposited films were strongly deficient in  fluoride. 

Clearly,  normal sputtering procedures are inadequate for the forma- 

tion of stoichiometric fluoride films.    In addition,   impurities were 

detected in the sputter-deposited films as indicated in Table I.    It is 

interesting to note that the source of sodium in the rf plasma-deposited 

thorium fluoride was traced to the presence of 10% sodium in the 

sputter target.    The FeC) and W(0) impurities apparently come from 

the structure of the  sputter ion gun. 

C. Optical Evaluation 

During the course of our program optical evaluation of windows 

and coatings is performed using absorption calorimetry,  interferometry, 

polarizing microscopy,  optical scattering,  and ellipsometry.    Most of 
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Fig. 9.  Backscattered energy spectrum of 280 keV He 

dent on a ThF. film evaporcted onto a carbon 
substrate. 

26 

MM - ■»MdaHMMHM   >i i    i i*1i—iii    



liPWBiiPWlWWP^WW^P^WWW^P" mmm^mimmmmmmmm 'iqrm^*immmmKiimim^*»v mw mn.mkmiiiimf*>ummimn.*'wm'f ^   ^mmmmmm^^'W 

TABLE  I 

Compositions of Fluoride Films 

Desired 
Composition 

Deposition 
Technique 

Analysis 
Tech üque 

Actual 
Composition Impurities 

ThF, 
4 

Evaporation 
+ + 

He ThF, 
4 

None detected 

ThF, 
4 

Sputtering 
(rf plasma) 

Probe ThF 4% Na- 

ThF, 
4 

Sputtering 
(Ar+ beam) 

He+ + ThF Ar,Fe(?),W('>) 

MgF2 Sputtering 
(Ar     beam) 

He+ + MgF Ar,Fe(?),W(?) 

Electron mi( 
contaminatic 

:roprobe analy 
>n. 

sis of sputte r target revea led 10% Na 

T1396 
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the measurements place emphasis at the  10.6 fim wavelength region; 

however,   5. 3 (am measurements are performed where required. 

1. Modulated Light EUIpsometer 

To be able to properly design optical coatings and to 

be able to interpret experimental results it is necessary to have avail- 

able good data on the optical constants of the materials involved.    This 

U; particularly important for film materials,  in which the optical 

properties may depend on preparation conditions,  and for new bulk 

materials,   or in cases where surface or interfacial effects are 

important. 

Such information is most expeditiously obtained by the method 

of ellipsometrv,  in which polarized light is incident on the sample and 

the ratio of the amplitude reflectances for light polarized parallel and 

perpendicular to the plane of incidence is measured.    Such an instru- 

ment is under construction.    The HRL ellipsometer will differ from con- 

ventional instruments in several respects,   the most significant being 

the manner in which the data are extracted and tho operating wavelength 

range.    In most conventional ellipsometers the optical train consists of 

light source,  polarizer,  quarter wave plate,   sample, analyzer, and 

detector.     The usual method of operation is to set the polarizer at 

45    and then to adjust the quarter wave plate and analyzer (either 

manually,   or under computer control) in order to extinguish the light 

falling on the detector.    This is a very laborious procedure which 

requires extreme accuracy in the measurement of the final angles of 

the components in order to extract the desired optical constants. 

The HRL instrument will utilize an acousto-optic modulator in 

place of the quarter wave plate.    The polarizer, modulator,  and analyzer 

optic axes can then be left in fixed positions and the data extracted 

electronically from the signals at the detector at the first and second 

harmonic of the modulator drive frequency.     This method has the 

advantages of elimination of a tedious measurement procedure,  aigher 

sensitivitv for the measurement of small absorptions, and the relaxa- 

tion of the angular accuracy requirements. 
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A basic modular ellipsometer system with quartz opticb has 

been received from Rudolf Research Corporation,  which will operate 

in the wavelength region from 2000 Ä to approximately 8000 % with a 

commercial fused quartz modulator and the standard Rudolf photomul- 

tiplier deletion system.    The addition of an InSb detector will permit 

operation to approximately 4 |j.m.    Also,   10. 6 |JLm operation will be 

available by using a waveguide User,   ZnSe wire grid polarizer and 

analyzer,   ZnSe modulator,  and PbSnTe detector.    Most of these com- 

ponents are under construction.    The 10.6 y.n\ capability will be unique. 

A silicon Schottky barrier detector is on hand to extend the 

instruments ra-ge in the ultravolet to 2400 Ä and in the near infrared 

to 1. 1 ^m.    A pai.- of wire grid polarizers have been fabricated on ZnSe, 

and a 10.6 ^m waveguide laser is nearly completed.    A ZnSe acousto- 

optic modulator with quarter wave modulation capability to 4 |jLm has 

been operated and a redesigned version is expected to operate to the 

10.6 |JLm region. 

During this report period a theoretical analysis of the operation 

of modulated light ellipsometers was also undertaken.     The results of 

the analysis were used to assist in determination of the  specifications 

for the instrument to be built and allowed a substantial cost saving as 

a result of relaxation of the usual angular position measurement 

requirement of ellipsometers.    This saving was applied to the optics 

to allow the purchase of an instrument having a wider-than-normal 

wavelength range.    In addition,  an extensive computer program for the 

analysis of ellipsometer data was obtained from the Nation Bureau of 

Standards.    It has been fully debugged and is now operational on the 

GE635 computer system although certain minor modification s have not 

yet been made to permit the handling of the data that will be generated 

by our modulated light instrument. 

1). 10.6 fjim Laser  Damage 

The laser damage effort under the present ARPA-supported 

program started according to plan in the latter part of November 1973. 
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A review of our accomplishments to date is best presented by 

reference to the preprints of two papers in the Appendix of this report. 

The papers were given at the Symposium on Damage in Laser Materials, 

Boulder,   Colorado May 1974,  and will be published in the proceedings 

of the Symposium. 
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III. SUMMARY 

The work on germanium film preparation which was reported 

in preliminary form in Semiannual Technical Report 1  is completed. 

The inverse dependence of 10.6 \in\ absorption on film deposition rate 

observed in our initial work is now confirmed.    Correlations are found 

between the deposition rate,   the impurity content,  and physical struc- 

ture of the films which appears to explain the variation  in the  10.6 Jim 

absorption data.    Germanium film absorption continues to be limited 

to a   ß of   =10 cm       for the best  films produced.    High deposition 

rates minimize the impurity content in the films and leads to amorphous 

film structure; both are required for low optical absorption at  10.6 jim. 

A reduction of the KCl substrate temperatures from  1 50OC to   i0OC 

markedly reduces the K and O levels in the germanium films on KCl. 

Ion sputtering of ThF. using pure argon ion beams results in 

films that are deficient in fluorine and have high optical absorption at 

10.6 \xm.    Reactive ion sputtering in argon-fluorine mixtures for 

ThF^ and other fluorides may be required to produce stoichiometric 

composition films. 

A modulated light ellipsometer is under construction for opera- 

tion out to the  10.6 M-m wavelength region,   which will provide a unique 

capability for measurement of the optical constants of films and bulk 

materials. 

Rutherford backscattering and ion channeling analysis at 

140 keV and 280 keV continues to be a new powerful tool for investi- 

gating surface damage in single crystal surfaces and an equally power- 

ful cool for looking at impurity levels and stoichiometry in films. 

Pulsed CO^ laser damage studies of (URL) RAP grown KCl 

show an order of magnitude improvement in KCl surface damage for 

HCl-etched surfaces.    In some KCl sampK s,   KCl surface damage 

level approaches the bulk damage level.    Surface damage levels 

-* 1500 j/cm    for 600 ns pulses have been sren with bulk damage 

levels > 5000 j/cm    at the same pulse duration.    Previous damage 
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Hata in the literature reported as intrinsic level,  for KCl,  probably 

we-e still impurity limited.    Our damage,  although higher in damage 

level, may still be impurity limited but appears closer to the intrinsic 

level. 
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IV PLANS FOR NEXT PERIOD 

We will continue our work covering the six program elements: 

surface finishing,   surface characterization,  coating techniques,  optical 

evaluation,  chemical ana lysis,  and 10.6 ^m laser damage studies.    The 

work effort will still place emphasis on an integrated research program 

on the preparation of antireflective coatings for high power infrared 

laser window materials and the x-^lationship of such preparative pro- 

cedures to the transmissivity of the coated windows at infrared wave- 

lengths and to the damage mechanisms of such optimally coated win- 

dows when  subjected to high power infrared laser irradiations.     The 

window materials which are to be investigated will include single and 

polycrystal KCl,   CaF   ,  alloy alkali halides,  and ZnSe.    Selected 

chalcogenide and fluoride materials,  either cingly or in multilayer 

stacks,  will be investigated for use as antireflective coatings and the 

coatings will be evaluated for their infrarrd transmissivity,  adhesion 

and optical performance under infrared laser irradiation. 
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APPENDIX 

PULSED  C02   LASER   DAMAGE   STUDIED  OF 
RAP  GROWN   KC1 

Susan   D.   Allen,  Morris   Braunstein,  Concettc  Giuliano,  and  Victor  Wang 

Hughes Research Laboratories 
3011   Malibu  Canyon  Road 

Malibu,  California     90265 

Presented at the Symposium on Damage in Laser Materials,   Boulder, 
Colorado,  May 1974.    To be published in the Proceedings. 
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Pulsed CO, Laser Damage Studies of RAP 
1       Grown KC1* 

Susan 0. Allen, Morris Braunstein, Concetto Giuliano, and Victor Wang 

Hughes Research Laboratories 
3011 Mali I-    Canyon Road 

Malibu, California    90?65 

ABSTRACT 

Laser damage thresholds in high purity RAP (Reactive Atmosphere Processing) 
KC1 were measured as a function of surface and bulk processing techniques. Single 
crystal and press forged material was prepared in a "conventionally" polished and 
HC1 etch-polished manner and the bulk and surface damage thresholds measured and 
correlated with absorption (cw CO2 laser calorimeter), Auger, LEED and SEM data. 
The damage measurements were made with a TEM00 CO2 TEA laser with a 0.6 usec pulse 
length. 

Key Words: Laser damage, KC1, 10.6 um, RAP, "tch-polishing, laser windows 

1.  Introduction 

The present results represent a continuation of work on Hughes Research Laboratories (HRL) Reactive 
Atmosphere Processing (RAP) KC1 reported by A. Braunstein et al. (1)1 at the 1973 Laser Damage Symposium. 
Conventional methods of polishing KC1 (Linde A and methanol on a flannel lap) are known to produce 
scratched and smeareo surfaces, which contribute considerably to the 10 6 urn absorption [2] and scatter- 
ing. A method of surface finishing which removes the damaged layer has been developed with a resultant 
improvement in the 10.6 ^m calorimetric absorption, scattering, and laser damage neasurements. Other 
techniques used to characterize the HRL-grown and finished RAP KC1 include Auger spectroscopy, LEED, and 
SEM. Bulk laser damage threshold measurements on HRL RAP KC1 raise interesting theoretical questions as 
the predicted trend for the damage threshold of KC1 relative to that nf NaCl is reversed. 

2. Sample Preparation 

The procedure for producing HRL RAP KC1 has been described elsewhere. (3) The crystals produced 
exhibit some low-angle grain boundaries, but can be considered single crystal for most purposes. Press 
forged samples were fabricated from boules with minimum visible internal scatter and were essentially 
veil free. Press forging was done at 250oC to a reduction of 50% in he-ght at a rate of 0.05 in. per 
minute per in. of remaining length. Grain size in the resulting windows was 5 to 10 urn average diameter. 

Windows polished by conventional polishing techniques are extremely environment sensitive. Sur- 
faces fogged over a period of several minutes on damp days. It was therefore difficult to establish 
standards of measurement for KC1 windows as the data changed with time. Figure 1 illustrates the micro- 
scopic difference between foqqed and unfogged surfaces. It was also believed that the surface quality 
was setting a limit to the  absorption and scattering measurements, effectively masking any 
Improvement in bulk crystal quality that had been achieved. 

J.W. Davisson [4] of Naval Research Labs hüd reported t-n concentrated HC1 was a good etch for 
single crystal KC1. We have developed a modification of Davi.ison's procedure which consistently pro- 
duces high quality surfaces. Conventionally polished KC1 windows are agitated In concentrated HC1 for 1 
to 2 minutes (depending on the quality of the polished surface and the depth of the scratches), rinsed 
quickly In isopropyl alcohol, and then immersed in the vaoor of a Freon TF degreaser to remove the alco- 
hol and any remaining HC1. 

Work partially supported by Defense Advanced Research Projects Agency under the technical cognizance of 
Air Force Cambridge Research Laboratories. 

Vigures in brackets indicate the literature references at the end of this paper. 

Preceding page blank 
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3.    Sample Characterization 

Optical micrographs of a conventionally polished and etch-polished KC1 window are shown In Figure I. 
In contrast to the scratches and digs observed In the conventionally polished "^oV^L^Ku ♦ 
surface shows no discernible features at this magnification.   This smoothness Is confirmed by SEM photo- 
graphs at 18,000X (Figure 3). 

Absorption coefficients measured calorlmetrlcally at 10.6 jim for HRL 
data for Optcvac KC1 for comparison, are giver In Table 1.   The values quo 
cient are total absorption of the sample. Including surface contributions, 
"tch-ppllshed HRL RAP KC1  Is much narrower than that shown by conventional 
lower       This behavior Is an Indication of not only improved surface quail 
of the surfaces.    It Is also now possible for us to distinguish bulk quail 
noticeable In conventionally polished windows.    As an environmental test, 
boule measured a • 0.00032 cm"'  after etching.    When measured after three 
te'ted only from dust during a period of high humidity, a • 0.00041 cm-i, 
viiibly fogged. 

RAP KC1. along with similar 
ted for the absorption coeffi- 

The range of values for the 
ly polished KC1 and consistently 
ty. but also improved stability 
ty differences, which were not 
a window cut from an early 
weeks In a desk drawer, pro- 
and window w>.s not 

Table 1.    10.6 |im Absorption of KC1 

HRL RAP KC1 

Single Crystal 

-1* 

Conventionally 
Polished 

Absorption, cm 

0.0008 to 0.0020 cm 

Etch 
Poli jhed 

Press Forged 

Conventionally 
Polished 

0.00013 to 0.00020 cm 

0.00045 to 0.0021 cm 

-1 

Etch 
Polished 0.00022 to 0.00024 cm' 

Optovac KC1 

Conventionally 
Polished 0.001 to 0.002 cm 

Etch 
Polished 0.0004 to 0.0014 cm 

-1 

*Total absorption of sample - includes bulk and surface. 

Indicate that the measured absorption coefficients in the Preliminary experiments by us and others [51 Indicate that the measured a^°W" ""1™" 
1 to 2 x 10"' range might actually be Instrument limited and represent upper limits to the actua 
absorption. 
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Auger analysis and LEED patterns  [6] were recorded for four samples representative of different 
types of surface finishing:    a cleaved Czochralski  (Optovac) window, a similar cleaved window subjected 
to a 1 minute HC1 etch as previously described, a polished HRL RAP window of unknown crystallographlc 
orientation, and a polished blank from the same boule clso etched for 1 minute; the results are given in 
Table 2.    The initial Auger scans show the normal containiriants as all of the surfaces were prepared in 
air.    Most of these trace contaminants are removed by 6 minutes of Ar* sputter cleaning.    The residual 
oxygen can bo ascribed to system contamination.    The initial LEED patterns indicat» some surface disorder 
in the cleavo Optovac sample and the etch-polished HRL RAP sample (B15-7), while the conventionally 
pol'shed HRL RM window (615-8) displays essentially complete absence of surface order.    The etched, 
cleaved Optovac window exhibited a great degree of surface order as shown by the appearance of first, 
second, and third order diffraction in the LEED pattern.    A six minute Ar+  sputter clean  improved all of 
the LEED patterns with the exception of the conventionally polished sample (816-8).    An additional  hour 
of Ar+ sputter cleaning (removal of % 5 \im total) was necessary to obtain a diffuse LEED pattern for HRL 
815-8.    The data on the two samples of cleaved Optovac material  (etched and unetched)  indicate that a 
relatively thin layer (i0.4(im) of surface disorder is generated in the cleaving process, which is re- 
moved  in the etch procedure.    The residual diffusivity of the etch-polished HRL RAP window LEED pattern, 
can be at least partially attributed to the fact that the crystals were not cut alf»-.d a symmetry axis. 
The resulting asymmetry of the LEED pattern makes  it difficult to characterize,     .t Is also quite possible 
that a longer etch time would have been necessary to remove all of the surface disorder caused by con- 
ventional  polishing. 

Table 2.    Lee«1 and Auger Data on Various KC1  Samples 

Sample 

Inl tial 
After 6.0 min 

Ar+ Sputter-Clean 
(800 eV, lO^A/o/ 

After 1  Hour 
Ar+ Sputter-Clean 

(800 eV, 10HA/CI/ 

Leed 
Pattern 

Auger 
Scan 

Leed 
Pattern 

Auger 
Scan 

Leed 
Pattern 

Auger 
Scan 

1. Cleaved 
Optovac KCl 

2. Cleaved 
Optovac KCl 
Etched 1 min 

3. RAP 815-8 
Polished 

4. RAP 815-7 
Etched 1 min 

Diffuse 

Sharp 
(1st,2nd,3rd 
o'der) 

No 

Weak, 
Diffuse 

S, 0, C 

0,C 
(Trace) 

S, 0, C 
(Trace) 

S, 0, C 
(Trace) 

Sharp 

Sharp 
(3est) 

No 

Sharper 
but still 
weak, 
diffuse 

0, C 

0f/0.  ■ 0.15 

0f      " 

0,  I 

nf/0i  ■ 0.25 

0 
(Trace) 

0 
(Trace) 

Weak, 
Diffuse 

0 
(Trace) 

Relative total  (surface and bulk)  scattering at 10.6 ^m was measured using a stabilized (0.U) 
200 mW cw CCj laser; these measurements are given in Table 3.    The laser beam, focused to a 50 um spot, 
was scanned across the sample and the scattering amplitude in the central  portion of the scan wo» averaged 
and normalized to a similar measurement on conventionally polished HRL RAP KCl.    As is indicaed in the 
table, the lowest scattering is from etch polished, single crystal HRL RAP KCl.    For the press forged 
material, etch polished windows show more scatter in the visible than conventionally polished blanks, but 
less   »t 10.6 K"1 äs shown in Table 3.    It is known that grain boundaries a^e preferentially etched In con- 
centrated HC1 and the enhanced grain boundaries contribute to the visible scatter, but do not affect the 
10.6 pm scatter appreciably. 
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Table 3. Relative Scattering 10.6 wm 

Single Crystal 

Mech Polished KC1 1.0 

Etched Polished KC1 

Press Forged 

0.45 

Mech Polished KC1 2.3 

Etched Polished KC1 0.72 

4. Laser Damage Thresholds 

The laser damage test facility, used to obtain the current results, is described i" detail in 
another part of these proceedings. [7] Briefly, the laser is an ultraviolet preionized TEA laser 
ooeratLl in the TEML mode. *1« 200 mj maximum output energy. The equivalent rectangular pulse length 
is 0 Hsec. b!t th?0actuai pulse consists of many 2 nsec longitudinal mode spikes  Damage thresholds 
are reported in terms of the average pow--- in the equivalent rectangular pulse  The actual peak power 
is approximately 5X the average power. Both a 5 in. focal length and 2.5 in./ocal length lens were 

•ing the damage thresholds with measured beam waist spot sizes of 120 and 70 um. respec- 
icasured spot size of 70 um for the short focal length lens is probably an upper limit. 

approximately 
used in measurlr 
tively. The measured spot 3 
The actual spot size lies in a range from 60 um (the calculated diffraction limited spot size) and the 
measured 70 um. (cf Ref. 7.) 

All tests were conducted in an evacuated sample chamber equipped with an x-y translation stage. 

The surface damage thresholds for polished KC1. reported in Tab'e 4. are g ven mainly for histori- 
cal perspective. All of the values reported are for the laser focused on the exit surface using the 
5 in focal length lens. The thresholds vary over quite a range, and oo not correlate well with the 
absorption data  Since the absorption data were, of necessity, taken before the damage measurements, 
changes in the surface quality that occurred between the two measurements cannot be tracked easily. 

Table 4. Surface Laser Damage Threshold Polished KC1 

Damage Threshold 

Sample Absorption 

(cm'1) 

Energy Density 

(J/cm2) 

Power Density 

(GW/cm2) 

Single Crystal 

RAP B24-6 0.00078 70-85 0.12-0.14 

RAP Bll-11 0.00070 > 110 > 0.18 

RAP B53-4 0.0022 350 0.58 

Optovc 0.024 18 0.03 

Harshaw "Polytran" 0.0016 15 0.025 
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The character of the exit surface damage morphology for polished KC1 is Illustrated In Figure 4. 
The central portion of the damage site has been melted and Is surrounded by a ring with a relatively 
smooth topography as :onipared to the undamaged portion of the surface. Radiating from this "cleaned" 
area are shallow cleavage planes. This type of shallow damage is observed only on poor surfaces and at 
relatively low damage thresholds in KC1. 

In contrast to polished KC1 the etched HRL RAP KC1 absorption data do seem to correlate with the 
laser damage performance. The highest exit surface damage thresholds for etched HRL RAP KC1 (Table 5) 
are measured on those samples with the lowest absorption and vice versa. Those samples marled by an 
asterisk were measured with the 2.5 in. focal length lens and the others with the S in. focal length 
lens. The wide range of values reported for sample RAP B53-1 is an exception to the convention for 
reporting thresholds. This particular sample at any one site either damaged, at a relatively low energy 
density (600 J/cm2). or did no damage to the limit of the Iflser power output. The best (and most recent) 
etched HRL RAP KC1 samples have a measured damage threshold for exit surface damage at least an order of 
magnitude greater than the threshold for conventionally polished KC1. 

Table 5. Surface Laser Damage Threshold Etch KC1 

Damage Threshold 

Sample Absorption 

(cm1) 

Energy Density 

(J/cm?) 

Power Density 

(GW/cm2) 

Single Crystal 

RAP B53-2 0.00026 380-520 0.63-0.87 

RAP B53-4 0.00043 330-450 0.55-0.75 

RAP 853-1 0.00020 600-2500+ 1.0-4.2* 

*RAP B63-2 0.00015 1500-2700 2.4-4.5 

Kirshaw Cleaved 60-135 0.10-0.22 

Press Forged 

*RAP B37-17 0.00023 1500-1800 2.4-3.0 

*RAP 837-16 0.00024 1650 2.7 

Exit surface damage thresholds fur pre.s forged HRL RAP KC1 are lower than those for single crystal- 
line material, although not enough samples have been tested to date to establish this trend as definitiv». 
The presence of "V grooves" in the form of preferentially etched grain boundaries in the polycrystalline 
KC1 would, according to the theory of Bloembergen, (91 lead to lower damage thresholds due to enhaced 
dielectric breakdown. 

Exit surface damage morphology for etched HRL RAP KC1 differs markedly from that for polished sur- 
faces (Figure 5). The damage sites are several millimeters in diametf and are composed o* radiating 
cleavage planes. This type of behavior -minor damage at low thresholds for "dirty" surfaces, cata- 
strophic damage at high thresholds for "clean" surfaces - had baen noted by Giuliano [8] In measurements 
on ion-polished sapphire at 0.69 um. The cleavage planes of exit surface damage sites ir, etched poly- 
crystalline HRL RAP KC1 (Figure 6) are distorted, compared to those in etched single crystal material, 
and seem to Indicate the presence of grain boundaries. Inclusion damage, both bulk and surface, is 
readily distinguishable by damage morphology. A typical inclusion damage site (Optov-c KC1, bulk damage) 
is Illustrated in Figure 7. The damage region extended ^or a length of 400 \m along the beam path wUh 
many inclusion damage sites observable. 

The bulk laser damage thresholds for HRL RAP KC1 are given in Table 6, with measurement- on one 
sample of Optovac KC1 given for comparison. Because of the instability of the laser at low output 
powers, the bulk damage threshold of this particular sample of Optovac material could only be crudely 
bracketed. On the other extreme, the maxiimjn available output power of the laser was not sufficient to 
damage one sample of single crystal and one sample of polycrystalline HRL RAP KC1. (In all fairness, 
it must be mentioned that other workers [10] have noticed a great variability in Optovac samples, and 
that we tested windows from only one sample.) For these measurements, the arguments for using the cal- 
culated diffraction limited spot size »re particularly strong as the samples are thick enough (=1 cm) that a 
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small error in measuring the focal distance and/or placement of the sample would still place the beam 
waist in the bulk of the material.    Using the diffraction limited spot size would increase the damage 
thresholds by a factor of 1.4.    Bulk damage in material with a high damage threshold has a very similar 
morphology to that exhibited by high damage threshold surface sites.    Again the damage sites are massive 
and consist of radiating cleavage planes. 

Table 6.    Laser Damage Threshold Bulk KC1 

Damage Threshold 

Sample Absorption 

(cm"') 

Energy Densi 

(J/cm2) 
ty Power Density 

(GW/cm2) 

Single Crystal 

*RAP B53-1 0.00020 2500-3100 4.2-5.2 

*RAP B63-2 0.00015 > 4600 7.8 

*0ptovac ■ 180 

- 520 

>  0.3 

< 0.9 

Press Forged 

*B37-15 (End) 

*B37-15  (Center) 

Veiled 

0.00064■, 

3700 

• 4600 

6.3 

• 7.8 

Conventionally polished sample, all others elch polished. 

5.    Dielectric Breakdown 

The most generally accepted theory of laser  induced breakdown in low absorption solids  is that 
damage occurs via electron avalanche breakdown, and thus is a  function of the ptik electric field  in the 
laser pulse.    A recent paper by N.  Bloembergen  (11)  reviews the subject of dielectric breakdown in 
solids, and  summarizes the experimental  evidence to date.   [12,13,14]    The data of E.   Yablonovitch  [12]  at 
10.6 um and Von Hippel   [141   (dc meastrements) are given   in Table 7, along with the HRL data.    The elec- 
tric field strength and power densities were calculated and measured slightly differently in the 
Yablonovitch and HRL data.    Yablonovitch used peak power measurements  (    2X average)   [12] and the dif- 
fraction limited spot size in calculating  the breakdown electric fields.    The HRL measurements are cal 
culated using the average power and a measured spot size.    For comparison, the HRL breakdown thresholds 
calculated using the diffraction limited  spot size are given  in parentheses  in Table 7.     In order to 
eliminate the differences in experimental  conditions between the Yablonovitch and HRL data, the KC1  data 
was normalized to Harshaw NaCl.    According  to Yablonovitch,   [151 commercial  NaCl  yields danage thresholds 
consistent from sample to sampl-» and thus we used  it as a standard.    The theoretical  prediction from 
periodic table trends was that MCI  should have a damage threshold at 10.6 ijm oreater than that exhibited 
by KC1.     In data given by YablonovitrH, this trend holds true for samples of ccnparable puri'y for both 
compounds.    The HRL RAP KC1, on the other hand, has a considerably higher damag.1 threshold than Harshaw 
NaCl, effectively reversing the trend for KCl/NaCl.    This data  is seen to lend support to the hypothesis 
of Hellwarth  [16]  that electron avalanche breakdown is impurity mediated,  i.e., the observation of di- 
electric breakdown does not necessarily indicate that the ultimate limit for damfge has been reached for 
a given material.    It is expected that damage thresholds on HRL RAF NaCl  (presumed to be comparable to 
HRL RAP KC1  in purity) would be higher than those measured on Harshaw NaCl, and would, perhaps restore 
the expected relationship;    breakdown (NaCl)  > breakdown (KC1). 

i      Conclusions 

We have developed a technique for generating high quality, relatively undamaged surfaces on HRL 
RAP KC1.    The improvement in surface quality enables us to better evaluate bulk quality, and various 
characterizing measurements have been developed to judge surface and bulk quality.    The results of these 
measurements seem to correlate qualitatively with the measured damage thresholds.    The damage threshold 
of the surface has improved by at least an order of magnitude and approaches the bulk damage threshold 
in some samples. 

The measurements of bulk damage threshold support the theory that sample purity affects the 
"intrinsic" electron avalanche breakdown damage threshold. 
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Table 7.    Comparison of Laser Damage KC1  and NaCl 

Yablonovitch (1972) HRL (1974)* Von Hippel   (1937) 

KC1 NaCl KC1 NaCl KC1 NaCl 

Power 

(GW/cm2)        3-7 7.5 >7.8(10.6) 4.8(6.5) 

KCl/NaCL ■ 0.49 KCl/NaCl  • 1.6 

Electric 
Field 1.39 
(MV/cm) 

1.95 >2.0(2.4) 1.6(1.9) 1.0 I.S 

Parenthetical  values were r kulated using the diffraction limited spot size 
(60 (im)  instead of the measured 70^11. 
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Fig.  1 Scannin electron micrographs of KC1  surfaces. 

Fig. 2 Optical  finishing techniques. 
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Pulsed C02 LAST Damage in Windows, Reflectors, and Coatings 

V. Wang. J.E. Rudlsill, C.R. Giuliano, M. ?raunste1n. and A. Braunstein 

Hughes Research Laboratories 
3011 Malibu Canyon Koad 
Malibu, California 90265 

Recent 10.6 \m  damage neasurements using a TEM  laser of 0.6 gsec pulse 
length are reported for a variety of windows, refle8?ors, and coatings. Re- 
duction uf the density of iucl'-.ions in ZnSe was found to have a large effect 
upon scatter but a smaller effect upon damage resistance. Absorptions and 
damage thresholds of thin films of ZnSe, AsoSß and ThF4 were measured upon 
relatively defect-free KC1 substrates, and then tested in antireflection and 
multilayer reflector configurations. Also reported is a five-fold Increase 
in damage resistance of simple polished copper reflectors by surface etching. 

Key Words: AS2S3, laser coatings, laser reflectors, laser windows, pulsed 
C02 laser damage, ThF., and ZnSe. 

1. Introdution 

Since 1971 we have be« Involved in the development of damage resistant, low absorption, optical 
components at 10.6 um.[1,2]  Since our prior experiments have indicated that wide bandgap materials 
are as damage resistant as simple polished metal reflectors and that semiconductor materials are con- 
siderably less damage resistant, this paper reports upon recent development of three wide bandgap 
materials: ZnSe, As2S3, and ThF.. These results are compared with recent progress in metal mat 
reflectors. 

2. Experimental Conditions 

An ultraviolet COj TEA laser discharge 50 cm in length, operating at 550 Torr with 1:1:8 mixture 
of COp.'^He was used in this experiment. A two-meter, approximately hemiconfocal cavity operating in 
the TEMoo mode with an uncoated germanium resonant output reflector delivers an essentially untruncated 
gaussian beam to a folded optical train (illustrated in Figure 1). A beam attenuator consisting of two 
wire grid polarizers on ZnSe substrates allows better than two orders of magnitude attenuation without 
rotation of the output polarization.[3] Wedged NaCl beamsplitters allow monitoring of the en.'rgy in 
each pulse by a Polyvinylchloride (PVF) pyroelectnc detector  Absolute calibration of the pyroelec- 
tric monitor is provided by a Hadron Model 100 cone thermopile with a 1 cm aperture located in the 
near field o- the laser. 

The output pulse of the laser consists of a 200 nsec gain-switched pulse followed by a nitrogen 
fed tail of ^3 usec. Figure 2(a) displays the output detected by a germanium photon drag detector, and 
Figure 2(b) is an expanded trace showing a typical example of the partially self-mode locked beating in 
the output. Power density is measured at the peak of the gain switched spike by using a detector that 
averages the rapid pulsations from mode t-sating, as shown in Figure 2(c). An equivalent pulse length 
is defined by measuring the area of Figire 2(c) and constructing an equivalent rectangular pulse of 
equal area and height equal to the heiglt in Figure 2(c). 

Work partially supported by Air Force Weapons Laboratory, Kirtland Air Force Base and by Defense Ad- 
vanced Research Projects Agency under the technical cognizance of Air Force Cambridge Research 
Laboratories. 

Figures in brackets Indicate the literature references at the end of this paper. 
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For thermal damage 
total pulse energy, so 
trical breakdown mechan 
dependence for the elec 
through avalanche. Our 
a piJse 2 nsec long wou 
than a 0.2 usec pulse, 
average intensity, so i 
paper and the paper by 

mechanisms, the effect of nanosecond pulses 1s negligible with respect to the 
total pulse energy and pulse length closely characterize the pulse. For elec- 
isms in inclusion-free dielectrics, simple considerations predict a pulse length 
trie breakdown field due to the finite time required to form sufficient electrons 
extrapolation of calculations by Yablonovitch and Bloembergen [4] suggests that 

Id be expected to have a breakdown threshold 4 to 8 times higher In power density 
From Figure 2(c), the peak intensity of this pulse is approximately 5 times the 

t is the average pow«,r in the gain switched pulse that is reported in both this 
S.D. Mien, et al., (7) on surface and bulk damage In KC1. 

*<! /?0u SlZe  f?r-,? 9iven lens is measured by varying the energy focused on a heat-sensitive plastic 
nim u M Type 557) in a series of bum spots, and plotting the log of energy versus spot size squar   ' ■    '■■■■ : i e squared 
(Figure 3). A pulse of gausslan profile yields a straight line whose slope is a measure of the spot 
size. Measurements of spot size using the 12.5 cm germanium lens used for the majority of the tests 
indicate an essentially diffraction-limited spot size to beyond the 1/e2 Intensity points. Measure- 
ments of spot size at the focus of the 6.2 cm lens give a diameter of between 0.059 mn and 0.073 m 
(Figure 3). The uncertainty in measurement for this lens Is due in part to the difficulty of measuring 
the low energies used in this calibration. Fnergy densities quoted for this lens are calculated for the 
on-axis peak ntenslty of a 0.073 mn spot. If a diffraction-limited waiste is assumed, energy and pow°r 
densities would be 50% higher for this lens at the beam waist. ' 

Both windows and reflectors are tested in a sample chamber evacuated below 1 Torr to eliminate 
spurious effects caused by dust and a<r breakdown induced near the surface of a sample. Damage thresh- 
old in this paper Is defined as the first visible, permanent change in the appearance of the sample 
viewed at high magnification in an optical microscope, unless otherwise stated. During the tests the 
sample is observed at MOx. 

3. Test Results 

Zinc selenlde has been of major interest as a high power window material. Previous results [2,5,6] 
have indicated that inclusions that visibly lie in bands within the material limit the damage threshold, 
as shown in Figure 4. In an effort to explore the effects of improved materials process control 
regions of low scatter were selected for damage testing. The ZnSe surfaces were etch polished with 
potassium ferricynide on both the samples in Tables 1 ^.nd 2 to remove a damaged surface layer. Scatter- 
ing measurements at 10.6 um show a tenfold reduction in scatter for the selected clear areas. However, 
the damage threshold, reported in Table 1, shows only a small improvement in damage resistance. 

Table 1. Measured Thresholds of Damage in ZnSe Windows 

Material 

Banded region, 
R-26 

Unhanded region, 
R-26 

Absorption 

cm"1 

0.0030 

0.0021 

Based on T = 0.6 ysec. 

Relative 
Scatter, 
10.6 urn 

0.1 

Damage Thresholri 

Energy Density, 

J/cm2 

30 to 40 

55 

Power Density, 

MW/cm2 

50 to 70 

90 

Comments 

Inclusion damage 

Inclusion damage 
or localized sur 
face absorption 
sites 

Wide bandgap high and low index materials are useful  for antireflection coating on windows and 
multilayer dielectric reflectors.    Zinc selenlde (n ■ 2.41) and AS2S3 (n ■ 2.38) are promising materials 
for high Index films and ThF4 (n = 1.35)  is the only nonhydroscopic material available of low index and 
low absorption at 10 um.    In order to evaluate the performance of individual  films, X/4 wave layers have 
been deposited on relatively defect-free surfaces of low absorption etch-polished RAP grown KC1.  [7] 
These substrates allow accurate calorimetric absorption measurements to be made and also provide a 
damage-resistant substrate. 
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Table 2.    Measured Damage Thresholds In Thin Films and AR Coatings 

  

Coating and Substrate Absorption 
Measured Damane Threshold 

Cotiments Energy Density Power Density8 

- J/cm2 MW/on2 

A/4 ThF4 on KC1 10 cm"1 80 J/cm2 130 
V4 As2S3 on KC1 <1 cm"1 120 J/cm2 200 
A/4 ZnSe on KCl 

ZnSe/ThF4 AR on KCl 

<0.6 on" 

0.2%  per 

140 J/cm2 

60 

230 

100 

Poor adhesion of film 

surface 

ThF4/ZnSe AR on ZnSe 

ThF^ZnS AR on ZnSe 

N.A. 

N.A. 

25 to 40 J/cm2 

30 to 40 J/cm2 
40 to 70 

50 to 70 

Limited by substrate 

Limited by substrate 

aBased on T = 0.6 usec. 

culate^tKe^t^c6 "ild^dS^butlin^ L^^Ji"!.^ ^ V'»* T""* «• we can cal- 
ing from the left. Figure 5 plots the no™al'zedelectrwJ?H9e 5;   ^SUmln9 a plane wave ente'- 
meters.    The average electric field in ?hT Iyer ^s within ^ii5"5 ^ep,th :nt0 the X/A film in •<««- 
window.    The film has an absorption coefficlnt of aooroxLtl?! PVlZf9 .th? f1eld 1n a bulk ZnSe 

sorption coefficient of 0.002 to C 003 cm-l7a«uminnPtho    K     y»?-1 ^    ' whlle bulk ZnSe has a" ab- 
film has a coefficient of approximately^       m"       ?^ 2VSM!" Ü u

k
niform1y distributed), the 

film would be 30 to 50 times larger than that in'thPh!!      2!? tne a5SOrbed ener^ density  »" ^e 
expected to be correspondingly lower     Thste MLS'LÜS^ Ä,l^*?!5 threshold would b* 
result of the relative lack of absorbing     clustoJ9    In ?hp9

r«»refh?ir 0bServed in the fm *! be a 

high absorption coefficient,  linear absorpUon ä?one ein ^rn, n V     h.F4, aS a result of the relatively 
melting point.    The performance of ThF^ ZnSe   iltlnl r a"ount.for a temperature rise to near the 
substrates is shown In the boUo^ half4öf Table 2     A   S^SS '^an.antireflection design on ZnSe 
due to substrate Inclusion. neaTthe su^ace «Pected. the foeMMt flux is limited by damage 

becausTorS?^ abfs^fng0fcetn1^s;i;:sS1^erpf;Srf^in9"S 'LTÄ"- in J^ 3-    APPa-"tly 
but gradual  po^er Increase removes these artif!r?c!^h/?       ear the Sljrface at a low energy density. 
Since visible mattering rema™    re   "ve y     gh   n    hese orelZnf the T"1]  1nte9r1t> of the 't 
considerable taprovmnt is possible   The la^t ^ni» ?n TPM    ^   a7 samP1es. It might be expected that 
less nickel  substrate. exh1b,??s       eproduc b e   mSve^enJ'b 'a f.rtlThF?/ZnSe)2 reflector on an "«CtS- 
sites tested on its surface, without any intent onaTSp^in It    /-^J"0'6 than 4 over the se^'-al 
ever, the scatter of this sample was Wr th™ ?hp   chan9es ln the '"■ deposition techniques.    How- 
calculation of the electHc field d s ribut o   w   hin thU^sT5;    '^ 6 1s an exact «Ar 
of absorption.    As can be seen. W S •1^%fitJÄ ^ISn'!^*0'' incllJdl'n9 the ^«Ctl 
interface between the high and low index f 1ms    and u .nl ♦ ,  9^Ct0r occurs at the outennost 
KCl.    The field approach« zero on    he outeJ   ürface of X J L\te1y.2M " 9her than the X/4 f1lm •* 

superpollshing of dispersion-hardened copjermtrrors    STSSSI'VIV ln dama9e res1sta'1« by 
1n superpolIshcd molybdenum.    In an effort to    so?atP \hi JlrT.ll' t 1S ""V™*™"* was not observed 
samples of 0FHC copper were pol ished    n^etched bJ ietafwanMr T Sff*1^ f0r the '■»«»—»t. 
surface contamlnents from abrasives, and to^^^T^ES^L*??!»! designed to remove all 
This surface is not an acceptable mrror   n the vl ?b e l^n Hnh'! h!?hll9bt1,"g the grain structure, 
increase in damage resistance    similar f,,M,,»    vlsibie due to high scatter, but exhibits a marked 

this development! and S a es ^Äu,1Si,T2JSJS52? ^SS^'^i    Table 4 »«SSl 
techniques to yield a smoother surface of iS scatter arpnrp!^?0ll^ed Sample-    Etch-polishing 
sary to qualify the applicability of the e ^s to füLTÄ^ Under ""^de^tion.    It Is neces- 
slzes Incident upon some of the samples n2oTm!thr0i^

Cale b,etm-    Because of the small beam 
cool  the surface at a greater rate Sa    Ä&SSTfe fSllS'^fL^f "" be eXpeCted t0 

beams.    Large-scale beams would thus be KSTSTÄfStVilS^ IXllltT '" 1ar9e-SCale 
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Table 3. Measured Thresholds of Damage In ThF4/ZnSe Multilayer Reflectors 

Substrate Coating Absorption, 
% 

Measured Damage Threshold 

Conments 
Eneroy Density, 

J/an2 
Power Density* 

MW/cm2 

Mo (ThF4/ZnSe)
2 

0.22 50 80 Conditions 
with gradual 
power In- 
crease 

Mo (ThF4/ZnSe)
3 0.32 30 80 Conditions 

obvious 
scattering 
sites 

A1/E-N1 Ag/(ThF4/ZnSe)
2 0.2 270 450 Scattering 

sites visible 

aBased on x ■ 1  0.6 usec. 

Table 4. Measured Thresholds of Damage In Metal Reflectors 

Coating and Substrate 
Pimage Threshold 

Conments Energy Density 

J/cm2 
Power Density9 

MW/cm2 

Cu, conventional polish 

Mo, sputtered Mo 
coating 

0FHC Cu, polish and 
etch 

90 
150 

4 to 8 

750 

150 
250 

7 to 13 

1200 

25.4 cm focusing lens used 
12.7 cm focusing lens used 

25.4 cm focusing lens used 

No Imbedded abrasive 
unworked surface 

High visible scatter 
12.7 cm focusing lens used 

aBased on T « 0.6 usec. 

4.    Sur<nary 

fh« Jy.C^efu1 measu^B,,ent of spot sizes and temporal profile, we have attempted to precisely define 
the on-axls energy and power.    Results of tests upon thin films currently Indicate that wide bandgao 
materials are capable of damage thresholds comparable to metal reflectors, and that simple linear ab- 
sorption can be the limiting factor rather than Inclusion damage. 

Hmit!nnh?Lb^l«r^^»0nClud*d that 1^1us1ons or surface contamination play an Important role in 
limiting the damage resistance of copper mirrors.    Improvements In surface preparation have Improved 
damage resistance by better than a factor of four. improvea 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Schematic of laser, optical train, and sample chamber. 

Pulse temporal profile,    (a)   Germanium photon drag detector plus 500 MHz oscilloscope, 
(b)   Expanded to 10 nsec/dlvlslon.    (c)    Definition of equllavent pulse (pyroelectrlc 
detector). 

Beam spatial profile and spot size. 

Zinc selenlde cross section. 

Computed electric field In X/4 ZnSe on KC1. 

Electric field distribution on a Mo/(ThF./ZnSe)2 reflector. 
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EXPERIMENTAL PARAMETERS 

ENERGY - 200 MJ TEM00. DIFFRACTION LIMITED 

PULSE LENGTH (EQUIVALENT PULSE LENGTH) - 0.6  ^SEC 
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25.4 CM f.l. - 0.240 MM 
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