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I. INTRODUCTION

The performance of optical components can significantly affect the size,
weight, and efficiency of high-power laser systems. Component faflure in

pulsed DF chain-reaction lasers presently imposes design limitations on laser

gain length and aperture size. Unique challenges associated with component
development for DF chain lasers are the laser's broadband spectral output of
3.58 to 4.78 um, the requirement for operation in the presence of a corrosive
i F2/DF environment, and the need to withstand high impact loadings associlated
i with combustion overpressures of from 6 to 8 atmospheres. Data on the failure
of DF laser optical components are restricted primarily to small-energy pulses
and, hence, to small spot sizes of the order of hundreds of micrometers. !+2
The scaling of these results to large spot sizes of practical importance is
known to be unreliable. Damage thresholds of 52 J/cm2 were recently reported

3 using beam spots up to 1l cn in diameter.a Such

for ThF(ZnS)3-coated mirrors
excellent damage resistance has, however, been observed only in benign (air)
environments. Similar coatings on internal mirrors and windows mounted in
repetitively pulsed systems have repeatedly failed after several shots at
incident fluences of several joules per square centimeter. Damage was by acid

' etching and by blowoff induced by laser irradiation.

Coating failure in pulsed chain-laser systems has prompted us to examine
~ the suitability of carbyne coatings as hard protective films on pulsed DF-
laser optical components. Chaoite, the carbyne form of interest, has been
{ produced at The Aerospace Corporation by means of quench cooling of carbon

gas.s'6 Early studies of chaolte films revealed several interesting proper-

ties: (1) diamond~like hardness (greater than BaC), (2) chemical resistance
to acids, bases, and organic solvents, (3) good adhesion to copper, platinum,

glass, silicon, germanium, sapphire, and other materfals, and (4) low absorp~-

SO |
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tion in the 2- to 40-uym range. In view of these attractive properties, we
undertock a brief program to apply carbyne films to candidate DF-laser window

—_—— — .

and mirror materials for evaluation with regard to adhesion strength, resis-~

P

tance to HF/DF attack, abrasion resistance, optical absorption, and laser




damage threshold. During the two-week study of laser damage resistance, we
also measured damage thresholds for selected commercially available coatings
applied to both transparent and reflective optics for purposes of comparison

with chaoite film performance. The resulting data show that the best chaoite

films have high damage resistance, hardness, and resistance to acld attack,
and may be attractive for use on pulsed-DF-laser optical components if

coatings can be developed that are free of carbon particles.
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I1. EXPERIMENTAL TECHNIQUE

A diagram of the laser damage apparatus employed in the present study is
given in Fig. i. A magnetically confined electron beam was used to initiate
the pulsed chain-reaction DF laser.’ Mixtures containing 20% Fp=- 8% D, by
volume were irradiated for periods of 0.1 to 1 usec at current densities of 20
A/cm2 to accomplish laser initiation. Nominal laser energies of 10 to 20 J in
0.6 to 0.9 psec (FWHM) pulses were delivered at cavity pressures of 800
Torr. Energy was extracted from the gain medium by means of a transmission-
coupled half-symmetric unstable resonator and then collimated using a CaF,
lens of 8-m focal length. Laser windows were uncoated, l.25~cm~-thidk CaF,
crystals that were tilted with respect to the optical axis. A beam splitter
at nearly normal incidence to the laser beam diverted about 6% of the total
pulse energy into a 9-cm ballistic thermopile. Emission time history of the
laser was monitored with a gold-doped germanium detector. In a previous
study, the D)-F, laser spectral output was measured and found to consist of up

to 69 lines operating between 3,58 and 4.78 um.8

The remaining energy in the pulsed DF-laser beam was focused by means of
a CaFy lens of 45-cm focal length. The lens was translated along the direc-
tion of the beam to vary the fluence incident upon the optical test sample. A
fluence range of 5 to 70 J/cm2 could be encompassed by this technique. To
obtain uniform beam spatial distributions along the focusing beam, an iatra-~
cavity soft-aperture filter was employed (Fig. l). This filter suppressed
effects of Fresnel diffraction during focusing., The spatial distribution of
the focusing beam was determined from burn patterns on calibrated witness film
(Fig. 2). As illustrated in Fig. 2, a uniform (top-hat) spatial fluence dis-
tribution was obtalned by use of the soft-aperture filter.

Laser damage measurements were carried out on a varliety of transpareant
and reflective optics in the present work (Table I). Antireflection (ar)~
coated windows of Al,04 and CaF, were obtained from Laser Power Optics (LPO)
and CVI Laser Corporation. Coatings on the A1203 samples were ZnS/ThFa and
TiOZ/A1203/MgF2; the ar coating on the Can sample was PbFZ/ThFA. Details of
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the coating designs are available from the vendors. 2 10 Bowl-f eed-polished
samples of Al,04 and CaF, were also tested as a standard against which coated
window performance could be assessed. Two mirrors were tested In our study:
an uncoated laboratory-grade copper mirror (Spawr) and a carbyne-coated copper
mirror. The performance of carbyne-coated CaF, windows was also evaluated in

our work.

Transparent carbon films for use in the present study were produced by
quenching carbon gas on selected substrates, Iincluding transparent and reflec-

Il A schematic diagram of the equipment that was used

tive optical elements.
to produce exploratory carbyne films is shown in Fig. 3. The sample to be
coated and a plece of pure carbon were located near the center of the coating
pressure vessel. The optical sample could be heated to 180°C and was
discharge cleaned prior to coating application. The pure carbon source was
positioned in a carbon mandrel that was held in the chuck of a spinner
mounting. The spinning carbon target was heated by means of a focused 1.5 kW
CO, laser beam that entered the chamber through a NaCl window. During laser
irradiation, the hot carbon rod was surrounded by a cloud of carbon gas that
impinged on the surface of the spinning optical sample. The temperature of
the solid carbon source was measured by an optical pyrometer of fast response
time (~0.1 sec). The pyrometer was located, as shown in Fig. 3, with its line
of sight at 30 deg to the laser beam axis., Careful temperature control of the
carbon source was crucial for production of the desired carbyne film. Chamber
pressure was measured by a Baratron gauge. Instability in the output of the
C02 laser resulted in difficulties in the preparation of uniform, reproducible
coatings. In view of the unsophisticated nature of the coating apparatus, it
is believed that improvement in the quality and reproducibility of carbyne
coatings should be readily achievable.

Fifty laser shots were performed on the 10 samples that were available
for our damage study. Approximately one full day of testing was required to
determine the damage threshold of an optical component. During testing, the
sample was rotated after each exposure so that a fresh area was irradiated.

The large spot sizes used in our study implied that only a few exposures could

11
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be performed on each optical sample. Exposure began below 10 J/cm2 and was
increased in steps of 50 to 100% until small-scale and, finally, catastrophic
damage was observed. Component damage was determined by post-irradiation

inspection with a 10X microscope, using strong illumination,
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III. RESULTS AND DISCUSSION

Selected properties of carbyne films were briefly examined before
measurement of laser damage resistance. Absorption coefficients in the

1

infrared were found to increase from approximately 2 x 102 cm™ ' at 10 um to

lat 1.0 um. Index of refraction averaged about 2.1;

approximately 2 x 103 cm™
one film, however, gave a rather low index value of [.7. Absorption peaks at
3.1, 5.9, 6.2, 7.3, and 8.5 um strongly indicated that the present carbyne
films were contaminated with pump oil. Contamination was possible because no
precautions were taken to prevent backstreaming of pump o0il during the carbyne
coating process. Because pump 0oil would be expected to increase absorption in
the 3.6 to 4.8 um bandpass, its presence probably would have reduced the DF

damage resistance of the carbyne-coated samples that were tested in this work.

An ion-microprobe mass analyzer (IMMA) was used to obtain unequivocal
identification of carbyne as the film that was produced. Although two
different carbon negative-ion spectra have been observed using the IMMA,
carbon films used in this study gave spectra that stopped at C,.
Unfortunately, the IMMA could not identify the particular carbyne form that

was produced in our work.

Abrasion tests were also performed on the carbyne films. The results
revealed that the films were more abrasion resistant than their substrates
(Ni, Al, Cu, Can); they were determined, however, to be less resistant than
fused quartz, Adhesion strength of the carbyne films varied over the range
from 57 to 652 kg/cmz. The diffusion of vacuum pump oil onto the substrates
could have accounted for these low values as well as the wide variation in

adhesion strength.

Chemical resistance of the carbyne films was evaluated using concentrated
HF acid. The films were unaffected by the acid. Penetration of the films by
way of imperfections was observed, however. One continuous film was tested
that was not penetrated during the time required for the droplet of acid to

evaporate (about 30 minutes),

15




The laser damage threshold measurements performed during the present
study are summarized in Table L. Included in the table are component
substrate material, substrate thidkness, component coating (when present),
coating vendor, type of damage observed, and incident laser fluence at which
damage was first detected. For the sapphire substrate case, both the ar
coating of Ti0,/A1,03/MgF, and the bare substrate were found to exhibit high
surface~-damage thresholds, i.e., 28 to 54 J/cmz. As anticipated, the exit
surfaces were damaged at thresholds well below those of the entrance sur-
face. The damage threshold of the ZnS/ThF, ar coating (17 J/cmz) was found
to be the lowest of all the sapphire samples tested.

Damage tests on CaF, substrates showed that commercially available ar
coatings have damage resistance equal to that of the uncoated CaF, surface
(Table I). The carbyne coatings on CaFZ exhibited damage thresholds that
varied over a wide range of fluences (14-25 J/cmz). The best carbyne film
was observed to have a damage resistance equal to that of the polished CaF,
surface. On a microscopic scale, the coatings exhibited sample-to-sample
variations as well as variations across a given sample. The damage levels
could not be correlated with any particular deposition procedure. Figure 4 is
a micrograph showing damage to a carbyne film deposited on CaF, and exposed at
23 J/cm2 incident laser fluence. The damage is seen to have occurred pre-
ferentially at carbon-bearing spots in the carbyne filme It is likely that
these carbon particles absorbed the laser radiation preferentially, but the
regions remote from the damage spots were observed to be coated with a cacbyne
film that did not degrade at laser fluence levels at which the better com-
mercially available films did dégrade. Carbyne coatings of very high damage
resistance should be achievable, therefore, if the coatings can be made free

of particulate carbon matter.

A limited number of damage tests were performed on reflective optical
components (Table I). An oxygen-free, high-conductivity (OFHC) copper mirror
of "laboratory grade” surface finish was measured to have the highest damage
threshold of all the component samples that were tested. Figure 5 is a
micrograph of the laser damage sites on this polished mirror. The degree of

damage is seen to be quite small, considering the high exposure fluence:

16




Fig. 4. Carbyne Film on CaF, Irradiated at 23 J/cm?
Showing Localized Damage at Carbon-Bearing (black)
Spots. Magnification 200X

17
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Micrograph of Bare Copper (Spawr) Mirror Shgwing

Damage Sites at Exposure Fluence of 58 J/cm“ and
DF-Laser Pulse Duration of 0.5 usec (FWHM).

Magnification 37.5X
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58 J/cmz. The carbyne-coated copper samples consistently failed at low
fluences of 9.5 J/cm2 or less. During the coating of copper samples, one half
of each substrate was masked from the hot carbon source. Figure 6a gives
clear evidence that particulate carbon contamination occurred on the half of
the copper mirror that was considered to have been shielded from the heated
carbon source. A method for interception of these carbon particulates must be
devised for future coating studies. The irradiation of the carbyne vapor
stream by a high-power laser beam would be one technique for interception of
particulate material before its impingement on a substrate surface. Figure 6b
is a micrograph showing laser damage to a carbyne film deposited on half of a
polished copper substrate. Preferential damage at carbon-bearing sites is
seen to be the failure mechanism, as was observed for the case of carbyne
coatings on CaF, samples. We speculate that carbyne films on reflective

optics would possess high damage resistance in the absence of these

particulate carbon sites.
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Fig. 6.

Micrographs of Copper Mirror Showing Substrcate
Regions Masked and Unmasked from Carbyne Vapor
Stream. Localized laser damage to carbyne coating
occurs at carbon particulate sites. a. Masked
Mirror Segment. No exposure to laser radiation,
(Original magnification 37.5X) Carbon particu=-
lates have contaminated this copper substrate
despite attempts to shield nirror segment from

the carbyne effluent,

20
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IV. CONCLUDING REMARKS

Large~spot DF-laser damage thresholds have been investigated for bare
substrates, commercially coated components, and hard carbyne films deposited
on transparent and reflective optics. Damage resistance measurements on
candidate DF-laser window components have shown that high-quality antireflec-
tion coatings are presently available for CaF, and Al,05 substrates. Damage
resistance of OFHC polished-copper mirrors has been excellent at DF chain-
laser wavelengths. Unfortunately, the ability of these components to with-
stand high radiation fluxes in the presence of the hot corrosive gas flows of
repetitively-pulsed systems is limited. Because of this limitation, we
examined Aerospace carbyne coatings as candidate protective films for pulsed
DF optical components. In our study, the best carbyne coatings survived high
laser fluences of 25 J/cmZ. However, carbyne films as currently prepared for
laser-damage evaluation generally showed numerous particulate carbon sites
that were easily damaged. Areas free of these defects possessed high laser
damage resistance. We recommend, therefore, that improvements in carbyne-
coating preparation be pursued as a step toward the ultimate development of
practical, damage-resistant films for use both in repetitively-pulsed DF laser

devices and in other optical systems where corrosion resistance and high

laser-damage resistance are essential characteristics.
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accompl ! ioont of tasks related to these probiems. The lahcratorles that con-

trihete t0 this research are:

recapngsics laboratory: laun.h vehicle and reentry aerodynamice and heat
transfer, propulsicr . hemistry and fluid oechanics, structural mechanics, ¢light
Aviamics, high-tem: etature thermomechanics, pas kinetics and radiation; research
1. eavironmental chedistry and contamination; c¢w end puleed chemical laser

developrent 1i.luding chtetical kinetics, spectroscopy, Optical resonators and

hear poirt: atouspheric propagstion, laser effecfs sand counterwmeasures.
Chemtetry and FPhvsice Labdoratoty: Atmospheric chemical reactions, atmo-

spherts .0 s, Tiuht scetrering, state-specific chemical reactions and radta-
15y traas;. ' {n rocket plumes, appllied laser spectroscopy, laser chemistry,
battcery ole trochemistry, space vacum and radiation effects on materisls, lu-
bricgtt.n and < .ttace phenceena, thermioris emisslon, photosensitive saterisls
and detector-, aromt. freguency standards, arnd dloenvironmental research apd
monit ricg.

‘;.1_‘;‘Li“ii_f‘?.*“_"?";‘i;‘.‘_..l:’.hl"_‘iﬂ’ Microclectronics, GaAs low-noise and
power  Zevices, seniconductar lesers, electromapnetic and oprical propagation
rhenciens, qu atur electronics, laser communications, lidar, and electro-optics;
romzunliiation scfen s, applied electrantcs, semiccnductor crystal and device

plysite, radivmeiric tmaging; millimeter-wave a&nd aicrowave technology.

Tnfermatinr Sctlences hesesarct Office: Program vertfication, program trans-
Yarion, yperf. nce-sensitive system desfgn, distributed architectures for
apacebarue o ompe terd, faalt-tlerant compuler qvstems, arcificial intelligence,

and mirroelectrontis appiications.

Matertals Sci ces Lakoratnory: Development of new materials: wmetal matrix
coppontites, \ and new forms of carbon; cowponent failure analysis and
e tanility;, !ractuce mechanics and stress corrosion; evaluation of marerisls in
8pace ¢ viromert; nateriale performance in space transprrtation systems; anal-
ystes ¢* svsteas vulaeratility and survivebility i{n enemv-induced environmeats.

5 otences Laboratory:  Atmosphertc and {onospheric physics, radiation
froa rhe a'ocsphere, density and composition of the upper atamcsphere, aurorae
and alrglow; magnet-spheric physics, cossic rays, generation and propagation of
plasza waves tn the aagnetosphere; solar physics, infrared astronomy; the
effects of nuclear explosions, magnezic atoros, and eolar activity on the
earth's a"moaphere, forosphere, and smaguetnsphere; the effects of optical,
elactrosegnetic, sud particulate radiations in spsce ob space systems.
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