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‘Theoretical results for the failure modes of reflectors and windows are derived and
applied to a model system with A=250 to 350 nm, {)ulse duration 1ys, repetition rate

100 Hz (to 103 Hz), reﬂcctor absorptance 5 x 10779, extrinsic window-material absorp-
tance 10~4 B= 10°4cm=! for 1-cm thickness), and A/40 allowed optical-phase distortion.
(1) A low-thermal-expansion intermediate layer, such as Thl'y4 (negative expansion)/
metal stack, between the optical coating and the substrate should give a near-zero single~
phase contribution to the optical distortion threshold (Itp) The remajning substrate-
limited values of (Itp), are greater than previously cxpcc?cd 20 | /em# /pulse for Mo and
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93 ]/cgn2 /pulse for invar, both for state-of-the-art cooling (heat-transfer coefficient 10
W/cm*“ K and face-plate thickness 0.5 mm). Such great values of (I tp) , which seemed
impractical at the beginning of the program, may be greater than the d%mage threshold

(I tp)d » which is expected to be between 10 and several hundred J/cm“ in present coatings.
Thus, increasing the damage threshold, by the same ultraclean deposition techniques sug-
gested previously to decrease the coating absorptance, would further increase the system
performance. A proposed cluster-of-microscupic-imperfections explanation of localized
damage sites, which could explain previous localized damage when macroscopic inclu-
sions could not be found, indicates this possibility of increasing the damage threshold.
Invar and molybdenum are the two leading substrate candidates; Cu, Al, Ag, and Au have
substrate-limited repeated-pulse and single-pulse thresholds below 10 ] /cmé, and SiC
has potential reflector fabrication problems. A figure of merit 8K £n (ny/np)/o(1+v) is
less important than technical factors in choosing candidate coating materials, the optical
coating material requirements being substantially reduced by the use of the intermediate-
thermal-layer design. Tetrahedral-carbon films (so-called diamond films) recently de-
veloped at the Aerospace Corporation possibly could be superior optical-coating films.
Two-photon absorption can be tolerated in coatings, but not in windows. Greater strength
of materials in thin-film form possibly could make fracture a relatively unimportant
failure mechanism. Measurements of the expansion coefficients & of coating materials
in thin-film form are needed. The notion of a penetration depth of the irradiance into the
coating is introduced to interpret and explain the coating-material absorptance, the sub-
strate absorptance, the optical distortion from the change in phase of the reflection coef-
ficient, and the optimum number of layers in the optical coating. Cooling the substrate,
which is not effective for single pulses, is a major factor limiting the performance of
repeated-pulse and cw reflectors. Possible solutions to the model reflector problem, in
addition to the low & intermediate layer, include: lowering the absorptance, and possibly
the damage threshold (see above), by considerably improving ultrapure deposition tech-
niques; using an invar substrate; depositing an ultralow expansion coating; and such engi-
neering solutions as adaptive optics (possibly with an uncooled invar substrate) and heat-
pipe mirrors (possibly with adaptive optics). (2) The generally difficult problems of cal-
culating the temperature distribution and stress components in layered structures with
both radial and axial variation of temperature were solved in closed form with sufficient
accuracy to be comparable with the assumptions and the accuracy with which the param-
eters are known by considering the stress as the sum of two terms. The detached-stress
term is that of a reflector divided into many thin layers, and the attachment-stress term
is the stress required to bring the layers back to their actual positions. Thickness
changes, which cause optical distortion, tend to be more affected by the detachment
stresses than by the attachment stresses. Neglecting the latter greatly simplifies the
analysis and results and gives quite accurate results (five percent for the worst tempera-
ture distribution and of order ~ £E/4 Lg for the best case of a currently used reflector)

for many, but not all, reflectors. (3) Values of the failure thresholds for windows are
calculated for the known important failure mechanisms. If an adaptive optical system
(with a reasonable time constant of 10=3 s) can be developed, the value of (It )o for a
window will be increased to the great single-pulse value of 3. 3 ]/cmz/pulse, as set by
thermal optical distortion from extrinsic absorption, or possibly slightly lower from in-
clusions of clusters. Without adaptive optics the threshold is much lower: (Itp), =
=3,3x 10~2 J/cm?/pulse, as set by extrinsic absorption (even assuming that B8 can be
reduced to 10~4cm=1, which may not be easy). Technical considerations, including the
position of F bands and other imperfection absorption bands as discussed by P, H. Klein,
are more important than are figures of merit in choosing candidate window materials, as
well as coating materials. The major difference between the two wavelength regions

250 nm and 350 nm is that two-photon absorption precludes the use at 250 nm of many
materials that are useful at 350 nm (where they are limited by three-photon absorption).
In a comparison of previous theoretical estimates of the two-photon absorption coefficient
with eight experimental values, the absorption coefficient in alkali iodides and alkali
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20, Abstract (Cont.)

3 bromides is typically underestimated by a factor of twe, which is better agreement than
' previously predicted for the rough estimate. Reasonaile materials that do not suffer two-
photon absorption at 350 nm are Lil', Mgl’p Caly , BcO, Nal’, SrF2 , BaFp, Al203,
Si0y (fused and crystalline), MgO, and possibly BeFa. Of these materials, LiF, MgFp ,
Bel'y , and perhaps Caly and BeO, do not suffer two-photon absorption at 250 nm,

AN Sapphire has an estimated fracture temperature that is a factor of 10 greater than that of
E - other materials.  Alkaline-earth fluorides tend to be less susceptable to thermal dis-

' tortion than other materials. (4) In the first phase of the re-investigation of electron-
avalanche breakdown, a classical transport equation is derived from the Boltzmann
cquation and is used to derive an expression for the average clectron-multiplication rate

i I'.  The electron-phonon interaction parameters appearing in I' are evaluated.

roe Flte Sectlon

Buil Secudd
!,‘
4
)
s
19. Key Words (Cont.) &
1 strength of materials, stresses, substrate cooling, temperature, tetrahedral carbon,
thermal expansion, thin films, thorium tetrafluoride, two-photon absorption, window
: materials
®
-~
“ »

) ___Unclassified
SECURITY CLASSIFICATION OF THIS PAGE/When Data Entered)

mm——— —— — - - ’ PR R — SRSV -

-
I3
[




TABLE OF CONTENTS

i

& Section Page
Contents of Present and Previous Reports. . . . . . . ... ... xiii
; s L e e s e XVii
' A SUMMARY AND INTRODUCTION . . . . ...... e e 1

ReHleotord o o &0 s 0t is nos s ale om s o s mw o a e

/10T (o MR R SRR o © S e e .
Electron-Avalanche Breakdown . . . . . .. .. . .. ... S

B OPTICAL DISTORTION AND FAILURE IN HIGH-POWER

'\ REFLECTORS . . . . . D aCi o e el 2 Ol SRR S G o 6
1 I. Introduction and Summary . . . . « ¢ o v v ¢ o 0 v 0 00 9
Properties of the model system ... ......... 10
" Values of Paratietersie « o « o o « & o o 55 o o & o & 11
! Approximations and assumptionS. . . . ¢« .« . ¢ . . . . 14
Reflectors considered. . . . .. ... .. ST e 16
SUNMary oLl Pestitl. « « « v v « « v 4 % % = » Sher e 18
) POSSIbIE SOIIONS: & s v v o v v 5 e s 55 w6 o & o 19

! Possibility of reducing optical distortion
e to anegligible vale © .« v« o5 vic s oo s w6 s & 20

Promising design using intermediate thermal layer . . 21
Possible explanation of single-pulse damage. . .'. . . 22
Calculated failure thresholds. . . . . .. .. v W 22
Figures of merit and material-selection guidelines . . 23
. Candidate substrate materials . . « . « « « v o . . . » 25

Candidate coating materials, including tetra-
hedral carbon, SiOy , and ThFg. . . « ¢« . ¢ o . . 25

Ultralow and negative thermal expansion coatings. . . 27

Thin intermediate layers . . . . . « . v v v v v v .. 28
Greater strengthof films. . . . . . ... ... .. 5 28
Measurements of « areneeded . ... ... ... v e 29
Coating and reflector absorptance . . . . .. ... .. 29
>
~
:
iv




= J
' .
TABLE OF CONTENTS (Cont. ) ;
Section Page
; B Damage thresholds, . . . . . . e e 30
§ Optical distortion and absorption change from r. ... 31 :
- v e e R R e e S S 32 1
: Engincering solutlons . < . « o o' v o o v v s 0 2 n 0 n 33 i
] Optimum number of coating layers . . . . . ... ... 33
i Protective COatMEs i s «iv o o = 0w o 5 o5 & & & o s 34
: i Stringent optical tolerance. . . . « ¢« ¢ . . 4 e 0 ... . 35
E Miscellaneous + « « + « « . . . T G e O e o B0
! II. Uncoated Metallic Reflectors . « v v v v v v v v 0 v 0 v o 37
"\ Backgroundls: . i i S S A e e e b el B
Single-pulse temperature . . . . . . . R R 39 3
Thermal-diffusion distances. . « « « v ¢« ¢« ¢« ¢ v v v 40 :
f Repeated-pulse temperature distribution. . . . . . . . 41 4
‘ Failure mechanisSm . .« o « oo 6 & 50 s 5 s 5 5 5 o s . 44
Single-pulse optical distortion. . . . . .. .. .. o w e AR
Continuously repeated-pulse optical distortion . . . . . 47
]
: III. Dielectric Coatings and Distortion
E Compensating LAYers . . o o s o s s s 66 o ¢ « & 50
Lowering the absorptance of coatings. . . . . . .. .. 50

Possibility of obtaining near-zero thermally

induced optical distortion « « . « « « . . ¢ . .. ... 51

Clusters of microscopic imperfections . . . . . . .. v o

Single-pulse damage threshold . . ... ... ..... 59

Two-photon absorption. . « « ¢« ¢« ¢ ¢ v ¢ v v ¢ v v 0 o 62
Strength of materials in thin-film form. . .. ... .. 63 v
Experimen_tal val'ues of the expansion coefficients g;
of deposited thin films areneeded . .. ... .... 63 |
Number of layers required . . . . . .. ... .. ... 64 3
Theoretical absorptance of reflectors. . . . « . . ... 67 4}
Obtaining an ultralow-thermal-expansion ;
COUEIER & 67 oo 5. & e ¥ e b R . ‘s 72 i
q




TABLE OF CONTENTS (Cont. )

Section

B Coating failuremodes, . « « « ¢« v o v . . .. e D
Nonlinear effeIB 5 . & W 2ls o 00w e e o 4o s w o

Material properties JF i s e o e e e e
IV. Thermally Thick Dielectric Reflectors . . . . . .. .. .

‘Temperature distribtion. « « s « » o s « s « 5 s « » .

Thermally induced optical-distortion calculation . . .

Coating stresses and strength . . . . .. .. .. ...

; | Thermally induced SITe88€8 . « « « o = » s & « & o e

| \ Meltingies o ovor siha o, s e e el s atie e
4

| V. Thermally Thin Dielectric Reflectors « . « « o o o + .

Temperature distribution in a thermally thin coating .
Thermally induced optical distortion. . . . . . . . ..

Coating stress and fracture analysis. . . . . . S
VL Adaptive Optics and Substrate Materials and Cooling. . .

Typical values of heat-transfer coefficients h. . . . .

Cobalt-iron-chromium negative-expansion
é SUDBLEEE + « v v s e v s o s s s s e e s u

Heat=pipe MILEOES! 5 « v oo s o o = R R
Adaptiveopticsforlower h . . . . . ¢ ¢ ¢ v v ¢ o o
Rapid interpulsecooling . . « « ¢« « « « ¢ « .

Time constant for cooling. « « « « « ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o« »

Uncooled substrate with adaptive optics . . . . . s v e
VII. Continuous-Operation Reflectors .« « v v v v v v v v o o &

VIII. Thermally Induced Chages in the Reflection
Coefficient . . ... SR R R .

vi

Page
76

76
77

78

78
79
82
83
87

89

&9
92
95

97

98
99
99

102
102
103

108

111




TABLE OF CONTENTS (Cont. )

Section Page
B EX. Applications. . « ¢ « ¢ « o s« o s s 2 s 50555545 s 124
f. MgO/MgF2:Mo . . . .o o0 v ot e TN 125
i MgO/MER L Gl o & oaovvoson v s o ss o . 127
21-layer HfOp/SiOp . . . . . . et ey e e e B 127
I{foz/sioz:Mo.----ao-.no.uo -------- 128
H X. Tabulation of Derived Results . . . . v . . . . . . : 132
X1 AcknowledgMenta, & oy o 5 te i e o se el eel e e e 144
: '\ Appendix. Heat Flow in Many-Layered Structures . ... .. 145
i
Cc THERMAL STRESSES AND EXPANSION IN MULTILAYER
DIBLECTRIC REFLECTORS, o « o o v« v ¢ 6 65560 »» 154
3 I. Introduction and Summary . . ... .. .. . . 155
4 Sammary of Yesults . . . ¢ « v v o . o6 s . v 157
II. Temperature Distribution . . . « ¢« ¢« ¢ v v v v v v v o v 159
} IIl. Simple Cases of Thermal Stresses. . . . . . . atan o e 163
é IV. General Caseof Stresses. . « « v v v ¢ v v v o v v 0 o & « 171
V. Thermal Expansion. . . . . AR B e e, . . 180
| VI. Acknowledgments. . . . . . ¢ ¢ e v o v oo . .. . 184
Appendix. Useful Thermal-Stress Results « « « ¢« ¢ ¢ ¢ o . 185
{
L - D FAILURE THRESHOLDS OF NEAR-ULTRAVIOLET
TRANSPARENT MATERIALS . . . ¢ v ¢ s ¢ o s e 00 6000
L Introductions: ¢ von v e ¢ v v v o B e e e e s
M, Absorption COeIICIoms. . « + « v ¢ v s ¢ v 5 s 5 2 o
Bxtringic ADSOIPtIOn + « s s s v s v e v v v v w0 0 s
f TWO=Photon ADSOLPLIon « « + v « v v v o 4 6 5 3 4 w &
Three-Photon Absorption . . . . . ... ... ....
N
=
~
EE vii




s

Section

D M.

Iv.

VI
VIIL.
VIIIL.

IX.

TABLE OF CONTENTS (Cont. )

Free Carrier Creation and Recombination. . . . . . . .
Free Carrier Optical Distortion and Absorption . . . .

Free Carrier ADSOFDEIOH . o o ey ol o o o o o

Free Carrier Optical Distortion. . . . . .. ... .
Thermal Distortion and Thermal Fracture .. ... ..
Nonlinear Refractive Index. . ... ... .. G E B
Absorbing ICIUBIONS « ¢ o « « = w v 5 5 5 o6 s a v 0 = »
Summary of Single-Pulse Thresholds . . ... ... ..

Summary of Repeated-Pulse Thresholds. . . ... ...

E LASER-INDUCED ELECTRON AVALANCHES IN
ENGUFATING IS QTN SEet s e s i e il ol e i

L
IL.
IIL.

INEEOAUCEION W o6 3l o oisl et e i sie 6 ©aan e e e
Average Multiplication Rate 8. . . . . . Wi & S e

Electron-Phonon Interaction in Alkali-Halides. . . . . .

Appendix A. Deviation of the Classical Transport

T DT TTE o ol o e OO S R A T

Appendix B. Contribution of Electronically Inelastic

Collisions to the Transport Equation. . . . . . .

F OVERVIEW OF MATERIALS FOR HIGH-POWER
VISIBLE AND ULTRAVIOLET LASERS. . . « ¢« ¢ v v v ¢« «

Metallic FeflectOrBiu v« i v v s v o @ o oo o 0« vis 5 5 %

Multilayer-dielectric reflectors . « . . « . « v « « v v o « .

‘Transparent Materiglsi« o v v 5 s i s v v 5 b w6 v E e e s

Electron-plasma defocusing « « « « « s s ¢ v 5 o v s 5 o &

Microscopic inclusions. . . + . . . « « .. R S

Two-photon abSOIPLION « & ¢ « & « s 6 5 o o o6 o s o ¢ & 5 .

Raman=scattering process ¢ « « s w.o » o ¢ 4 4 & v « 5 s .

Nonlinear-refractive-index mechanism . . . .. . . w

292

301




Section Figure

B 1

LIST OF ILLUSTRATIONS

Title

Thermally distorted mirror showing that the optical
path distortion is equal to twice the physical
distortion.

Values of metallic absorptance plotted from data in
the third edition of the American Institute of Physics
Handbook.

(a) Reflector or interest, and (b) a model reflector
used in calculating the reflection coefficient of the
reflector in (a).

Schematic illustration showing the advance in phase
of the reflected wave resulting from the change in
position of the surface of the coating, and the retar-
dation resulting from the phase ¢,. of the reflector
coefficient r (resulting from deeper penetration into
the thermally expanded coating).

Schematic illustration of the temperature distribution
in a two-layer structure at various times.

Schematic illustration of the temperature distribution
in a many-layered structure.

Typical temperature distribution at the end of a pulse
during repeated-pulse operation.

Two-photon absorption exciting an electron from the
valence band to the conduction band with an upper-
conduction band serving as the intermediate state.

Other intermediate states for two-photon absorption.
Time constant Tp" for impurity depletion as a function

of laser intensity for two impurity-absorption cross
sections.

Free-carrier concentration as a function of time at

five intensities for materials limited by donor-impurity
absorption. N is the concentration of donor impurities,
TR is the intrinsic recombination time, and I is the
characteristic intensity for depletion.

17

38

113

117

147

148

160

203
204

214

216




0 " - iaui ' A= = S ey i e o i vl

LIST OF ILLUSTRATIONS (Cont, )

Section Figure Title Page i
D S Electron-hole pair concentration as a function of time

: at five laser intensities for materials limited by |
E- | intrinsic two-photon absorption. I is the character- ’
istic intensity where the two-photon absorption
coefficient equals 1cm~1, 221

6 Electron-hole pair concentration as a function of time
at four laser intensities for materials limited by
.‘ intrinsic three-photon absorption. I3 is the character-
g istic intensity where the three-photon absorption
1 coefficient equals 1cm~1, 223

7 Overall absorption coefficient as a function of time for
,\ ' materials containing donor impurities of various absorp-
tion cross sections, all having an initial absorption
] coefficient of 10"4cm™1, 229

8 Overall absorption coefficient, including free-carrier
' absorption, as a function of tim2> at five intensities for
material limited by intrinsic two-photon absorption. 232

9 Overall absorption coefficient, including free-carrier
absorption, as a function of time at four intensities for
a material limited by intrinsic three-photon absorption. 234

10 Wavelength dependence of terms in the thermal distortion
expression for CaFy demonstrating a possible cancel-
lation in the visible and near uv spectral regions.
(From Miles, Ref. 14.) 242

1 11 Temperature rise as a function of time in materials

limited by donor-impurity absorption having an initial

absorptioa coefficient of 10"4cm~! and various impurity-
absorption cross sections. 244

12 Temperature rise ac a function of time at four laser
intensities in a material limited by intrinsic two-photon
absorption. 246

13 Temperature rise as a function of time at four laser
intensities in a material limited by intrinsic three-
photon absorption. : 248

A

i
;




LIST OF ILLUSTRATIONS (Coat. )

Section Figure Title Page
D 14 Summary of single-pulse thresholds for failure as a
function of the pulse daration. 255

15  Summary of single-pulse thresholds for a 1070 sec
duration pulse. 258

16  Summary of repeated-pulse thresholds for failure as
a function of pulse diration for a system nulsed at 103
Hz for 60 sec. The average intensities for failure are
equal to the pulse intensity multiplied by the product of
the pulse duration and the repetition rate. 261

17 Summary of repeated-pulse thresholds for 1070 scc
duration pulses repeated at 103 Hz for 60 sec. The
average intensities are 1073 times the pulse intensities. 263

F 1 Schematic illustration of metallic absorptance in the free-
electron approximation, showing the useful frequency
range 0< w < w_, and the great intrinsic values of
absorptance on this range. Numbers in parentheses are
for aluminum (neglecting the interband contribution to
the absorptance). 308

2 Schematic illustration of the frequency dependence of the
absorption of a dielectric material, showing the useful
range and the extrinsic absorption on this range. 311

3 Impurity absorption in several alkali halides near the
absorption edge, showing the long extrinsic absorption
"tails" and the sam;lale to sample variation. From
Tomiki and Miyata. 13 313

4 Schematic illustration of the effects of the nonlinear index
of refraction n, (E2) , 315

5 Schematic illustration of thg enhancement in the nonlinear
refractive index 6n = n, CE=N 316

6 Intensities at which transparent materials fail by various
mechanisms for a single 7.2 eV, 10 ns pulse. Changing
the frequency or the pulse duration changes the values of
the intensities and the relative importance of the mech-
anisms, 318

Xi




LIST OF TABLES

Section Table Page
B I Values of coating- and substrate-material parameters,
and values of failure energy densities of uncoated sub-
strates with A = 5x 10-3 formally. 12
II Theoretical results for threshold energy densities,
temperatures, heat-transfer coefficients, lengths,
and times. 13
I Coating materials for possible use at 250 to 350 nm. 26
v Number of coating layers required to give
1 - R=5x10"3 for various coating/substrate
| - combinations. 68
D I Candidate transparent materials for use with a 350 nm
wavelength laser. 199
: II Comparison of experimental and theoretical values of
the characteristic two-photon absorption intensity. 208
11 Comparison of thermal distortion and thermal fracture
parameters for some candidate materials. 241
' F I Lowest measured values of absorptance of silver and
aluminum, showing the great intrinsic values of
& metallic absorptance. 307

b
’
-~




Containing Inclusions
Collection of Experimental Results for B (w) !
References to Previous Multiphonon Calculations

E
?’ )
' CONTENTS OF PRESENT AND PREVIOUS REPORTS
! 1. March 1972 |
, |
: 1. Introduction
y 2. Calculation of Multiphonon Absorption Coefficients
3. Calculation of Extrinsic Absorption Coefficient
4. Effects of Pressure on Operation of Windows 3
e Recommendations for an Experimental Program ‘
E 6. Experimental Data from the Literature ]
E‘ : 7 Nonlinear Processes 3
i App. A. — Elementary Introduction to the Theory of Infrared Absorption Spectra |
f., 2. June 1972
3 1. Introduction ‘ﬂ
; ,\ 2. Calculation of Multiphonon Absorption Coefficient 1
; 3. Green's Function Analysis and Sjolander-Type Approximations
* 4. Rigid-Ion, Next-Near-Neighbor Model for the Scatterng Hamiltonian
5% Pressure-Induced Optical Distortion in Laser Windows
j 6. Plans for Continued Research
E ¢ App. A.— Tabulation of Pressure-Induced Optical-Distortion Results
: App. B.— Eigenvectors for the Rigid-Ion, Next-Near-Neighbor Model
3. December 1972 ?
. Introduction i
. Theory of Multiphonon Infrared Absorption
Theory of Infrared Absorption and Material Failure in Crystals ‘
1

mo o=

4. June 1973

A. Introducticsn

B. Theory of Infrared Absorption and Material Failure in Crystals
Containing Inclusions

C.  Theory of Multiphonon Absorption in Insulating Crystals

D.  Temperature Dependence of Multiphonon Infrared Absorption

E.  Theory of Infrared Absorption by Crystals in the High Frequency Wing of
Their Fundamental Lattice Absorption

F.  Temperaturce Dependence of the Absorption Coefficient of Alkali Halides
in the Multiphonon Regime

G.  Temperature and Frequency Dependence of Infrared Absorption as a
Diagnostic Tool

H.  Short-Pulse Operation of Infrared Windows without Thermal Defocusing

|
{
!

xiii




5. December 1973

Introduction |
Extrinsic Absorption ‘
Extrinsic Absorption in 10.6 um Laser Window Materials Due to
Molecular-Ion Impurities
Very High-Intensity Effects
Explanation of Laser-Damage Cone-Shaped Surface Pits
Nonlinear Infrared Absorption from Parametric Instabilities of Phonons
High-Power 2-6 um Window-Material Figures of Merit with Edge Cooling
and Surface Absorption Included
High-Power 10. 6 um Window-Material Figures of Merit with Edge Cooling
and Surface Absorption Included
e Explicit Exponential Frequency Dependence of Multiphonon Infrared
Absorption
Quasiselection Rule for Infrared Absorption by NaCl-Structure Crystals
The Absorption Coefficient of Alkali Halides in the Multiphonon
Regime: Effects
Vertex Corrections for Multiphonon Absorption
. Negligible Intrinsic-Absorption Processes
Summary of Publications and Results
pp —Simple Pendulum Instability

T ommp owp

St
.

FZEF ¥

6. June 1974

Introduction and Summary

Intensity Limits of High-Intensity Vacuum Ultraviolet Materials

Multiphoton Absorption

Calculated Reflectance of Aluminuim in the Vacuum Ultraviolet

Total-Internal-Reflection Devices

The Scattering and Absorption of Electromagnetic Radiation by a Semi-

Infinite Crystal in the Presence of Surface Roughness

Infrared Absorption by the Higher-Order-Dipole-Moment Mechanism

Stimulated Raman ond Brillouin Scattering: Parametric Instability
Explanation of Anomalies

Extrinsic Absorption in 10.6 ym Laser Window Materials

Erratum, High-Power 2- to 6-um Window-Material Figures of Merit
with Edge Cooling and Surface Absorption Included

List of Recent Publications

IO mEYUowR

S g
. .

S DS RS S

o

7. December 1974

Introduction and Summary
Stimulated Raman Scattering: Enhanced Stokes Gain and Effects of
Anti-Stokes and Parametric Phonon Processes 1
Enhanced Stimulated Raman Scattering and General Three-Boson
Parametric Instabilities
Theory of Laser-Materials Damage by Enhanced Stimulated Raman Scattering
Surface Roughness and the Optical Properties of a Semi-Infinite Material; i
The Effect of a Dielectric Overlayer |
E. App.—Construction of the Green's Functions for the Electromagnetic Wave
Equation

.

MY 0 @

Xiv




. .

~T Qmm U Qwp

S
.

I1.
III.
Iv.

VI
VIL
VIIIL.
IX.

XI.
XII.
XIII.

7. December 1974 (Cont. )

Theory of Laser Heating of Solids: I. Metals

Current Status of High-Intensity Vacuum Ultraviolet Materials
Impurity Absorption in Halide Window Materials

List of Recent Publications

8. June 1975

Introduction and Summary

Current Status of Electron-Avalanche-Breakdown Theory

Preliminary Theory of Electron-Avalanche Breakdown in Dielectric
by Laser and dc Fields

VUV Window Failure by Multiphoton Absorption and Electron Defocusing,
Avalanche, and Absorption

Optical Distortion from the Nonlinear Refractive Index

Studies of Optical Properties of Alkali Halide Crystals

A Possible Mechanism for Extrinsic Absorption in Insulators below the
Fundamental Absorption Edge

Multiphonon Absorption of Alkali Halides and Quasiselection Rules

Enhanced Stimulated Raman Scattering and General Three-Boson
Parametric Instabilities

List of Publications

9. December 1975

Summary of Results

Near-Term Recommendations

Background Information

Possible Sources of Additional Absorption in Coatings
Suggested Measurements

Other Problems

Laser Heating of Coatings

Laser Damage of Coatings

Laser Damage of Detached Coatings

Guidelines for Selecting New Materials

Candidate 10.6 ym Coating Materials

Candidate 2-6 ym Coating Materials

Excerpts and Results from Literature, with Comments

10. June 1976

Introduction and Summary

Polymer Coatings for Protection of Optical Components

Electronic Properties of the LiF Valence Band; Surface States and the
Local Density of States Near the Surface

C. App.—Explicit Form of the Hamiltonian for the N Layer LiF Slab

—emdfioi =



10. June 1976 (Cont. )

Localized Electronic States in Alkali Halides Associated with a

Classical Transport Equation for Electron-Avalanche Breakdown
Evaluation of Two-Center Integrals of Slater Atomic Orbitals
Quasiselection Rules for Multiphonon Absorption in Alkali Halides
Irradiance Limits for Vacuum-Ultraviolet Material Failure

Materials for High-Power Window and Mirror Coatings and Multilayer-

11. December 1976

Optical Distortion and Failure in High-Power Reflectors
B. App.—Heat Flow in Many-Layered Structures
Thermal Stresses and Expansion in Multilayer Dielectric Reflectors

Failure Thresholds of Near-Ultraviolet Transparent Materials
Laser-Induced Electron Avalanches in Insulating Solids

E. App. A—Deviation of the Classical Transport Equation

E. App. B—Contribution of Electronically Inelastic Collisions to the

Overview of Materials for High-Power Visible and Ultraviolet Lasers

xvi

D.

Substitutional Anion Impurity
E.
F.
G.
H.
k.

Dielectric Reflectors
A. Summary and Introduction
B.
C.

C. App.—Useful Thermal-Stress Results
D.
E.
Transport Equation
F‘
e bl




PREFACE

This Eighth Technical Report describes the work performed on Contract
Number DAHC15-73-C-0127 on Theoretical Studies of High-Power Ultraviolet
and Infrared Materials during the period from 1 July 1976 through 31 December,
1976. The work on the current contract is a continuation of that of the previous

Contract Number DAHC15-72-C-0129.
The following investigators contributed to this report:

Dr. C. J. Duthler, principal research scientist 1

Mr. M. R. Flannery, research assistant

Dr. T. D. Holstein, consultant, University of California, Los Angeles

$ ' Dr. M. Sparks, principal investigator. 3

Previously reported resulis are not repeated in the present report, with the

exception of Sec. F, which is a copy of an earlier paper presented at the DARPA
| Conference on Infrared Laser Window Materials, Boulder, Colorado, 12 July 1976.

It is included for completeness; later results are compiled in Sec. D.
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A. SUMMARY AND INTRODUCTION

N

The main thrust of the program in the current report period has been on

.,,.,,._W_.—,m...v
.

analyzing the expected performance of high-power reflectors and windows for
use in the wavelength region from 250 to 350nm, in anticipating potential
problems for these reflectors and windows, and in seeking solutions. Several
exciting new results were obtained. The abstracts and summaries in the
Introduction and Summary subsections of the individual sections provide an out-
line of the central results. The following list is intended to provide an overview

and a very brief summary of the results obtained to date.

(1) Theoretical results for the failure modes of reflectors and windows are L5
derived and apphed to a model system with waveleng:chs A 250 to 350 nm, pulse

.‘ 'dgrgtéon tp =1 us ) repetltlon rate 100 Hz (to LGB Hz), rgficift,or absorptance
X 10 12 extrinsic window material absorptance 10'4 -(ab;orptlon coefficient
g "Bl= 10-4cm-1 for a one-centimeter-thick window), and A /40 allowed optical
E ' phase distortion, lan

L, A

P Reflectors *

(2) A reflector design using a low thermal-expansion intermediate layer

i

% ' such as a ThF 4 (negative-expansion)/metallic stack between the optical coating
and the substrate to obtain near-zero single-pulse contribution to the optical
distortion should attain substrate-limited optical-distortion thresholds of ;
20 J/cmz/pulse for Mo or 93 J/cmz/pulse for invar, such high values appearing

unattainable at the beginning of the program.

B Sy b it
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Sec. A

(3) Possibilities of increasing the overall system performance now exist
since methods of increasing both the damage threshold and the optical-distortion

threshold are suggested.

(4) A proposed damage mechanism of clusters of microscopic imperfections

explains previously anomalous isolated damage sites.

(5) If the proposed damage mechanisms in (4) is correct, it may be possible

to increase the damage threshold by the same ultrapure deposition techniques

suggested previously to decrease the great coating absorptance.

(6) Materials possibly may have greater strength in thin-film form than in
bulk form, which could result in the fracture threshold being relatively

unimportant.

(7) The notion of a penetration depth of the irradiance into the coating is
useful in explaining the coating material absorptance, the substrate absorptance,

the optical distortion from the change in phase of the reflection coefficient, and

the optimum number of layers in the optical coating.

(8) Tetrahedral carbon (so-called diamond), ThF 4° and SiO2 are good

candidate materials for coatings.

(9) For coating materials, a figure of merit SK 4n (nH/nL)/oz (1+v) is less

important than technical considerations in selecting candidate materials.
(10) Two-photon absorption can be tolerated in coatings but not in windows.

(11) Invar and molybdenum are the most promising substrate-material

candidates.
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(12) A good figure of merit for substrate materials is 1/a (1+v) for the
typical case of poor cooling (h<< 3 K¢/ £g)» or K/a(1+v) for good cooling

(h>> 3 KS/ ’QS ).

(13) Measurements of the expansion coefficients of materials in thin-film
form are needed in order to select and evaluate coating materials and to estab-

lish the viability of the proposed intermediate-thermal-layer design of (2).

(14) Possible solutions to the model reflector problem, in addition to that
in (2), include: lowering the absorptance, and possibly the damage threshold
(see (5)), by considerably improving ultrapure deposition techniques; using an
invar substrate; depositing an ultralow expansion coating; and such engineering
solutions as adaptive optics (possibly with an uncooled invar substrate) and

heat-pipe mirrors (possibly with adaptive optics).

(15) Cooling the substrate, which is not effective for single pulses, is a

major factor limiting the performance of repeated-pulse and cw reflectors.

(16) The state of the art for high-power (water cooled) mirrors is a heat-

transfer coefficient h = 10 W/cm2 K and a face-plate thickness £, = 0.5 mm.

S
These values were assumed in (2) above.

(17) The generally difficult problems of calculating the temperature
distribution and stress components in layered structures with both radial and
axial variation of the temperature were solved in closed form with sufficient
accuracy to be compatible with the assumptions and accuracy with which the
parameters are known by considering the stress as the sum of two terms, a
detachment stress which is that of a reflector divided into many thin layers,
and an attachment stress which is the stress required to bring the layers back

to their actual positions.
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Windows

(18) If an adaptive optical system (with a reasonable time constant of 10-3 s)

can be developed, the value of (Itp) for a window will be increased to the great
o

single-pulse value of 3.3 J/cm"/pulse, as set by thermal optical distortion from

extrinsic absorption (with B8 = 10-4cm-1), or possibly slightly lower from inclu-

sions of clusters. {

(19) Without adaptive optics, the threshold is much lower: (It ) =3.3 xlO
J /cm /pulse, as set by extrinsic absorption (even assuming that 8 can be reduced

to 10° cm = » which may not be easy).

(20) Technical considerations, including the positions of the F bands and
other imperfection absorption bands as discussed by P. Klein, are more impor-
tant than the figures of merit in choosing candidate window materials, as well

as coating materials.

(21) The major difference between the two wavelength regions 250nm and

350nm is that two-photon absorption precludes the use at 250 nm of many mate-

rials that are useful at 350 nm (where they are limited by three-photon absorption). 1

(22) In a comparison of previous theoretical estimates of the two-photon
absorption coefficient with eight experimental values, the absorption coefficient
in alkali iodides and alkali bromides is typically underestimated by a factor of

two, which is better agreement than previously predicted for the rough estimate.

(23) Reasonable materials that do not suffer two-photon absorption at 350 nm

are LiF, MgF2 ’ CaF2 , BeO, NaF, SrF2 " A1203, SiO2 (fused and crys-

talline), MgO, and possibly Ber . Of these materials, LiF, Mng ' Ber %

BT I
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and perhaps CaF, and BeQ, do not suffer two-photon absorption at 250 nm.

2
Sapphire has an estimated fracture temperature that is a factor of 10 greater
than that of other materials. Alkaline-earth fluorides tend to be less susceptable

to thermal dostortion than other materials.

(24) Values of the failure thresholds, in ]/cmz/pulsc (or MW/cm2 during
the pulse), calculated for the important known window-failure mechanisms for
the model system in (1) above are as follows. (Values in parentheses are for

single-pulse operation. ):

2

k Thermal optical distortion, two photon y 2.4x10°° (2.9)
) Thermial opeical distorsion, exteinsic 2210 em? | 3.3xi02 @205
Fracture, two-photon 0.22 (14) :
¥ Fracture, inclusion or clusters ~2 to ~500 (same)
‘ Free-carrier optical distortion, two-photon 257 (saine) E
Fracture, extrinsic B = 10-4 cm“1 3.3 (2% 105) :
’ Thermal optical distortion, three-photon 28 (440)
s Fracture, three-photon 89 (1.4 x 103)
Free-carrier optical distortion, extrinsic B = 10-4cm“1 140 (same)
' Free-carrier optical distortion, three-photon 1.8 x 103 (same)
Nonlinear refractive index optical distortion 3.1x 103 (same)

Electron-Avalanche Breakdown

(25) In the first phase of the re-investigation of electron-avalanche break-
down, a classical transport equation is derived from the Boltzmann equation and

used to derive an expression for the electron-avalanche multiplication rate T,

\

and the electron-phonon-interaction parameters appearing in I' are evaluated.
L

n
/
~ ’
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B. OPTICAL DISTORTION AND FAILURE IN HIGH-POWER REFLECTORS
M. Sparks

Xonics, Incorporated, Santa Monica, California 90401

(1) Theoretical results for the melting, fracture, and optical distortion of

dielectric reflectors deposited on metallic substrates, under single-pulse, repeated-

pulse, and cw operation are derived and applied to high-power reflectors with
absorptance A =5 X 1073 (absorption coefficient 8 = 200 ot , typically), pulse
duration tp =1 s, repetition rate = 100 Hz, and wavelength A = 250 to 354 nm.
(2) Several possible solutions to this reflector problem are suggested, including
an intermediate ThF 4 (negative expansion)/metal stack between the optical coating
and the substrate to obtain a near-zero single-pulse contribution to the optical

distortion. The remaining substrate-limited, repeated-puise optical distortion

thresholds (Itp) are 20 ]/cmz/pulse for Mo and 93 J/cmz/pulse for invar.
' or

Such high values seemed quite impractical at the beginning of the program.

(3) Other solutions include: lowering the absorptance, and possibly the damage
threshold as discussed below, by considerably improving ultra-clean deposition
techniques; using an invar face plate; depositing an ultralow expansion coating ;
and such engineering solutions as adaptive optics (possibly with an uncooled invar
substrate) and heat-pipe mirrors (possibly with adaptive optics). Implementing
one of these solutions possibly could increase (ltp)Or to a value above the damage
threshold, which is expected to range from 10 to possibly several hundred ]/c1112.
(4) A proposed damage mechanism involving clusters of microscopic imperfec-

tions appears to explain experimental damage results, including localized
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damage sites that occur even in the absence of observable macroscopic inclusions,
and indicates that the super-clean deposition techniques suggested previously to
decrease the absorptance possibly may increase the damage threshold, thereby
increasing the system performance if the optical threshold is increased as in (2)
and (3). (5) Tetrahedral carbon (so-called diamond), recently deposited at the
Aerospace Corporation, should be a superior coating material, other good candi-
dates being ThF4 . SiO2 , and possibly HfO2 . (6) The notion of a penetration
depth of the irradiance into the coating is useful in explaining the coating-material
absorptance, the substrate absorptance, and the optical distortion from the change
in phase of the reflection coefficient. (7) Greater strength of materials in thin-
film form possibly could make fracture a relatively unimportant failure mechanism.
(8) Invar and molybdenum are the two leading substrate candidates, with Cu, Al,
Ag, and Au having both substrate-limited repeated-pulse thresholds and single-
pulse thresholds below 10 ]/cm2 , and SiC having potential reflector-fabrication
problems. (9) i\/leasurements of the expansion coefficients of coating materials,
particularly ThF4 3 SiO2 , and HfO2 » in thin-film form are needed. (10) A figure
of merit BK 4n (nH/nL)/a (1+v) is less important than technical factors in choos-
ing candidate coating materials, the optical-coating-material requirements being
substantially reduced by the use of the intermediate-thermal-layer design since
the optical distortion is limited by the substrate. (11) Two-photon absorption
can be tolerated in coatings (but not in windows). (12) Cooling the substrate,
which is not effective for single pulses, is a major factor limiting the performence
of repeated-pulse and cw reflectors. State-of-the-art water-cooled reflectors
have heat-transfer coefficient h = 10 W/cm2 K and face-plate thickness 0.5 mm,

(13) The generally difficult problems of calculating the temperature distribution
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and stresses in layered structures with both radial and axial variation of

temperature were solved with sufficient accuracy to be comparable with the

assumptions, the accuracy with which the parameters are known, etc.
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I. INTRODUCTION AND SUMMARY

The availability of high-power lasers has generated interest in new classes
of materials problems. Numerous publications such as those in the Proceedings
of the Annual Conferences on Infrared Materials, recent Boulder conferences on
Laser Induced Damage in Optical Materials, and various journals afford many
examples of these new problems and attest to the continued growing importance
of high-power optical systems.l’2 Much of the recent work has been in the ;
infrared region, but interest has been shifting to the ultraviolet and visible

\ regions.

Theoretical analyses of optical distortion and fracture of windows for
high-power systems were carried out early in the high-power infrared laser
program?’ b Bennett has analyzed the single-pulse optical distortion of uncoated
metallic mirrors.1 In the present paper, optical distortion, melting, and frac- ;
ture of multilayer-dielectric reflectors and uncoated metallic reflectors used
in single-pulse, repeated-pulse, and cw operation are analyzed. The general
purposc of the investigation is to provide the theoretical study nceded in antici-
pated programs to develop high-power reflectors. Guidelines for selecting the
best candidate materials for coatings and substrates arc given, and experiments
needed to assist in the selection are identified. Intrinsic and extrinsic limita-
tions of reflector performance are considered, and possible solutions to the

reflector problems are suggested.

per=s

Reflectors can fail catastrophically, by melting or fracture of the coating,
for example, or fail to meet their required specifications, by excessive optical

distortion, for example. A general treatment of the theory of the energy density

L o
5

-
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I tp or the irradiance [ at which this failure occurs in such optical components
as reflectors and windows would be extremely useful, but is quite impractical to
develop. Not only do the required specifications differ drastically from system
to system, but the theoretical values of I or Itp for failure involve so many
parameters — such as wavelength, temperature, pulse duration, pulse repetition
rate, maximum irradiance, dimensions of the optics and the optical beams,
pressure, and mode of operation such as single-pulse, repeated-pulse, contin-
uous operation, or operation for a given time — that a treatment of all possible
combinations of parameters is not feasible. Thus, we are forced to consider
particular systems as interest arises or to make incomplete, broad analyses of
general types of systems. The present study will emphasize a particular model
system, but the treatment is kept as general as practical, consistent with a

reasonable length and with practical usefulness, in order to be of wide interest.

The properties of the model system are as follows:

wavelength: A = 354nm (3.50eV); alternate: 250nm (4,96¢eV)

e laser pulse duration: tp = 1lus

e repetition rate: 100 Hz (100 pps), with possible increase to 103 pps
e total operating time: 60s

e energy density: Itp = 10 J/cmz/pulse

e irradiance (during the pulse): I = 107 W/cm2

e irradiance (averaged over the 60 seconds): Iav = 103 W/cm2

e optical tolerance: X/40 of the operating wavelength per element for

thermally induced wave-front error

® pressure: two atmospheres nominal; four atmospheres during the pulse
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e pulse shape: rectangular with no spikes

e laser material: not yet selected. Xenon fluoride, at 354nm, is a prime
contender. Krypton fluoride, at 250 nm, is a test system.

e environment: The optical components will be protected from the corrosives
and from direct exposure to clectrons and X-rays. Thus, resistance to these
environmental factors is not essential, but would be desirable.

e visible transmission: sufficient for alignment.

Values of parameters. In addition to these general system parameters, the

following values will be used throughout the paper in order to afford numerical

cxamples:

e substrate thickness, zs =0.1cm

e absorptance, A =5X 10“3

® heat capacity of substrate, Cg = [2.61 ]/cm3K]

e thermal conductivity of substrate, KS = [1.4 W/cmK]

e linear thermal expansion coefficient of substrate, ag = [5x 10-6 K-l ]
e cffective heat capacity of coating, CF =[3.14 J/cm3K |

e cffective thermal conductivity of coating, KF = [0.285 W/cmK |

6 -~1

e cffective value of a(1+v) of coating, aF(l+ uF) =[15.6%10 "K

1.

The numerical values in brackets above and throughout the paper are for an
MgO/ MgF2 coating on a molybdenum substrate operating at 250 nm, unless
specified otherwise. The effective values of C, K, and a(l+v) for the coating
are derived in Appendix A. Values of C, K, and o for other materials are
listed in Table I, and results for other coatings and substrates are given in

Table II below. It is emphasized that the value of absorptance A =5 X l()-3

11

bt




‘ww ¢°0 =7 pue ) N:.u\\s 0T = Y4 10j paie[nd[ed a1e sanjea ayl (p)
.ANO.*: JO W0y Wylj-utyl 10J) san[ea pawnssy (9) t
: “(zLel) g1 ° 9z Buiraaurdug s[eriaeiN (q)
. ‘uorgedIUNWWOD ajearxd ‘ayAoyd ‘[ ‘M ‘1 (e)
|
4 - R oV
| Auv:c 0 AUVN | 01S/" 44l
880 ¥10°0 v | Yos/fom
| 9°e s82°0 | v1'e | TaSw/oB
14900 O wa/m) | OF wa/h) Sy
Haspdo | .*x in Buneo)
i o o " i , | S ez ] €0 e 1°0 ¥
A S B e | (o ©) A © ©)* o
, o | [wupce 2o i . , . 5 : : i j
== — | 7182 01 ¥1°Z (992701 * (210 (570 (aF10°0 (5471 “OH
| pee oF¢ o121 o1~ Tw_w_w.mﬁiw = | 901 | L1°0 g0 | #1100 i | Co15
, LL ,
| wu | | | |
W oozz | o089 | a9z | oz | :mmN: = 16 | eez’0|  s°Or 9°0 £1°¢ o8I o
86t | 0ST1 a2 U [/ [wuosz] | — N 44 V (E0 | LET | £°0-1°0 (A8 248 g
# 7 i a0 G| 1 | :
1-d , @EQ\_i ()] | (1sd c01) 41 wo/f or)| (sd o1) | (1 (, M, 01 | Olwd/p) | (O wd/) ! (el
[ . u € < 9 =9 £ Swieo)
o/*H n 1L 9 (a+1)®/D q |0 0 X o)
,_ = s[iey sfeme 0cy | €9°S [ e 0°99 £€9°r | 88470 (@2 01-01 k £€°0 ZEL 8€°C £V°T v
= siiey sfeme $S°S €9°9 | 8I°S | et 6£°S | 87670 @ | 8E0 | z76l 81°¥ 9°Z 3y 4
[ 45 spiey shempe * Se°8 8°0T | L0°9 | 6Pl €€°9 18°1 (@41 F9€°0 | 891 0% S o
1°92 70z = oren | e 0202 1 Nt sz | 80 "% @9 | (@fLe0 | oS W b1 19°2 ol
{ |
0°%z (Al | zez | voe A, L'ET 43 i R T (@89ET | (9)€70 £°F @17 0¥z 018
8°'1¢ sz°T | 8+ | ze | oz | 091 €77 €6¥ 1z 0620 S0 zeo 81°€ Teau]
| , | | ] | |
wd wo [ (pwa/) | | I T
Orwa/m) W.:om\hw | hmomu\wm ,Emomm w | (Gu/D (quo/h | (qwa/D | (qua/f on) | (1sd jo1) ® | (g 0D Clwa/m) | (Ngwd/D | [errazeny
o , d | wgs g SV,d oSy | (a _ BASAnED
4 for=""hn sogu| "o | P @ O (@) O g D | (141D & giotir ol 8 X :
T
/M *AT[ewIo] ¢-0T X G = V UIIM S3Ie1ISqNS PIIBOOUN JO SANISUIP A3x5us
.
9 a2an[rej Jo san[eA pue ‘siajoweied [elI2)BW-dJBIISANS pUB -3UIJBOD JO SaN[EA °] S[qeL 1
; 195}




Sec. B-1

S T

”

‘uonjerado asind-pajeadas 10§ $95S913s padnpal

*Al-g "9 Ul passnIsIp se ‘aleanddeur A[ydiy aq Aew SPIOYSIIy) ANIDEIJ PAIEWNISD AY

sajouap [ NEU\H o1 = .cAauc 105 y] pue 3y jo anjea aaneday "

L6768 LTo1-| L 1L08- L9LZ°0 L00 %= 659 L 'y (0z°s) | X wa/m , 01 3y
L°L9 0°6¥% Al 44 I2e 6°9¢ 1°61 gl Wt (L17¢) X W/ M %y
peLt (@9 X w=yp®dyL
§29°0 6L1°0 81°1 T°bS €790 6L1°0 81°1 I°$¢ (€°0) bt ik *
06 9°91 ¢p1 £ 1% 811 0°0T 9°L1 0°0¥ (8°¢) 3 dsd
d.
pze bze bze pae ATk & vl e ] (99 N b Mdﬁ
e £€e 1§23 8€E 19¢ 6°8¢ (AA 4 8 ¥ 1°L9 (z°¢) bt e
1°%¢ I°%¢ I°be 1°%€ 20°6 20°6 20°6 20°6 (1°9) S g.01 iy
SL*L Le's sL'9 o1 016 61°9 £6°L ¥9°1 (L°9) wrl vy
18°1 18°1 18°T 18°1 709 209 70°9 20°9 (z°%) wrl dd,
6¢°¢ 90°1 90T 90°1 90°T 18°1 18°T 18°1 18°1 1+ wr oy
PLY0 *0- §z10°0- | ,S010°0- 0T%¥9°¢ 0L£0°0- [ST60°0 | 6760°0 | 8¥E°0 (1z°9) X, Wo/m or="%%1) 205
* * * | & * Fe
£€°9 9°Ly 8L°8 T0°L 988 °0 spiey sAem[E | 1°8¢ '8t 20’y (91°¢) A wa/M or="%%yp 105 y
L=1 I°¥6 0°26 L°26 8°¢8 8°02 (AA ¢ 1°81 i | (81°9) NEu\_, ..&AB:
9°9g 8°6S 9°¥s 8¢ 0°st 09¢ Sog cie Lzt (sz°%) o/ 1=up’ (%
8°LS L'98 LSS 8¢ [ So¥ 8€¢ 6¥¢ el ((2487) 7/ w=y @ME?:
6°LS §°9¢ Frsg 6788 p'zs 1y 68€ L8¢ 862 Ca) 2/ )
k) 167 °0 1¢°T pL°T 6°0T | sneysfempe | ¢0°1 61°1 96°¢ (s1°9) /1 1=y %%y
181 8¢ 0°11 16t 0°6z | suessdemie | ge09 | oL o1t | (s179) /[ or=un" (%
S sf [°61 8 'S¢ |G'A 4 9°¢ce 088 L%t LA 6°T1 (c1°¢9) mEo: ==Y ;“o,a:v
it . (e)

Sh1 6°67 S*LL 6°6L 9F¢ ¢ I A 4 20e 0%z | (g1°9) 2/ ()

O Uuo ny uo O\ Uo OIS uo IeAUT UO no uo O}y U0 IS uo | aeaup uo

. : & e Jaquuny
. va @ Ew_nﬂuc:cw ) a210weaed
Tors/ TauL wu pgg 18 Z01S/TOM 17 wu 0§z € TAZN/OBIN of
*sawi1] pue ‘syI8ud] ‘SIUDIDIIIJO0O IJJSUBII-IEdY
‘soanjexadwa) ‘saryisuop A3Iouo proysolyl 10j SINSII [EO1IDI0d], °II 2Iqe.L
- —— i s .. A ey — - - a- — e e e ARG ¥ 5 R i )‘l\

13




" — e =

Sec. B-I

listed above surely is much greater than the intrinsic limit and that solving the
anticipated technical problems of obtaining lower values of absorptance would
increase the values of the tolerable energy densities It:p and decrease the required

cooling (value of the heat-transfer coefficient h) obtained below.

Approximations and Assumptions

e The laser pulses are approximated by square waves in time, the pulse
duration being tp :

e The irradiance has the value I at the spatial position of maximum intensity,
which is at the center of the beam.

e Radial (in the plane of the substrate) heat diffusion is neglected.

e The temperature dependence of the material parameters is neglected. In
accurate analyses of some particular systems, the accuracies of the calculation,
the model, and the values of parameters may warrant an investigation of the effect
of the temperature dependence of the parameters.

e The back side of the substrate is cooled and supported with a system that
gives a heat-transfer coefficient h(W/cm2 K) and holds the rear surface, at
z=4pt Lg» of the substrate in a plane (no bowing). Here EF is the coating

thickness.

e The optical-distortion failure criterion is taken simply as

'eopd = AR (1.1)

where Eopd =2A4 is the optical-path difference between rays at the center and
at the edge of the reflector resulting from the laser heating, Af is the
corresponding surface distortion, and g is constant.

e The thermally induced phase change ¢ of the reflection coefficient is

neglected in the values listed in Table I, See Sec. VIIL
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In order to obtain numerical values of optical-failure thresholds, the value
of g =40 ()\/80 surface distortion) will be used for the thermally induced optical
distortion. For any particular criterion of failure, the corresponding value of g
can be calculated and used to easily scale the results given for g =40 to those
of the particular criterion. As an example, g =8 corresponds to halving the
intensity in the focal plane for a single optical element under a simple set of
conditions that includes a parabolic temperature distribution truncated at
1/3. a5 As another example, Winsor5 has considered the optical-tolerance
requirements of systems containing a number of reflectors and windows, and
Bennett and co-workers6 have derived the failure thresholds for a system con-
taining N reflectors having physical displacement of the surface T £ caused by
initial (no heating) figuring error. Using the Maréchal criterion for allowable

optical distortion, these investigatorss’6 derived the failure criterion

(N'rf2+ N g2

1/1. = 0.8 = 1- (27 /) ) -

.
0 2

Setting lopd = \/g, defining = )\/gf, and solving for g gives
1/2 1 N

N . 1.2
5(2m)2 2gf2 2

1
g =752

For N =3 (3 mirrors) and g =25 (that is, A/25 initial figuring error), (1.2)
gives g =40. Or for N=4 and 8 2 (1.2) gives g =40. Thus, the value

of g =40 is not atypical. In passing, it is mcntioned that in general the ray-

bending angle 6 is given by 6 = -dlopd /dp, where p is the distance from the

optical axis.
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For a Gaussian beam,

1= Ioe

»

the center (p=0) temperature T0 and rim (p=R) temperature differ by

T0 [1-exp(-a R2)] ; thus (see Fig. 1)

R2

topa = 2LAD_o- (A8, _g] = 282012

where Ay = (Az)p =0 is the thermal expansion of the center of the mirror.7

Thus, the criterion (1. 1) becomes

AL =)N/2G (1.3)
where
2
26 = 2g(t-e 2%
=126g¢g for 1/e truncation
=173 g for l/e2 truncation
=2g for 1/¢ truncation .

In the numerical calculations, the l/e2 value with g =40 will be used:

2G =170 . (1.4)

Reflectors considered. Invar, Mo, SiC, Cu, Ag, and Al substrates and a

45-layer MgO/MgF2 coating8 and 21-layer H‘fOz/SiO2 coating9 are included in
this report. These same two coatings are considered with each of the substrates,
with no attempt to maximize the performance for the cases presented in Table IL

In addition, a ThF4/SiO2 coating is considered in order to illustrate the potential

16
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advantages and possible problems of using ThF 4 (with a negative thermal expansion
coefficient at room temperature) in the optical coating (in addition to its use in the
intermediate thermal layer discussed below). Both the HfOz/SiO2 and MgO/MgF2
coatings were deposited on quartz substrates. For the high-power application, a
substrate with a greater value of thermal conductivity will be required. An
eleven-layer MgO/MgF2 coating has been deposited on a molybdenum substrate
that was first coated with a thin layer (~ 100 to 150 nm thick) of aluminum. B

The first layer deposited on the aluminum was MgF2 , with its thickness adjusted
for maximum reflectance, and the last (eleventh) layer of MgF 97 which was half-
wave rather than quarter-wave thick, was added in order that the MgO layer not
be exposed to the atmosphere. In the film-pair notation, such as Hf02/5i02 , the

high-index materijal (HfOZ) was written first.

Summary of results: A thumbnail sketch of the results is given in Sec. A,

and a more complete summary is given here. Theoretical expressions for the
temperature distributions, for the values of the laser energy density Itp at which
excessive optical distortion (A /80 surface distortion) and fracture occur, and for
the required values of heat-transfer coefficients h for high-power reflectors used
in single-pulse and repeated-pulse operation are derived and applied to practical
systems to obtain the following results: The cardinal result is that we found no
fundamental limitation on the operation of a model system with 10]/cm2 /pulse,
100 pulses per second, and A/80 thermally induced surface distortion at XA = 250

to 350 nm, but the technical problems are difficult.

Useful equations derived in this report are collected in Sec. X, and the most

important equations are denoted by underscored equation numbers.

18




Possible solutions. Five possible theoretical solutions to the high-power

reflector problem in the model system are found:

(1) Reduce the absorptance below the value A =5 X 10-3 assumed for the

model system. If, say, A =5 X 1074 could be attained, then the cooling require-
ments would not be so severe and any one of a number of coatings on molybdenum
would have acceptable theoretical performance. A major difficulty is expected

to be the solution of the technical problems of depositing low-absorptance coatings,

as discussed previously.lo’ HE

The expected severity of this problem dictated the
choice of the rather large value of absorptance, A =5X 10'3, which corresponds to
an absorption coefficient BF =200 cm-l , very roughly. The I-[fOz/SiO2 coatingg
has a measured reflectance of R = 99.5; thus the absorptance is at least as low

as 5x 10"3 (depending on scattering contribution to R).

(2) Develop a reflector using an intermediate layer of near-zero net thermal

expansions (Sec. IIl). An example is a molybdenum substrate, followed by an
intermediate layer consisting of ThF 4/ metal pairs, followed by a thin aluminum
layer, and then the optical coating, such as ~ 10 pairs of MgQO/ MgF2 « e
ratio of the physical thickness of the ThF4 layer to that of the metal layer is
amct(1+ vmet)/ | aThF4 [ (1+ vThF4) approximately (with a slight deviation to
offset the small optical distortion of the MgO/MgF2 coating). The intermediate
layer consists of a number of pairs (rather than one pair) in order to maintain
the near-zero single-pulse optical distortion through the pulse duration tp
(rather than at the end of the pulse only). The aluminum layer isolates the inter-

mediate layer optically and reduces the required number (to seven theoretically)

of MgO/Mg;F2 pairs.
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(3) Develop an invar-substrate reflector with values of the heat-transfer

coefficient h and face-plate thickness g approaching the state-of-the-art values
h= 10 W/cm2 K and Lg = 0.5 nm (Sec. II). Such a negative-expansion-coefficient
metal as the cobalt-iron-chromium alloy (Sec. VI) conceivably could be useful,

but more information on such negative and ultralow expansion alloys is needed.
Since invar-substrate reflectors are considerably better theoretically than those
with other substrate materials, and ultralow expansion substrates are not required
with invar, the feasibility of fabricating invar-substrate reflectors with cooling
and initial figure approaching the state of the art should be determined early in any

high-power reflector-development program.

(4) Develop a coating with a net ultralow thermal expansion. Bulk fused
6

silica has an ultralow expansion coefficient a2 0.5 X 10° K-1 , crystalline ThF4

6

has @ = -2.5x 10 K-1 , and it is of great importance to determine if Hf02 >

or indeed other coating materials, have ultralow expansion coefficients in thin-film

form. It is possible that the HfOZ/SiO2 coating of Baumeister and Arnon9 has
an ultralow net expansion. The negative thermal expansion of ThF 4 could be
especially useful if the fracture threshold is not too low, both as a coating

material and as an intermediate layer between the coating and substrate.

it LA P

(5) An engineering solution, such as adaptive optics or a heat-pipe mirror, 4

possibly could solve the model-system problem. Engineering solutions are dis-
cussed below and in Sec. VI. Technical problems, in addition to thosc of imple-

menting one of those solutions, are discussed below.

Possibility of reducing optical distortion to a negligible value. At the

ey

beginning of the investigation it appeared that optical distortion was a much more

severe problem than that of physical damage. There is now the possibility that :
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the optical distortion thresholds can be reduced below the damage thresholds of
reflectors, by one of the methods listed above. In addition to the obvious advantage
of being able to operate at the limit set by damage, the smoke tests, as carefully
controlled damage thresholds are currently called, would become more meaning-
ful since they would correspond to the system threshold. Previously, the smoke
tests were expected to establish a rather poor upper bound to the threshold value

of Itp for a reflector since the values of Itp for optical distortion were believed to
be lower than the values for damage. There have been no measurements of the
damage thresholds for 10-6 s pulses for any ultraviolet wavelength, but it is antici=~
pated that the damage threshold may be on the range of 10 to 100 ]/cm2 » probably

near the lower values, at least for early coatings (Sec. III).

Promising design. The single-pulse contribution to the optical distortion

usually is quite large. By using a tailored-thermal-expansion intermediate layer

of ThF 4/metal pairs mentioned above, this single-pulse contribution can be made
negligible with respect to the contribution from the time-averaged-temperature
rise. The resulting threshold (I tp)ors , which will be called the repeated-pulse
substrate-limited threshold, is (I tp)ors = 19.9 J/cm2 for molybdenum and
(Itp)ors =99.3 J/cm2 for invar, both for h = 10 W/cm2 K, and zs = 0.5 mm.

If the damage thresholds are near 10 ]/cm2 as expected, the overall threshold
will be determined by damage rather than by optical distortion. In this case, the
value of h/JzS could be reduced by a factor of two for molybdenum or by a factor
of 9.3 for invar. The concrete example of a 2 x 7 MgO/Mng: Al: ThF4/Ag: Mo
reflector is considered in Sec. III. It is emphasized that the intermediate-thermal-
layer design cannot compensate for the single-pulse optical distortion for pulse

durations considerably shorter than a microsecond (such as picosecond or
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nanosecond pulses) since the energy absorbed in the optical coatings does not have

time to diffuse into the intermediate thermal layer during the pulse.

Possible explanation of single-pulse damage. There is growing concern that

the macroscopic inclusion explanation of laser damage may be inadequate in many
cases.lz’ 13 It is proposed that clusters of microscopic imperfections could explain
the isolated damage sites that are observed almost universally, even when careful
searches disclose no macroscopic imperfections. A preliminary investigation indi-
cates that the results of the microscopic-cluster model agree well with experimental
observations including the approximate magnitude of the damage energy densities

It:p . An important feature of the explanation is that it now may be possible to

increase the damage threshold by, say, the same ultraclean deposition techniques

that were previously suggestedlo’ L for reducing the absorptance of coatings.

Calculated failure thresholds: For a heat-transfer coefficient less than or

equal to the state-of-the-art value h = 10 W/cm2 K, the coatings considered fail
by optical distortion, rather than by melting or fracture, in repeated-pulse opera- g
tion. A possible exception is that 'I‘hF4 » being in tension for single-pulse heating 5
as a result of its negative expansion coefficient, conceivably could fail by fracture
(Sec. INI). The greatest practical repeated-pulse theoretical failure threshold

calculated is

(Itp) = 93 J/cmz/pulsc, for 2 x7 MgO/MgFZ:AI: ThF4/Mo: invar,
or

and other key values are

(it ) 29.0 ] /em? /pulse, for HfO,/SiO,: invar,
Por v 2

15. 1 j/em? /pulse, for ThF /SiO,: Mo,

I
( tp)or
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and

(I tp) = 6.33 J/cm?‘/pulsc, for MgO/MgFZ: Mo .
or

Figures of merit and material-selection guidelines. There are no general

figures of merit to determine if a substrate material or a coating material will be
acceptable, other than to calculate the thresholds and temperatures as outlined
herein. However, for the specific case of repeated-pulse/substrate-limited distor -

tion attained by using the intermediate-thermal layer, (5.17a) gives (with "a" a

constant of order unity)

1 -1 3. ¥1
It) ~ ——— (K + )
S
p aS(l + vs) afg h

Thus, for poor cooling, that is h << hS = 3 Ks/a ES , a good figure of merit is
l/as(l+ US); while for good cooling, that is h >> h‘ » a good figure of merit is
KS/aS(1+ vs) . The single most important material parameter for substrates in
general is the thermal expansion coefficient, small values of og being desirable.
For a well designed high-power coating, the heat capacity of the substrate will not
be very important (in currently envisioned reflector designs) since the single-pulse
temperature rise will occur in the intermediate layer or the optical coating. Thus
Bennctt'sl figure of merit, CS/aS , which was derived for single-pulse optical
distortion of an uncoated substrate, is no longer appropriate. The value of the
single-pulse optical distortion threshold (It )Op for the uncoated metal need not
be greater than the required value of (Itp)op (10 J/em™ in the examples) since the
threshold for the coated reflector can be greater than for the uncoated one. An
example is HfOz/SiO2 on molybdenum, for which (I tp)op = 29.2 ]/cm2 for un-
coated molybdenum and (Itp)Op = e J/cmz for H.fOZ/SiOZ: Mo. Since the great

intrinsic absorptance of metals dictates the use of dielectric coatings and a thin
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intermediate layer of aluminum can often be used to reduce the required number
of layers in the optical coating, the absorptance of the substrate materials is

relatively less important than o and K.

For coating materials, one of the most important parameters is the absorption
coefficient B. Unfortunately, values of B are not available, and reliable estimates
cannot be made at present. Thus, the value of 8 cannot be used in selecting mate-
rials for laboratory tests. Any new developments that suggest that a pair of
materials could form a low-absorptance coating would make this pair a prime
candidate. For coatings to be used with the thermal compensation intermediate
layer, the choice of the coating materials can be made from the technical consider-
ations of the particular application since the thresholds are repeated-pulse,
substrate-limited (independent of the coating, except for 8). Nevertheless, the
following figure of merit can be used in the absence of deciding technical factors.

In order to ensure that the coating contribution to the optical distortion is small,
the most important properties of the coatings are low values of 8, high values of
thermal conductivity, low thermal expansion, low values of heat capacity, and

great values of the difference in the indices of refraction of the coating materials

(great nH/nL). An appropriate figure of merit is then

B K zn(nH/nL)
a(l+v)

The importance of an ultralow expansion coating, possibly using SiO2 (= 0.5x 10'6

for fused silica) and/or ThF4 (= -1,4x 10-6 K-1 average for 25 to 300K) is dis-

cussed above and in Sec. IIl. The absorption edge of a coating material need not be
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sufficiently great to prevent two-photon absorption (for tp = l()-6 s), in contrast

to window materials, for which two-photon absorption must be avoided.

Candidate substrate materials. Invar and molybdenum are the two leading

substrate-material candidates. The use of a very thin aluminum layer between
the substraie and the cooling is discussed below. Copper, silver, gold, and
aluminum substrates, with any of the three coatings, have optical-distortion
thresholds that are too low for the model system considered. Theoretically,
invar is considerably better than molybdenum, and silicon carbide is slightly
better than molybdenum. The anticipated difficulties fabricating a silicon-carbide
face plate and support/cooling structure render silicon carbide a poorer candidate
than invar. Furthermore, a successful invar-substrate reflector would solve the
reflector problem for the model system, while a successful silicon-carbide-

substrate reflector alone would not.

Candidate coating materials, including tetrahedral carbon, Si()2 , and Th F4 .
The most promising current design found for high-power ref'ectors is the inter-
mediate-thermal-layer design. The parameters of optical coating used with this
design are not critical, and the choice of the coating materials may well be dictated
by technical considerations in the particular application, as discussed above. Thus,
it is difficult to suggest the best candidate coating materials for laboratory study.
The desirable properties of coating materials are listed above in the paragraph on
figures of merit. There are a number of revicws14 that list coating materials,

and several coating materials for 250 and 350 nm use are listed in Table III.

One exciting new development is the growth of tetrahedral carbon films (the
so-called diamond films) with thicknesses up to several microns.15 If these films

could be successfully deposited as one component of a multilayer coating stack,
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it is likely that the coating would be superior to presently known coatings.
Tetrahedral carbon/SiO2 and tetrahedral carbon/ThF 4 are examples. The expansion
coefficient may be quite low, and the band gap may be similar to that of diamond,

Eg = 6 eV. The index of refraction is]‘5 2.0, and the hardness should far exceed

that of other coating materials.

Thorium tetrafluoride, with its negative expansion coefficient, and silicon
dioxide, with its ultralow expansion coefficient, should be included in the candidate
materials. Most of the high index materials are oxides, with the exception of
tetrahedral carbon and such heavy fluorides as PbF2 5 LaF3 , and CeF3 . Mag-
nesium oxide and magnesium fluoride should be considered since successful coat-
ings have been used at 250 nm. Another possible combination is ThOz/ThF4 -

Measurements of the expansion coefficient of materials in thin-film form

are needed in order to make the best choice of candidate coating materials. These
measurements will be especially important if the intermediate-thermal-layer
design is not successful and for picosecond and nanosecond pulse durations (for

which the design is not effective).

Ultralow and negative thermal expansion coatings. Crystalline thorium

tetrafluoride has a small, negative expansion coefficient a for 20C to ~ 300 C
and a small positive « for ~300 to 600C, the value at room temperature being

9 K-I » and the net expansion from 25C to 600 C being zero. The neg-

-2.5 x 107
ative expansion coefficient from 20 to 300C affords the possibility of constructing
a reflector with nearly zero optical distortion. The superiority of the ThE 4/SiO2

coating mentioned above is a result of the small negative value of o for ThF
6

4

k™! for sio. .

aud the ultralow (positive) value of & = 0.5 x 10~ )
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The negative thermal expansion coefficient of ThF4 , and possibly of a
metallic alloy, afford the possibility of using intermediate layers between the

coating and the substrate to give a very small net thermal expansion in some

cases, as mentioned above.

Thin intermediate layers have three possible uses.

Adding a very thin
(~10 nm) layer of aluminum between the substrate and coating should be useful

in reducing the number of coating layers in some cases. Using an intermediate
layer containing ’I'hF4 to partially compensate for the optical distortion of the other
positive-expansion materials is a promising approach, as discussed above.
Finally, adding a thin (~ micrometer thick) molybdenum or silicon-carbide layer
between an invar substrate and the coating results in poorer repeated-pulse per-
formance of the reflector, even though the single-pulse surface temperature is

reduced slightly as a result of the greater thermal conductivity because the energy

density is limited by optical distortion rather than by fracture.

Greater strength of films. The estimated fracture thresholds listed in Table II

probably are lower bounds, since it appears that the strengths of materials in the

form of deposited thin films may be greater than in crystalline bulk form (Sec. III)16’17

(However, the estimates conceivably could be too low, as a result of such effects as
weak bonding between layers.) Furthermore, the accuracies of the estimated values
are necessarily low as a result of the lack of reliable values of and understanding of
the residual stresses and the difference between the thin-film and bulk values of
other material parameters. The best current estimate is that the failure thresholds
are likely to be determined by optical distortion and that the damage thresholds are
likely to be determined by melting, with the possible exception of 'l"hF4 , which
could fracture before melting. The greater strength will be more important to

'I'hl’4 coatings, since these possibly could fail by fracture otherwise.
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Measurements of & are neceded. Measurements of the thermal expansion

coefficients a of coating materials in deposited thin-film form are needed early

in any developmental program; otherwise, the selection of the best candidate
coatings to study experimentally will have to be made without having access to
one of the most important parameters that affects the selection. The values of
o, which are much more important in high-power applications than in the pre-
viously considered (low-power) applications, may be considerably different for
some materials in deposited-film form than in bulk form. It is especially impor-
tant to verify the negative value of a for deposited fiims of ThF 4 to0 determine
if deposited films of HfO2 have ultralow expansion, and to determine which

deposited-film materials have the lowest values of «.

Coating and reflector absorptance. In comparing coating, it is necessarily

assumed that all coatings have the same absorptance since experimental values of
absorptance are not available and surzly will be determined by extrinsic processes.
The resulting selection of candidate coatings for experimental programs is quite
reasonable (Sec. III). Nevertheless, the absorptance probably is the single most
important parameter of a coating, and it is possible that a given type of coating
could perform either better or worse than predicted as a result of low or high

absorptance, which cannot be predicted at present.

Three contributions to the absorptance of a reflector are absorption in the
in the coating, absorption in the substrate, and subsequent absorption of scat-
tered light (possibly enhanced by entrapmentm). The Kopplemann rcsult19 for

the absorptance in a thick coating
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is explained physically in terms of an effective penetration of the irradiance to a
depth of A/2 (nH2 - nL2) , which corresponds roughly to a reduction in irradiance
by a factor of (nL/nH)2 for each pair of layers. This penetration depth is quite

similar to that used below to explain the phase change on reflectance.

The theoretical expression for the coating absorptance suggests that the

extinction coefficient (absorption coefficient 8 plus scattering coefficient) of the

HfOZ/SiO2 coating is 340 cm-l , which is a reasonable value. A value of A = 10

could be attained for HfOZ/SiOZ: Mo with 30 layers (15 pairs) if the absorption
coefficient can be reduced to 8 = 7 cm-1 (with B adjusted to include the absorp-
tion of scattered radiation). This value of 8 = 7 cm-l appears to be reasonable,

but the ultraclean deposition procedures discussed previouslylo’ At

are expected
to be required. Smaller values of B are required for smaller values of nL/nH

since the penetration depth is greater.

Damage thresholds. Currently available coatings possibly will withstand

single pulses with 10 J/cm2 , 354 nm, and 1 us without damage such as melting

or fracture (Sec. III). If the coatings withstand single pulses, they are expected

to withstand the continuously repeated pulses without melting or fracturing. This

is an important result since the previously measured (single-pulse) damage thresh-

olds can be used, and future damage measurements will not require the large
laser systems necessary for repeated-pulse measurements once the insensitivity
to repeated pulses is verified. In contrast to this damage result, optical distor-
tion will be much more severe in repeated-pulse operation than in single-pulse

operation unless one of the approaches discussed above is successful,
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Damage threshold measurements are needed to verify the no-damage prediction
for all coatings, especially those containing ThF 4 It should be emphasized that
the damage measurement will not give information on the performance thresholds
(which are determined by optical distortion). Two-photon absorption is shown to
be the most likely explanation of the damage thresholds of ~ 3 ]/cm2 at 17 ps
(I = 159 GW/em?) of ZrO, , HFO, , and SiO, observed by Newnam and Gill> but

is shown to be negligible for coatings at microsecond-duration pulses.

Optical distortion and absorption change from r. For a coating with a great

number of layers N, the optical distortion resulting from thermally induced
\ change in the total reflection coefficient r of the coating is often negligible with
respect to the optical distortion resulting from the thermally induced displace-
ment of the front surface of the coating for the cases considered here. However,
the r contribution can be non-negligible, especially for thermally thick coatings
and for | o | << | n-1 dn/dT | The contributions of the thermally induced shift
in the phase ¢r of r to the optical distortion are (Itp)(br = -114 ]/cm2 for the
MgO/MgF, coating and (It,) = -65 J/em? for the HO,/SiO, coating (Sec. VIII).

The negative signs are formal reminders that the optical phase distortion has the

e

opposite sign of, and tends to cancel, the surface-displacement contribution.

The effect of the increase in absorptance (decrease in the reflectance

SR -

2
. R = | r|”) is negligible, being a higher order effect than optical distortion, which
is determined by the phase of r (Sec. VIII). The reason for the relatively small
effect of the phase ¢r is explained in terms of a penetration depth for irradiance,

which is considerably smaller than the coating thickness in low-absorptance high-

power reflectors. Thus, the phase change of r, resulting from the expansion

r
\
5

-
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and index change of the first few layers (within the penetration depth) can be small
with respect to the total phase change, which includes the expansion of the whole
coating and the substrate. The penetration depth for the phase change is similar

in both magnitude and physical meaning to the penetration depth used above for
explaining coating absorptance and to a penetration depth that explains the substrate
absorptance and is consistent with a reduction in irradiance by a factor of (nL/nH)2 -
roughly, for each pair of layers. Thus, the notion of a depth of penetration of the

irradiance into the coating is useful and physically plausible.

Cooling. The state of the art in water-cooled metallic reflectors is a value of
,‘ heat-transfer coefficient h = 10 W/cm2 with Av/40 = 16 nm surface distortion
(where Av = 632.8 nm) for 20 mill (0.51 mm)-thick molybdenum face plates.
Other significant values of h are discussed in Sec. VI. Cooling is not effective

6 s since the heat does not have time to dif-

for single-pulses of duration tp = 1
fuse through the substrate in such a short time. By contrast, for repeated-pulse
§ operation, the performance of high-power reflectors is limited by the amount of
cooling thatcan be attained. There is a limiting value hc =3 KS /a ZS of the heat-
transfer coefficient such that when h >>h_ is satisfied, there is little further
decrease in the substrate temperature for further increases in h., The tempera-
ture is then controlled by the heat diffusion across the substrate rather than the
. transfer of heat into the coolant. Currently envisioned systems are far from this
limit. For example, for KS =2 W/cm2 K, a=1, and zs = 0.1 cm, the value of

hC = 60 W/cm2 K is considerably greater than even the state-of-the-art value of

h =10 W/cmzK.

o
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Engineering solutions. An adaptive- or a corrective-optical system would

have to correct for a surface distortion of 64 (1/80) if h =1 W/cm2 K, or

6.4 (X/80) if h =10 W/cm2 K. These values are for a molybdenum substrate

with ls =1 mm (and are essentially independent of the coating) at 354 nm. If

the state-of-the-art cooling (h =10 W/cm2 K and zs = 0.5 mm) can be attained

and if optical distortion of the first pulse or so (as discussed in Sec. VI) can be

tolerated, then fixed (nonadaptive) corrective optics can be used. For less cool-

ing, a greater number of the initial pulses will be optically distorted.

For a thick (~ 2 cm) uncooled invar substrate operated at 100 Hz for 60 s
the value of the surface distortion that must be corrected by the adaptive optics is
50 (AX/80), which is roughly the same magnitude required for the best windows,
and the required time constant is of course ~ 60 s. For comparison with a cooled
substrate, note that this value of 50 (X /80) would also be required fér :a|1 mm -thick
molybdenum substrate with h = 1.3W/cm2 K. The simplicity of the uncooled sub-
strate may dictate its use in preference to cooled substrates in systems in which

adaptive optics are used. A heat-pipe mirror, possibly used in conjunction with :

adaptive optics, is another possible engineering solution. !

Optimum number of coating layers. Coatings used with an intermediate

thermal layer should have the minimum number of layers consistent with the
optical design. Baumeister and Arnong increased the number of layers until
there was relatively little further increase in reflectance. When calorimetric
measurements become available, it will often be more appropriate to increase
the number of layers until there is little additional decrease in the absorptance

since the absorptance leads to the troublesome heating and both absorption and
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scattering give rise to a decrease in the reflectivity. For only a few layers, the

absorption in the substrate will be great, and as the number of layers increases,
the absorption in the coating material increases until the coating is several pene-
tration depths thi