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93 J/c~n
2/pulse for invar , both for state-of-the-art cooling (heat-transfer coefficient 10

W/cm L K and face-plate thickness 0. 5 mm). Such great values of (It o) , which seemed
impractical at the beginning of the program, may be greater than the d~mage threshold
(Itp)d . which is expected to be between 10 and several hundred J/c m2 in present coatings.
Thus , inc reasing 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-microscopic-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 J/cm~, and SiC
has potential reflector fabrication problems. A figure of merit ~ KLn (nH/n L)/a( 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-coat ing 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 relative ly unimportant
failu re mechanism. Measurements of the expansion coefficients a 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 coat ing-material absorptance, the sub-
strate absorptance , the optical distortion from the change in phase of the reflection coef-
ficient , and the opti mum 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 a intermediate layer , include: lowering the absorpt ance, 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 diffic ult 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 £F/4 t S fo r the best case of a currently used reflector)
for many, but not all, reflectors. (3) Values of the failure threshold s for windows are
calculated for the known important failure mechanisms, if an adaptive optical system
(with a reasonable time constant of iO ’3 s) can be developed, the value of ( I tp)0 for a
window will be increased to the great single-pulse value of 3. 3 J/cm2/pulse, as set by
thermal optical distortion from extrinsic absorption, or possibly slightly lower from in-
clusion s of clusters. Without adaptive optics the threshold is much lower: (I tp )~ =
= 3. 3 x 10-2 J/c m~/pulse, as set by extrinsic absorption (even assuming that ~ can be
reduced to 10 4 cm ’, 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 differenc e between the two wavelength regions
250nm and 350 nm is that two-photon absorption precludes the use at 250nm of many
materials that are useful at 350 nm (where they are limited by three-photon absorption).

- 
- In a comparison of pr evious 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. )
bromides is typi cally underestimated by a factor of two, which is better agreement than
previou sly predicted for the rough estimate. Rcasonai ’k’ materials that do not suffer two-
photon absorption at 350 am are LiF , MgI72 CaF2 , 1k 0 , NaF , SrF2 BaF2 , A1203
Si02 (f used and crystalline), MgO. and possibly Be F2 .  Of these materials, LiF, MgF2BcF9 , and perhaps Ca F2 and BeO, do not suffer two-photon absorption at 250nm.
Sapp hire has an estimated f racture tem perature that is a factor of 10 greater than that of

- 
- other materials. Alkaline-earth fluorides tend to be less susceptable to thermal dis-

tort i on tha n other materials. (4) In the first phase of the re-investigation of electron-
avalanche breakdown , a classical t ransport equat ion is derived from the Boltzmann
equation and is used to derive an expression for the average electron-multiplication rater . The electron-phonon interaction parameters appearing in r are evaluated.

~~~~
, 

~. 
-

.l~~~ ,t%__~~~_- 1- ~~
~hJ~ ~~

. ~~~~ ~c Cid ~ 9
- 0 

~

19. Key Words (Cont. )
‘ strength of materials , stresses, substrate cooling, temperatu re , tet rahedral carbon ,

thermal expansion , thin films , thorium tetrafluoride, two-photon absorption , window
materials

.

Unclassified ‘ .i

SF~~~U t o T Y C L A c S I F I , A T I O N OF T f ~~S p A  I’ n O t e ! ed)



- - 
~~~~~~~-- -v~~~~~~~. 

.
---

~~~~~~~~~~

-

~~~~~~~~

-- -

F.

TABLE OF CONTENTS

Section

- 
- 

. 

Contents of Present and Previous Report s xiii

Preface 

A SUMMA RY AND INTRODUCTION 1

Reflectors i
Windows 4
Electron-Avalanche Breakdown 5

B OPTICAL DISTORTION AND FAILURE IN HIGH-POWER
REFLECTORS 6

I. Introduction and Summary 9

Properties of the model system 10
Values of parameters 11
Approximations and assumptions 14

• Reflectors considered 16
Summary of results 18
Possible solutions 19
Possibility of reducing optical distortion

to a negligible value 20
Promising design using intermediate thermal layer .  21
Possible explanation of single-pulse damage 22
Calculated failure thresholds 22
Figures of merit and material-selection guidelines .  23
Candidate substrate materials 25
Candidate coating materials, including tetra-

hedral carbon , SiO2 , and ThF4 25
Ultralow and negative thermal expansion coatings . .  27
Thin intermediate layers 28
Greater strength of films 28
Measurements of a are needed 29
Coating and reflector absorpt ance 29 

—-~~~~~~~~~~-~~~~~--~~~~ - - - - -



—F

- - 
TABLE OF CONTENTS (Cont. )

Section

B Damage thresholds 30
Optical distortion and absorption change from r .  . .  31
Cooling 32

F ~ Engineering solutions 33

F - Optimum number of coating layers 33
I • 

Protective coatings 34
Stringent optical tolerance 35
Miscellaneous 35

II. Uncoated Metallic Reflectors 37

Background 37
Single-pulse temperature 39
Thermal-diffusion distances 40
Repeated-pulse temperature distribution 41
Failure mechanism 44
Single-pulse optical distortion 44
Continuously repeated-pulse optical distortion 47

Ill. Dielectric Coatings and Distortion
Compensating Layers 50

Lowering the absorptance of coatings 50
Possibility of obtaining near-zero thermally

induced optical distortion 51
Clusters of microscopic imperfections 57
Single-pulse damage threshold 59
Two-photon absorption 62
Strength of materials in thin-film form 63
Experimental values of the expansion coefficients

of deposited thin films are needed 63
Number of layers required 64
Theoretical absorptance of reflectors 67

- 

- Obtaining an ultralow-thermal-expansion
coating 72 

~~~~~- - - - - -.~~~~~ - -~~~~~~~~~~~~~~~~~~
- -

~~~~~~~~~~~~~~~~~~~~~~~~~ -— — - --- 



______ -____________ _______________ — - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —.---.~~~

—
~~~~~ 

- —

TABLE OF CONTENTS (Coat. )

Section

B Coating failure modes 76
Nonlinear effects 76

— Material properties 77

IV. Thermally Thick Dielectric Reflectors 78

Temperature distribution 78
Thermally induced optical-distortion calculation . .  79
Coating stresses and strength 82
Thermally induced stresses 83
Melting 87

V. Thermally Thin Dielectric Reflectors 89

Temperature distribution in a thermally thin coating . 89
Thermally induced optical distortion 92
Coating stress and fracture analysis 95

VI. Adaptive Optics and Substrate Materials and Cooling. . . 97

* 
Typical values of heat-transfer coefficients h 97
Cobalt-iron-chromium negative-expansion

substrate 98
Silicon carbide 99
Heat-pipe mirrors 99

• Adaptive optics for lower h 100
Rap id interpulse cooling 102
Time constant for cooling 102
Uncooled substrate with adaptive optics 103

VII. Continuous-Operation Reflectors 108

VIII. Thermally Induced Chages in the Reflection
Coefficient 111

~~
j __ __ _~

__~~__ ___ ~ ~~:i~ _ _



—
~ ••- -~ --- — —‘ ---- ~~~~-~~~~~~~ —.~--~ -‘ -~~~.-~~~~ -~~- - --- -

~~~~
----— - .- - — - —-—-- - -

~~~~~~~~
--

~~
- - - • - -

TABLE OF CONTENTS (Cont. )

Section

B LX. Applications 124

MgO/MgF2: Mo 12 5
MgO/ MgF2 :Cu 127

• 21-layer Hf02/SiO2 127
Hf02/SiO2:Mo 128

X. Tabulation of Derived Results 132

XI. Acknowledgments 144

Appendix. Heat Flow in Many-Layered Structures 145

C THERMAL STRESSES AND EXPANSION IN MULTILAYER
DIELECTRIC REFLECTORS 154

I. Introduction and Summary 155

Summary of results 157

II. Temperature Distribution 159

Ill. Simple Cases of Thermal Stresses 163

IV. General Case of Stresses  171

V. Thermal Expansion 180

VI. Acknowledgments 184

Appendix. Useful Thermal-Stress Results 185

D FAILURE THRESHOLDS OF NEAR-ULTRAVIOLET
TRANSPARENT MATE RIA LS 193

I. Introduction 196

II. Absorption Coefficients 200

Extrinsic  Absorption 200
Two-Photon Absorption 201
Three-Photon Absorption 209

“54

vii
-----‘ --- - —— - - ---- •- —• ------ --—-- ---—.--— — ——--—--— -



TABLE OF CONTENTS (Cont. )

Section

D III. Free Carrier Creation and Recombination 2 11

IV. Free Carrier Optical Distortion and Absorption . . . . 225

Free Carrier Absorption 227
Free Carrier Optical Distortion 233

V. Thermal Distortion and Thermal Fracture 238

VI. Nonlinear Refractive Index 250

VII. Absorbing Inclusions 252

VIII. Summary of Single-Pulse Thresholds 254

IX. Summary of Repeated-Pulse Thresholds 260

B LASER-INDUCED E LECTRON AVALA NCHES IN
INSULATING SOLIDS 267

I. Introduction 268

II. Average Multiplication Rate fi 272

Ill. Electron -Phonon Interaction in Alkali-Halides 281

• Append ix A. Deviation of the Classical Transport
Equation 292

Appendix B. Contribution of Electronicall y Inelastic
Collisions to the Transport Equation 301

F OVERVIEW OF MATE RIA LS FOR UIGH POWE R
VISIBLE AND ULT RAVIOLET LASERS 305

Metallic reflectors 305
Multilayer-dielectric reflectors 309
Transparent materials 310
Electron-p lasma defocusing 312
Mic roscopic inclusion s 314
Two-phot on absorption 314
Raman-scattering process 314
Nonlinear-refractive-index mechanism 314

L ~~ 

.~:t~~~~ -



~~W - - - - - - - - 
-

~~ 
— --

LIST OF ILLUSTRATIONS

Section Figure Title
— 

- 
B 1 Thermally distorted mirror showing that the optical

path distortion is equal to twice the physical
distortion. 17

~

2 Values of metallic absorptance plotted from data in
• the third edit ion of the American Institute of Physics

Handbook. 38

3 (a) Reflector or interest, and (b) a model reflector
used in calculat ing the reflection coefficient of the
reflector in (a). 113

4 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 f rom the phase 0r of the reflector
coefficient r (resulting from deeper penetration into
the thermally expanded coating). 117

• A. 1 Schematic illustration of the temperature distribution
in a two-layer structure at various times. 147

A. 2 Schematic illustration of the temperature distribution
in a many-layered structure. 148

C 1 Typical temperature distribution at the end of a pulse
during repeated-pulse operation. 160

D 1 Two-photon absorption exciting an electron from the
valence band to the conduction band with an upper-
conduction band serving as the intermediate state. 203

2 Other intermediate states for two-photon absorption. 204

3 Time constant T R” for impurity depletion as a function
of laser intensity for two impurity -absorption cross
sections. 214

4 Free-carrier concentrat ion as a function of time at
fi ve intensities for materials limited by donor-impurity
absorption. N0 is the concentration of donor im puriti es ,
TR is the intrinsic recombination time , and I~~ is the
characteristic intensity for depletion. 216

~~L ~~“

-I



-~ - -  .-- . ~~~~~~~~~~~~~~~~

LIST OF ILLUSTRAT IONS (Cont. )

Section Fi gu re Title

• D 5 Electron-hole pair concentration as a function of time
at five laser intensities for materials limited by
intrinsic two-photon absorption. I~j  is the character -
istic intensity where the two-photon absorption
coeffici ent equals 1 cm” . 221

6 Electron-hole pair concentration as a function of time
at fou r laser intensities fo~r materials limited by
intrinsic three-photon absorption. L33 is the character-
istic intensity where the three-photon absorption
coeffici ent equals 1 cm ”’ . 223

7 Overall absorption coefficient as a function of time for
materials containing donor impurities of various ahsorp-
tion cross sections, all having an initial absorption
coefficie nt of l0 4 cm ”~~. 22 9

• 8 Overall absorption coefficient , including free-carrier
absorption , as a function of tim3 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 absorpti on . 234

10 Wavelength dependence of terms in the thermal distortion
expression for CaF2 demonstrating a possible cancel-
lation in the visible and near uv spectral regions..
(F rom Miles , Ref. 14.) 242

‘ 11 Temperature rise as a function of t ime in materials
limited by donor-impurity absorption havin g an initial
absorptio n coefficient of 10”~ cm ” and various imp urity-

• absorption cross sections. 244

12 Temperat ure rise as a function of time at four laser
intensities in a mi~er~al limited by intrinsic two-photon
abso rption. 246

13 Temperature rise as a function of t im a at four laser
intensities in a material limited by intrinsic three-
photon absorption. • 24~

~~ 

--- - -~-- -— -f~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ _ _



— -~~-- - -

— LIST OF ILLU STRATION S (Coat . )

- 
‘ Section Title

D 14 Summary of single-pulse thresholds for failure as a
• function of the pulse d iration. 255

15 Summary of single-pulse thresholds for a io -6 sec
duration pulse. 258

16 Summary of repeated-pulse thresholth for failure as
a function of pulse d iration for a system 2ulsed at
Hz for 60 sec. The average intensities for failure are
equal to the pulse intensity multip lied by the product of
the pulse daration and the repetition rate. 261

17 Summary of repeated-pulse threshold s for 10-6 sec
duration pulses repeated at i03 Hz for 60 sec . The
average intensities are ~~~ times the pulse intensities . 263

F 1 Schematic illustration of metallic absorp tance in the free -
electron approx imation , showing the usef u l f requ ency
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 sample to sample va riation. From
Tomiki and Miyata. 13 313

4 Schematic illustration of the effects of the nonlinear index
• of refraction n2 (E 2)  

. 315

5 Schematic illustration of thç enhancement in the nonlinear
refractive index ón n2 (E~ ) . 316

6 Intensities at which transparent materials fail by various
mechanisms for a singl e 7. 2 eV , 10 ns pulse. Changing
the freq uency or the pulse duration changes the val ues of
the intensities and the relative importance of the mech-
ar iismns. 318

- _ _ _  - 
_



“~ -~ 
- - .  - -.--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~r

LIST OF TABLES

Section Table

B I Val ues of coating- and substrate-material parameters ,
and values of failure energy densities of uncoated sub-
strates with A = 5 x i~~3 formally. 12

II Theoretical results for threshold energy densities ,
temperatures , heat-t ransfe r coefficients , lengths ,
and times. 13

III Coating materials for possible use at 250 to 350nm. 26
IV Number of coating layers required to give

1 - R = 5 x i0”~ 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 characte ristic two-photon absorption intensity. 208

III Comparison of thermal distortion and thermal fracture
parameters fo r some candidate materials. 241

F I Lowest measured values of absorptance of silver and
aluminum , showing the great intrinsic values of
metallic absorptance. 307 1

xii



CONTENTS OF PRESENT AND PREVIOUS REPORTS

1. March 1972

1. Introduction
2. Calculation of Multiphonon Absorption Coefficients
3. Calculation of Extrinsic Absorption Coefficient
4. Effects of Pressure on Operation of Windows
5. Recommendations for an Experimental Program
6. Experimental Data from the Literature
7. Nonlinear Processes
App. A. — Elementary Introduction to the Theory of Infrared Absorption Spectra

2. June 1972

1. Introduction
2. Calculation of Multiphonon Absorption Coefficient
3. Green ’s Function Analysis and Sjolander-Typ e Approximations
4. Rigid-Ion , Next -Near-Neighbor Model for the Scatterng Hamiltonian
5. Pressure-Induced Optical Distortion in Laser Windows
6. Plans for Continued Research
App. A. — Tabulation of Pressure-Induced Optical-Distortion Results
App. B. — Eigenvectors for the Rigid-Ion, Next -Near-Neighbor Model

3. December 1972

A. Introduction
B. Theory of Mult iphonon Infrared Absorption
C. Theory of Infrared Absorption and Material Failure in Crystals

Containing Inclusions
D. Collection of Experimental Results for $ (w)
E. References to Previous Multiphonon Calculations

4. June 1973

• A. Introductier~B. Theory of Infrared Absorption and Material Failure in Crystals
Containing Inclusions

C. Theory of Multip honon Absorption in Insulating Crystals
D. Temperature Dependenc e of Multip honon Infrared Absorption
E. Theory of Infrared Absorption by Crystals in the High Frequency Wing of

Thcir Fundamental Lattice Absorption
- 

• 
F. Temperature Dependence of the Absorption Coefficient of Alkali Halides

-• in the Multiphonon Regime
C. Temperature and F requency Dependence of Infrared Absorption as a

Diagnostic 1 ool
-

~~~~ 
I-I. Short -Pulse Operation of Infrared Windows without Thermal Defocus ing



_ _  - — - - - ~~~~~~~~~ — - • 
--

5. December 1973

A. Int roduction
B. Extrinsic Absorption
C. Extrinsic Absorpt ion in 10. 6 urn Laser Window Materials Due to

Molecular-Ion Impurities
D. Very High- Intensity Effects
E. Exp lanation of Laser-Damage Cone-Shaped Surface Pits
F. Nonlinear Infrared Absorption from Parametric Instabilities of Phonons
G. High -Power 2-6 jLm Window-Material Figures of Merit with Edge Cooling

arid Surface Absorption Included
H. High -Power 10. 6 urn Window-Material Figures of Merit with Edge Cooling

and Surface Absorption Included
I .  Explicit Exponential Frequency Dependence of Multip honon Infrared

— Absorption
• J .  Quasiselection Rule for Infrared Absorption by NaC 1-Structure Crystals
• K. The Absorption Coefficient of Alkali Halides in the Multiphonon

Regime: Effects
L. Vertex Corrections for Multip honon Absorption
M. Negligible Intrinsic-Absorption Processes
N. Summary of Publications and Results
App.—Si mple Pendulum Instability

6. June 1974

• A. Introduction and Summary
B. Intensity Limits of High-Intensity Vacuum Ultraviolet Materials
C. Multi photon Absorption
D. Calculated Reflectance of Aluminum in the Vacuum Ultraviolet
E. Total-internal- Reflection Devices
F. The Scattering and Absorption of Electromagnetic Radiation by a Semi-

Infinite Crystal in the Presence of Surface Roughness
G. Infrared Absorption by the Higher-Order-Di pole- Moment Mechanism
H. Stimulated Raman nd Brillouin Scattering: Pa rametric Instability

Explanation of Anomalies
I .  Extrinsic Absorption in 10. 6 ~&m Laser Window Materials
J . Erratum , High -Power 2- to 6-urn Window- Material Figures of Merit

with Edge Cooling and Surface Absorption Included
K. List of Recent Publications

.
7. December 1974

A. Introduction and Summary
B. Stimulated Raman Scattering: Enhanced Stokes Gain and Effects of

Anti-Stokes and Parametric Phonon Processes
C. Enhanced Stimulated Raman Scattering and General Three-Boson

Pa rametric Instabilities
D. Theory of Laser-Materials Damage by Enhanced Stimulated Raman Scattering
E. Su rface Roughness and the Optical Properties of a Semi-Infinite Material;

The Effect of a Dielectric Overlayer
E. App. — Construction of the Green ’s Functions for the Electromagnetic Wave

Equation

•~~~~•~~~~~
_

~~~~~~~~~~~~~~_



- •

7. December 1974 (Coat. )

• - F. Theory of Laser Heating of Solids: I. Metals
- •

‘ G. Current Status of High-Intensity Vacuum Ultraviolet Materials
H. Impurity Absorption in Halide Window Materials
I. List of Recent Publications

8. June 1975

A. Introduction and Summary
B. Current Status of Electron-Avalanche-Breakdown Theory
C. Preliminary Theory of Electron-Avalanche Breakdown in Dielectric

by Laser and dc Fields
D. VUV Window Failure by Multiphoton Absorption and Electron Defocusing,

Avalanche , and Absorption
E. Optical Distortion from the Nonlinear Refractive Index
F. Studies of Optical Properties of Alkali Halide Crystals
G. A Possible Mechanism for Extrinsic Absorption in Insulators below the

Fundamental Absorption Edge
H. Multiphonon Absorption of Alkali Halides and Quasiselection Rules
I . Enhanced Stimulated Raman Scatterin g and General Three-Boson

Parametric Instabilities
• J .  List of Publications

9. December 1975

I. Summary of Results
II. Near-Term Recommendations

III. Background Information
IV. Possible Sources of Additional Absorption in Coatings
V. Suggested Measurements

VI. Other Problems
VII. Laser Heating of Coatings

• VIII. Laser Damage of Coatings
IX. Laser Damage of Detached Coatings
X. Guidelines for Selecting New Materials

XI. Candidate 10. 6 ~m Coating Materials
• XII. Candidate 2-6 ~m Coating Materials

:1 XIII. Excerpts and Results from Literature , with Comments

10. june 1976

A. Introduction and Summary
B. Polymer Coatings for Protection of Optical Components
C. Electronic Properties of the LiF Valence Band ; Surface States and the

Local Density of States Near the Surface
C. App.— Expl ic it Form of the Ilarniltonian for the N Layer LiF Slab

L xv - -

- J 
— -  -~~~ -- --- — —-- -~~~~~~~~~~~~~~~~~ — •~~~~~~~ —~~~~~ -—~ — -- - --~~~-~ —•~~--- - -- - —  —-- — - -  ~-—



I

10. June 1976 (Cont.)

D. Localized Electronic States in Alkali Halides Associated with a
Substitutional Anion Impurity

• 
- E. Classical Transport Equation for Electron-Avalanche Breakdown

F. Evaluation of Two-Center Integrals of Slater Atomic Orbitals
G. Quasiselection Rules for Multiphonon Absorption in Alkali Halides

• H. Irradiance Limits for Vacuum-Ultraviolet Material Failure
• I . Materials for High-Power Window and Mirror Coatings and Multilayer-

Dielectric Reflectors

11. December 1976

A. Summary and Introduction
B. Optical Distortion and Failure in High -Power Reflectors

B. App.—Heat Flow in Many-Layered Structures
C. Thermal Stresses and Expansion in Multilayer Dielectric Reflectors

- C. App. — Usefu l Thermal-Stress Results
D. Failure Thresholds of Near-Ultraviolet Transparent Materials
E. 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

Transport Equation
• F. Overview of Materials for High-Power Visible and Ultraviolet Lasers

•



PREFACE

- - 
This Eight h Technical Report describe s the work performed on Contract

Number DAHCI5-73-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 DAHCI5-72-C-0129.

• 

The following investigetors contributed to this report:

Dr. C. J. Duthler , principa l research scientist

- Mr. M. R. Flannery, research assistant
1~

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

Dr. M. Sparks , principa l Investigator.

j Previously reported results 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 Jul y 1976.

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

A. SUMMARY AND INTRODUCTION

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

analyzing the expected performance of h igh-power reflectors and windows for

use in the wavelength region from 250 to 350 nm, 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 •~ - •  -

deri ved and applied to a model system with wavelen~~hs A = 250 to 350nm , pulse

duration t- = 1 M~ , repetition rate 100 Hz (to 1Ø~ Hz), reflector absorptanc e
- c _’-~

_ •~ 
P 

~~~~~‘•~~ i
S x it:I~~, extrinsic window material absorptance 1-O~~ (absorption coefficient

= 10 cm for a one-centimeter-thick window), and X/ 40 allowed optical

phase distortion. ‘~~~~~~~~~~~~
—

Reflectors

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

• such as a Th F4 (negativc-expansion)/metallic stack between the optical coating

and the substrate to obtain near-zero single-pulse contribut ion to the optical

distortion should attain substrate-limited optical-distortion thresholds of

20 J/c m2/pulse for Mo or 93 J/c rn2/pulse for invar , such high values appearing

unattainable at the beginning of the program.

_
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- 
- 

(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
I 

the optimum number of layers in the optical coating.
.1

(8) Tetrahedral carbon (so-called diamond), ThF4 ,  and SiO
2 

are good

candidate materials for coatings.

(9) For coating materials, a fi gure of merit 
~

KLn (n H/n L)/c~
(l-i- 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/o~(l+v) for the
-

• 
- typical case of poor cooling (h << 3 Ks/ f s~ ’ or K/cx ( 1+v )  for good cooling

(h >> 3 Ks/ f s ).

- (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.

These values were assumed in (2) above.

(17) The generally difficult problems of calculating the temperature

dist ribution 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 assumption s 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. 
• -

_ _  

3
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Windows

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

• can be developed, the value of (It ) for a window will be increased to the great• p 0
single-pulse value of 3. 3 J/cm /pulse, as set by thermal optical distortion from
extrinsic absorption (with ~ = 10 4 cm~~), or possibly slightly lower from inclu-
sions of clusters.

(19) Without adaptive optics , the th reshold is much lower: (It ) 3.3 x l0 2
p 0

J/cm2/pulse, as set by extrinsic absorption (even assuming that ~ can be reduced

to 10 4 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 figu res of merit in choosing candidate window materials , as well

• as coating materials.

(21) The major difference between the two wavelength regions 25 0nm and

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

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

(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 previousl y predicted for the rough estimate.

(2 3) Reasonable materials that do not suffe r two-photon absorption at 350 nm

are LiF , MgF2 ,  CaF2 ,  BeO , NaF , SrF2 ,  BaF2 ,  A1203, Si02 (f used and c r y s-

talline), MgO , and possibly BeF2 .  Of these materials , Li F , MgF2 ,  BeF2 ,

4

-- -~~~~~~~~~~-- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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and perhaps CaF2 and BeO , do not suffer two-photon absorption at 250 nm.

• Sapphi re 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.

(2 4) Values of the failure thresholds , in J/cm2/pulse (or MW/c m2 du ring

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

sing le -pulse operation. ):

Thermal optical distortion , two photon 
•

~ 2. 4 x io 2 (2. 9)

Thermal optical distortion , extrinsic ~ = 10 ’
~ cm ’ 3. 3 x io 2 (2 x 10~)

Fracture , two-photon 0. 22 (14)

Fracture, inclusion or clusters —2 to~~5O0 (same)

Free-carrier optical distortion , two-photon 2 .2 (sain~)
-4 -1 5Fracture , extrinsic 3 =  10 cm 3.3 (2 x 10 )

• Thermal optical distortion , th ree-photon 28 (440)

Fractu re , th ree-photon 89 (1. 4 x l0~)

Free -carrier optical distortion , extrinsic $ 10 4 cm 1 140 (same)

• Free -carrier optical distortion , three-photon 1. 8 x ~~ (same)

Nonlinear ref ractive index optical distortion 3. 1 x 1O3 (same)
•

Electron-Avalanche Breakdown

(2 5) 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 r ,

and the electron-p honon-interaction parameters appearing in I’ are evaluated.

~

— --- - - -~~~ - • — - • • ~~~~~~~~~~~~ - --- ~~~ •~~~ -~~~~ -~~~~~~~~~~~~ - - ~~~~~~~ • - - - -~~~~~~~~~~~~ - -~~~~~~~~~~~ -—--~~~~~
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B. OPTICAL DISTORTION AND FAILURE IN HIGH-POWE R REFLECTORS

M. Spark s

Xonics , Incorporated, Santa Monica , California 90401

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

dielect ric reflectors deposited on metallic substrates , under single-pulse, repeated-

pulse, and cw operation are derived and applied to hi gh- power reflecto rs with

absorptance A = 5 x l0~~ (absorption coefficient ~ ~ 200cm ’, typically), pulse

duration t = 1 ~ s , repetition rate = 100 Hz , and wavelength A = 250 to 354nm.p
(2) Several possible solutions to this reflector problem are suggested , including

an intermediate TI1F4 (negative expansion)/metal stack between the optical coating

• and the substrate to obtain a near-zero single-pulse cont r ibution to the optical

distort ion. The remaining substrate-limited , repeated-pulse optical distortion
2 , 2 .thresholds (It ) are 20 J/cm /pulse for Mo and 93 J, cm /pulse for invar.• Por

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

(3) Other solutions include: lowering the absorptance , and possibly the damage

th reshold 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-p ipe mirrors (possibly with adaptive optics). Implementing

one of these solution s possibly could increase (It p )or to a value above the damage

threshold , which is expected to range from 10 to possibly several hundred J/cni .

(4) A proposed da mage mechanism involving clusters of microscopic iniperfec -

tions appears to explain experimental damage results , including localized

---•

~

--- • -- - - -- 
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damage sites that occur even in the absence of observable macroscopic inclusion s,

and indicates that the super-clean deposition techniques suggested previousl y to

dec rease the absorptance possibly may increase the damage th reshold , thereb y

increasing the system perform ance 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 I-lfO2 .  (6) The notion of a penetration

depth of the irradiance into the coating is useful in explaining the coating-material

absorpt ance , the substrate absorptance , and the optical distortion from the change

in phase of the reflection coefficient. (7) Greater strength of materials in thin-

film for m possibl y could make fract ure a relatively unimportant failure mechanism.

(8) Invar and molybdenum are the two leading substrate candidates , with Cu , Al ,

Ag, and Au having both substrate-li mited repeated-pulse thresholds and single-

pulse thresholds below 10 J/cm2 , and SiC having potential reflector-fabrication
• problems. (9) Measurements of the expansion coefficients of coating materials ,

particularly ThF4 , Sic)2 , and 11f02 , in thin-film form are needed. (10) A figure

of merit $ K~ n(n H/n L)/~ (1+ v)  is less important than technical factors in choos-

ing candidate coatin g 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 perform~ncc

of repeated -pulse and cw reflectors. State-of-the-art water-cooled reflectors

ha ve heat-transfer coefficient h = 10 W/cm2 K and face-plate thickness 0. 5 mm .

(13) The general ly difficult problem s 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 suffic ient accuracy to be comparable with the
- assumptions, the accuracy with which the parameters are known, etc .

fr

I. 
:

i i
•

• - ~~~~ -~~~~~~~~~~~~~~~~~~~~~ -



- ~~~~~~•• 
-~~~~~~~~~~~~

~~~~L .  R I

1. INT RODUCTION AND SUMMA RY

-

• 

The availabil i ty 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 Material s, recent Boulder conferences on

Laser Induced Damage in Optical Materials , and vario us journals afford many

examples of these new problems and attest to the continued growing importance

of high-power optical systenis~ ’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

p rogram~ ’ ~ Bennett has analyzed the single -pulse optical distortion of wicoated

n-ictal l ic mirrors~ In the present paper , optical distortion , melting, and frac- Iture of multi layer-dielectric reflectors and uncoated metallic reflectors used

in single-pulse , repeated-pulse , and cw operation are analyzed. The general

pu~~osc of the investigation is to provide the theoretical study needed 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 peliormance are considered , and possible solutions to the

reflector problems are suggested.

Reflectors can fail catastrophically, by melting or fracture of t h e  coating,

for example, or fail to meet their requi red spec ifications , by excessive optical

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

—- - • -
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It or the irradiance I at which this failure occurs in such optical components

as reflectors and windows would be extremely usefu l, but is quite impractical to

develop. Not only do the required specifications diffe r drastically from system

to system, but the theoretical values of I or 1t~ for failure involve so many

parameters — such as wavelength, temperature, pulse duration , pulse repetition

rate, maximum irradiance , di mensions of the optics and the optical beams,

pressure, and mode of ope ration 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 = 354 nm (3.50eV); alternate: 250 nm (4 .96eV)

• laser pulse duration : t~

• repetition rate: 100 Hz (100 pps), with possible increase to 1O3 pps

• total operating time: 60s
2• energy density: I t ~ = l0 J/c m / pulse

• irradiance (during the pulse): I = IO~ W/cm2

- 3 2
• irradiance (averaged over the 60 seconds): ‘av = 10 W/cm

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

thermally induced wave-front error

• pressure : two atmosp he res nominal; four atmospheres during the pulse

~~~ 

10 -
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• pulse shape: rectangular with no spikes

• laser material: not yet selected. Xenon fluoride, at 354nm, is a prime

contender. Krypton fluoride , at 250 nm, is a test system.

• environment: The optical components will be protected fro m the corrosives

and from direct exposure to electrons and X-rays. Thus, resistance to these

environmental factors is not essential, but would be desirable.

• 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

examples:

• substrate thickness, Ls =0. 1 cm

• absorptance, A =5 x 10~~

• heat capacity of substrate, Cs = [2.61 J/cm 3 K]

• thermal conductivity of substrate , K5 = [1.4 W/cm K 11

• linear thermal expansion coefficient of substrate, = [5 x 10 6 K~~ ~
• effective heat capacity of coating, CF = [3. 14 J/cm 3 K I

• effective thermal conductivity of coating, K F = [0.285 W/ c m K j

• effective value of a(1+v) of coating, cxF(l+V F) = [ 15 .6x  10 6 K~~j .

The numerical values in brackets above and throughout the paper are for an

• MgO/MgF2 coating on a molybdenum substrate operat ing at 250 nm, unless

specified otherwise. The effective values of C , K ,  and o~(1+~) for the coating

are derived in AppendLx A. Values of C , K , and & for other materials are

• listed in Table I , and results for other coatings and substrates arc given in

Table II below. It is emphasi zed that the value of absorptance A =5 x

~ 

IL ~~~~~~~~~
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listed above surely is much greater than the int rinsic limit and that solving the

ant icipated technical problems of obtaining lower values of ithsorptance would

increase the values of the tolerable energy densities It~ and decrease the required

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

Approximations and Assumptions

• The laser pulses are approximated by square waves in time, the pulse

duration being t~ .

• The irradiance has the value I at the spatial position of maximum intensity ,

which is at the center of the beam.

• Radial (in the plane of the subst rate) heat diffusion is neglected.

• 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 pa rameters may warrant an investigation of the effect

of the tempe rature dependence of the parameters.

• Thc back side of the substrate is cooled and supported with a system that

gives a heat-transfer coefficient h(W/c m2 K ) and holds the rea r surface , at

z = £
F 

+ of the substrate in a plane (no bowing). Here is the coating

thickness.

• The optical-distortion failure criterion is taken simp ly as

Lopd = A/g ( 1.1)

where 2opd =2A i  is the optical-path difference between rays at the center and

at the edge of the reflector resultin g fro m the laser hcating , ~ L is the

• corresponding surface distortion , and g is constant.

• The the rma l l y  induced phase change 
~ 

of ti le reflect ion coefficient is

neglected in the val ues listed in Table U. See Sec. VIL E.

- 

14
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In order to obtain numerical values of optical-failure thresholds , the value

• of g =40 (X/ 80 surface distortion) will be used for the thermally induced optical

distort ion. For any particular criterion of failure , the co rresponding 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. ~~~~~ 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
f 

caused by

initial (no heating) figuring error. Using the Maréchal criterion for allowable

optical distortion , these investigators5’6 derived the failure criterion

I 

111o = 0.8 = 1 ( 2 ~~/X) 2 1 ( N  ~~~~~~~ 
~

e 
Setting 2opd = X/g , definin g i~~~ A/ge, and solving for g gives

1 1/2 1 N -1/2
g = ~~

- 2 N 2 
- (1.2)

I 5(217 ) 2g f

For N =3 (3 mirrors) and gf =2 5 (that is , X/2 5 initial figuring error), (1.2)

gives g =40. Or for N =4 and gf -* 1= , (1.2) gives g = 40 . Thus, the value

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

bending angle e is given by e = _ dL
opd /dp, where p is the distance fro m the

• optical axis.

I~L.A 
15
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For a Gaussian beam,
- 

- . 2
I = I~e~~

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

T0 [1 - exp(-aR2) 1 ; thus (see Fig. 1)

~opd 2 [ (~~L~~~ o (~~L)~ =R ] = 2~~~L(l~~~C
-a R

)

where ~~L (~~L)~ 0 is the thermal expansion of the center of the mirror?

Thus, the criterion (1. 1) becomes

~~L = X / 2 G (1.3)

where

2
• 2 G  = 2 g ( l_ e~~ R )

= 1.26 g for l/e t runcation

= 1.73 g for l/e2 truncation

2g for 1/e
Ul t runcation

In the numerical calculations, the 1/e2 value with g ~ 40 will be used:

• 

2G = 70 . (1. 4)

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

45-layer MgOfivIgF2 coat ing8 and 21-layer I-lfO2 /Si02 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 II.

- 
- 

In addition , a ThF4/Si02 coating is considered in order to illustrate the potential

16
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advantages and possible problems of using ThF4 (with a negative thermal expansion

coeffic ient at room temperature) in the opt ical coating (in addition to its use in the

int ermediate thermal layer discussed below). Both the Hf02/S102 and MgO/Mg F2

coatings were deposit ed on quartz substrates. For the high-power application , a

substrate with a greater value of thermal conductivity will be required. An

eleven-la yer 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. 8

The first layer deposited on the aluminum was MgF2 ,  with its thickness adjusted

for maximum reflectance , and the last (eleventh) layer of MgF2 , which was half-

wave rather than quarter-wave thick , was added in order tha t the MgO layer not

be exposed to the atmosphere. In the film-pair notation , such as Hf02 /Si02 ,  the

high-index materia l (Hf02) 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 I t~ at which

excessive optical distortion (X/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 limitat ion on the operation of a model system with 1OJ/cm 2 /pulse,

100 pulses per second, and X/80 thermally induced surface distortion at A 250

to 350nm , but the technical problem3 are difficult.

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

i mportan t equations are denoted by underscored equation numbers.

—- I
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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~~ assumed for the

model system. If, say, A 5 x l0-~ could be attained , then the cooling require-

ments would not be so severe and any one of a number of coat ings on molybdenum

would have acceptable theoretical performance. A major d ifficulty is expected

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

as discussed previously.10’ 11 The expected severity of this problem dictated the

choice of the rather large value of absorptance, A 5 X  l0~~, wh ich corresponds to

an absorption coefficient 
~F 

= 200 cm ’, very roughly. The HfO2/Si02 coating
9

has a measured reflectance of R = 99. 5; thus the absorptance is at least as low

as 5 x l0~~ (depending on scattering contribution to R).

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

expansions (Sec. III). An example is a molybdenum substrate, followed by an

intermediate layer consisting of ThF4/metal pairs, followed by a thin aluminum

layer, and then the optical coating, such as 10 pairs of MgO/MgF2. The

ratio of the physical thickness of the ThF4 layer to that of the metal layer is

a met (1+ Vmet)/’ I a~~~f~ (1 + VThF ) approximately (with a slight deviation to

offset the small optical distortion of the MgO/MgF2 coat ing). The intermediate

layer consists of a number of pai rs ( rather than one pair) in order to maintain

the near-zero single-pulse optical distortion through the pulse duration

(rather than at the end of the pulse only). The aluminum layer isolates the inter-

mediate layer opticall y and reduces the required number (to seven theoreticall y)

of MgO/MgF2 pai rs.

a.

_ 
- - ---,- — --- - •

~~~~~~~~~~~
-
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(3) Develop an invar-substrate reflector with values of the heat-tran sfe r

coeffic ient h and face-plate thickness 
~s 

approaching the state-of-the-art values

h = 10 W/cm2 K and Ls = 0. 5 nm (Sec. II). Such a negative-expansion-coefficient

metal as the cobalt-iron-chromium alloy (Sec. VI) conceivably could be usefu l,

but more info rmation on such negative and ultralow expansion alloys is needed. 
—

Since invar-substrate reflectors are considerably better theoretically than those H

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

silica has an ultralow expansion coefficient a ~ 0.5 x io 6 K ’, crystalline ThF4
has a ~ -2.5 x 10 6K 1 , and it is of great importance to determine if 1-ff02

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

form. It is possible that the Hf02 /Si02 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 coati ng )

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

(5) An engineering solution, such as adaptive optic s or a heat-pipe mi rror ,

possibly could solve the model-system problem. Engineering solutions are dis-

cussed below and in Sec. VI. Technical problems, in addition to those of imple-

menting one of those solutions, are discussed below.

Possibilit y of reducing optical distortion to a negligible value. At the

beginning of the investigation it appea red that optical distortion was a much more l

— 

severe p roblem than that of physical damage. There is now the pos sibi l ity  that

20
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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 caref ully

controlled damage thresholds are currently called , would become more meaning-

ful since they would correspond to the system thre~hold. Previously, the smoke

tests were expected to establish a rather poor upper bound to the threshold value

of It for a reflector since the values of It  for optical distortion were believed top p
be lower than the values for damage. There have been no measurements of the

damage threaholds for 10 6 s pulses for any ultraviolet wavelength, but it is antic i-

pated that the damage threshold may be on the range of 10 to 100 J/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 ThF4/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 (It ) , which will be called the repeated-pulse
P orS

substrate-limited threshold, is (It ) = 19. 9 J/cm2 
for molybdenum andP orS

(I t  ) = 99. 3 J/cm2 for invar , both for h = 10 W/cm K , and = 0.5 mm.
P orS

a If the damage thresholds are near 10 J/cm2 as expected , the overall threshold

will be determined by damage rather than by optical distortion. In this case , the

value of h/ f s could be reduced by a facto r of two for molybdenum or by a factor

of 9.3 for invar. The concrete example of a 2 x 7 MgO/MgF2 : Al: ThF 4/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 i~ian a microsecond (such as picosecond or

21 
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nanosecond pulses) since the energy absorbed in the optical coatings does not have

time to diff use into the intermediate thermal layer dur ing 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.~
2’ 13 It is proposed that clusters of microscopic imperfections could explain

the isolated damage sites that are observed almost universally, even when careful

sea rches 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

I t .  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 suggested10’ 11 for reducing the absorptance of coatings.

• Calculated failure thresholds: For a heat-transfer coefficient less than or
2 . -equal to the state-of-the-art value h = 10 W/cm K , the coatmgs considered fail

by optical distortion, rather than by melting or fracture, in repeated-pulse opera-

tion. A possible exception is that ThF4 , being in tension for single-pulse heating

as a result of its negative expansion coefficient, conceivably could fail by fracture

(Sec. Ill). The greatest practical repeated-pulse theoretical failure threshold

calculated is

(It ) = 93 J/cm
2/pulse, for 2 x 7 MgO/MgF2 : Al : T h F~/Mo : inva r ,P or

and other key values are

(It ) = 29.0 J/cm
2/pulse, for 11f02 /SiO : invar ,

P o r

(It ) = 15. 1 J/cm
2/pulse, for ThF /SiO : Mo,

P o r  4 2

_
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and

( I t  ) = 6. 33 J/c m2/pulse , for MgO/M gF2 : Mo
P o r

Figures of merit and material-selection guidelines. There arc 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 uni t y)

(It ) 1 (K -i 
+ 

3 ~~i 
-p cx~(l + \ S a h /

Thus , for poor cooling, that is h << h
~ 

3 Ks/a £~ , a good figure of merit is

i/a 5(l+  
~~~ 

while for good cooling, tha t is h > >  hs,  a good figure of merit is

Ks/Cis(i + US).  The single most important material parameter for substrates in

general is the thermal expansion coefficient , small values of a5 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

Bennett ’s’ figure of merit , C5/a~ 
, 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 (I t  ) for the uncoated metal need not
P o p  

2he greater than the required value of (It ) (10 J/cm in the examples) since thep op
threshold for the coated reflector can be greater than for the uncoated one. An

examp le is I -1f02 /Si02 on molybdenum , for which (I t ) = 29.2 j / cm2 for an-

coated molybdenum and (It ) 77 .5 J/cm 2 for I-IfO2 /SiO~: Mo . Since the great
P o p

int r ins ic  absorptance of metals dictates the use of dielectric coatings and a thin

~
1i
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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 a and K.

For coating materials, one of the most important parameters is the absorption

coefficient fi . Unfortunately, values of /3 are not available , and reliable estimates

cannot be made at present. Thus , the value of /3 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 fro m the tecimical consider-

ations of the particular application since the thresholds are repeated-pulse,

substrate-limited (independent of the coating, except for /3). 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 /3, 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 
~H’~ L~

• An appropriate figure of merit is then

/3 K Ln (n H/n L)

The importance of an ultralow expansion coating, possibly using Si02 (a= 0 .5v io 6 K 1

-- 
for fused silica) and/or ThF4 (a=  - i . 4 x  l0 6 K~~ average for 25 to 300 K )  is dis-

cussed above and in Sec. III. The absorption edge of a coating material need not be

‘I

_______ 
- 
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sufficiently great to preven t two-photon absorption (fo r t = 10-6 s), in contrast

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

Candidate substrate materials. Invar and mol ybdenum are the two leading

substrate-material candidates. The use of a very thin aluminum layer between

the substrate and the cooling is discussed below. Copper , sil ver , 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, Si02 , and ThF 4 -

The most promising current design found for high-power re f ’ecto rs is the inter-

mediate-thermal-layer design. The parameters of optical coatin g used with this

design are not critical , and the choice of the coating mate~-ials m ay w i- I l  he dictated

by technical considerations in the particula r app lication , as discussed above. Thus,

it is diff icul t  to suggest the best candidate coating matc r i a l -~ for laboratory study.

The desirable properties of coating materials are listed above in the paragraph on

- - • 14 - • -f igures of merit.  There are a number of review-s that list coating materials ,

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

One exciting new development is the growth of tetrahedral carbon f i lms (the

so-called diamond f i lm s)  with thicknesses up to several microns.’5 If these f i lms

- 
• • could be successfully deposited as one component of a multilayer coating stack ,

L 25
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it is likely that the coating would be superior to presently known coatings .

Tetrahedral carbo~i/SiO2 and tetrahedral carbon/ThF4 are examples. The expansion
- • coefficient may be quite low, and the band gap may be similar to that of diamond,

Eg ~ 6 cV. The index of refraction is
15 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 ,  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 Th02 /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 20 C to —~ 300 C

and a small positive a for ,w300 to 600 C, the value at room temperature being

-2. 5 x 10 6 K 1 , and the net expansion from 25 C to 600 C being zero. The neg-

ative expansion coefficient from 20 to 300 C affords the possibility of constructing

a reflector with nearly zero optic al distortion. The superiority of the ThF4/Si02
coating mentioned above is a result of the small negative value of a for ThF 4
and the ultralow (positive) value of a = 0.5 x 10 6 K~~ for Si02 .
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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

(i... 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 ThF4 to partially compensate for the optical distortion of the other

positive-expansion materials is a promising approach , as discussed above.

Finally, addi ng 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 reflecto r, 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 thç

form of deposited thin films may be greater than in crystalline bulk form (Sec. III)~6~
1 /

(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 d ifference between the thin -film and bulk values of

other material parameters. The best current estimate is that the failure thresholds

arc likely to be determined by optical distortion and that the damage thresholds arc

likely to be determined by melt ing, with the possible exception of ThF4 ,  which

could fracture before melting. The greater strength will be more important to

ThF4 coatings, since these possibly could fail by fracture oth ct~vi sc .

28 
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Measurements of a arc needed. 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 stud y experimentally will have to be made without having access to

one of the most important parameters that affects the selection. The values of

a , which are mu sh more important in high-power app lications than in the pre-

viously considered (low-power) applications , may be considerabl y different for

some materials in deposited -film form than in bulk form. It is especia lly impor -

tant to verify the negative value of a for deposited films of ThF 4 ,  to determine

if deposited films of Hf02 have ultralow expansion , and to determine which

deposit ed-film materials have the lowest values of a .

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

assumed tha t all coatings have the same absorptance since experimental values of

absorptance are not availa ble and sur?l y will be determined by extrinsic processes.

The resulting selection of candidate coatings for experimental programs is quite

- 
.~ reasonable (Sec. III). Nevertheless , th e 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 hi gh

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 subs equent abso rption of scat-

te red light (possibl y enhanced by ent rapment 18). Tile Kopp lemann result 19 for

the abs orptance in a thick coating

-

~
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2 ~~F 1~ ~L ) A
• A F 2 2

~ H ° L

is explained physically in terms of an effective penetration of the irradianc e to a

depth of X/2 (n~ - n~5, which corresponds roughly to a reduction in irradiance

by a factor of (n L/n H)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 $ plus scattering coeffic ient) of the

Hf02/Si02 coating is 340 cm
’, which is a reasonable value. A value of A

could be attained for Hf02/Si02 : Mo with 30 layers (15 pai rs) if the absorption

coefficient can be reduced to $ = 7 cm~~ (with fi adjusted to include the absorp-

tion of scattered radiation). This value of $ = 7 cm 1 appears to be reasonable,

• but the ultraclean deposition procedures discussed previously ’0’ 11 are expected

to be required. Smaller values of ~ are required for smaller values of n L/n H
since the penetration depth is greater.

Damage thresholds. Currently available coatings possibl y will withstand

single pulses with 10 J/cm2 
, 354 n m , and 1 ji s without damage such as melting

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

I 
• 

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

is an important result since the previousl y meas ured (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 insensit ivity

to repeated pulses is verif ied ,  In contrast to this  damage result,  optical  distor-

tion will be much mo re severe in repeated-pulse operation than in sing le-pulse

operation unless one of th e a pproac iic~ discussed a hove is st icc e ss lul .  

- -~~~~~~~~~~~~
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Damage threshold measurements are needed to verif y the no-damage prediction

for all coatings , especially those containing ThF4 . It should be emphasized that

- -

. 

the damage measurement will not give information on the perfo rmance thresholds

(which are determined by optical distortion). Two-photon absorption is shown to

be the most likely explanation of the damage thresholds of 3 J/cm2 at 17 Ps

(I = 159 GW/cm2 ) of Zr02 , Hf02 , and Si02 observed by Newnam and Gil1~° 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 induc ed 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 I a I << I n ’ dn/dT I .  The contributions of the thermally induced shift

in the phase ~ of r to the optical distortion are (It ) = -114 J/cm2 for ther PØr
MgO/MgF2 coating and (It  ) -65 J/cm2 for the Hf02/Si02 coating (Sec. VIII) .

P q~r
The negative signs are formal reminders that the optical phase distortion has the

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

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

R = I r 1
2

) 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-absorptancc hi gh-

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

1
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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

• coatin g and the substrate. The penetration depth for the phase change is similar

in both magnitude and ph ysical 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 
~~L’~& ’

roughly, for each pair of layers. Thus , the notion of a depth of penetration of the

irradiance into the coatin g is useful and physically plausible.

Cooling. The state of th e art in water-cooled metallic reflectors is a value of

heat-transfer coeffic ient h ~ 10 W/c m2 with X~/40 = 16 nm surface distortion

(where X~ = 632.8 nm) for 20 mill (0.51 mm)-thick molybdenum fac e plates.

Other significant values of h are discussed in Sec. VI. Cooling is not effective

for single-pulses of duration t~ = io 6 s since the heat does not have time to dif-

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 that can be atta ined . There is a limiting value hc 3 Ks /a  of the heat-

transfer coefficient such tha t when h > >  hc is satisfied , there is little further

decrease in the substrate temperature for further increases in h .  Tile tempera-

tu re is then controlled by the heat diffusion acros s the substrate rather than the

transfer of heat into the coolant. Currentl y envisioned systems are far from this —
limit. For example , for Ks = 2 W/cm 2 K , a = 1, and 0. 1 cm , the va lue of

hc = 60 W/cm 2 K is considerabl y greater than even the state-of-the-art value of

h lO W/c m2 K.

32 
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Engineering solutions. An adaptive - or a corrective-optical system would

have to correct for a surface distortion of 64 (X/8 0 ) if h = 1 \V/cm 2 K , or

6.4 ( X/ 8 0 ) if h = IO W/cm 2 K. These values are for a mol y bdenum substrate

wi th  = 1 mm (and are es sentially independent of the coating) at 354 nm. If

the s tate-of-the-art  cooling ( h  = 10W/cm 2 K and = 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 (X / 8 0 ) ,  which is roughl y 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 for a 1mm-thick

molybdenum substrate with h = 1.3W/cm 2 K. Tile simplici ty 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 , possibl y used in conjunction with

adaptive optics , is another possible engineering solution.

• Optimum number of coating la yers. Coatings used with an intermediate

thermal layer should have the minimum number of layers consistent with the

optical design . Baumeister and Arnon 9 increased the number  of layers unt i l

there was relativel y little further  increase in reflectance. When calorimetric

measurements become available , it will  often be more appropriate to increase

the number  of layers unt i l  there is little additiona l decrease in the absorptance

since the absorptance leads to the troublesome heating and both absorption and

-I
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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 severa l pene-

tration depths thick, at which point there is essentially no further increase in the

absorptance by the coating materials . In a typical case , the absorption from the

substrate will still dominate at this point , and the number of layers is then

increased until there is little further decrease in the absorptance (when the sub-

strate contribution becomes negligible with respect to the contribution from the

coating materials). In contrast to this absorptance-dominated case , it is possible

that in some systems the scattering could become intolerably great before the

absorptance begins to level off . Thus, the tolerable level of scattering

conceiva bly could determine the thickness of some reflectors .

The optimum number of layers can be quite different for reflectors without

the intermediate thermal layer . For a low-expansion coating on such normal-

expansion substrates as molybdenum, the optical distortion threshold can some-

times be increased in principle by depositing more layers tha n are required

opticall y. The number of layers can be increased to make the coating thickness

• approximateiy equal to the thermal diffu sion distance in the coating during the

pulse, thereby eliminating the great single-pulse contribution to the optical

• distortion from the substrate.

Protective coatings for use in such hostile environm ents as laser cavities

containing fluorine, or in moist atmospheres , may be required in sonic app lications.

The tetrahedral-carbon films discussed above have remained intact when metallic

substrates were completel y etched away. 15 They possibl y may provide the

34 
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ultimate protection of the underlying coating or substrate. Paraffin oil provides

protection and index matching to reduce scattering, and is transparent well int o

- - the ultraviolet region. 20a , 10, 11 Polymer coatings , which have received attention

for a number of years , were reviewed in the previous two Technical Reports

(30 June 1976 and 31 December 1975).

Stringent optical tolerance. The severity of the system requirements is

illust rated by the small magnitude of X/ 80 3. 1 nm (31 X ) at X = 250 am for the

thermall y induced surface distortion. For comparison , small-diameter laser

mirrors are routinel y figured to ~~~~~~ 6. 33 am 6, which corresponds to

X /40 at 250 nm. There is a difficulty in measuring optical figures of such high

perfection 6. Optical fi gures of 
~~ 

/40 = 15. 8 nm are more readily obtainable on

large optics 6 . Six-inch-diameter quartz flats good to X~~
/40 are commercially

• 6available for approximatel y $1 , 800 apiece

Miscellaneous. It is emphasized that the results herein are for the particular

system discussed above , which includes t = io
6 s, X 250 to 354 nm ,

I t~ = 10 J/cm 2/puls e, pulse-repetition rate = 100 pps , and thermally induced

surface distortion X/ 80 . Chang ing the parameters , such as changing the pulse

dura t ion to a few picosecond s, may dra sticall y change the results , as illustrated

in Si-c . III.

Neither the value of It ~ nor the value of I at which system failure occurs

is very usefu l when quoted alone , which does not seem to be appreciated in the

li terature.  A damage threshold of 10 J/cm 2 may be quite hi gh for a picosecond

pulse, hut qui te  low for a one-second pulse.

L -
p

— —
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The generall y diff icult  problems of calculating the temperature dis t r ibut ion

• and stresses in layered structures with both radia l and axia l variation of tempera -

ture were solved with sufficient accuracy to be compatible w ith the assumptions ,

the accu racy with which the parameters are known , etc.

The windows present an even more difficult  prcblem than do the reflectors 21 ,

and reflector s are expected to handle greater pow er than can windows. The

absorptance of antireflection coatings for windows need not be as grea t as that of

the reflector coatings since the absorptance of the window material alread y is

great. The failure threshold s for reflectors are fundamentally different for

single-pulse and repeated-pulse operation an’] for thermall y thin and thermall y

thick coatings . For single-pulse irradiation of thermal l y th ick coatings ,

>~ 
~Ftp ’ where is the coating thickness and is the thermal diffusion

distance in the coati ng in t ime t~ , ti le fa i lure  thre~ Iio1ds are  independent of the

subs trate , depending onl y on the properties of the coat tngs . For thermally thick

coatings and repeated pulses , the thresholds derend on both the coating and sub-

strate. For thermally thin coatings , L F << L Ftp~ 
under sing le- or repeated-

• pulse operation, the failure thresholds depend on both the coating and substrate

except in the case of Z F <~~ 2Ftp extremely well satisfied , which does not occur

in coatings considered to date. The three coatings considered here are ther-

mall y thin , but are well away from the extreme thin l imit.

Finall y, it is mentioned that  tile absorptance of reflectors consisting of

alternate layers of dielectric and ul t rathin t ransmit t ing metallic layers is too

great for high- power use.

_ _ _ _ _ _ _  
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II. UNCOATED METALLIC REFLECTORS

Backgroun d. Multilayer dielectric reflectors will be required for high-powe r

354nm and 250nm systems since there a~ e no low-absorp tance metals at these

wavelengths. Sodium has the lowest absorptance , A ~ 0. 06, at 354 nm of the

metals listed in the third edition of the American Institue of Physics Han dbook.

(The value for lithium is not listed. ) Of the metals Al , Ag ,  Au , and Cu , the low-

est absorptance for X < 385 nm is that of aluminum , for which A =0. 08 on the

range 124 nm ~ X � 500 nm , and the lowest absorp tance for X >  385 nm is that of

silver , with A decreasing from 0.07 at 385nm = 0. 385 urn to A =0. 008 at 12 ~Lm.

The 354-nm values for silver and copper are A ~ 0.2 and —~0.6 , respectively.

Figu re 2 shows the values of absorptance of Al , Ag, Au , Cu , and Na for

X = 12 urn through the vacuum-ultraviolet range , plotted fro m the values in the

American Institute of Physics Handbook.

It might appear at first that the best reflector design would be a substrate of

aluminum , having the lowest value of absorptance , with a reflection-enhancing

coating to reduce the absorotance from 0. 08 to an acceptably low value. However ,

it will be shown below that aluminum (and also silver and copper) are unacceptable

as substrate materials , the thermally induced optical distortion being too great as

a result of the great thermal expansion coefficient. A thin a luminum layer ,

— 100 - l5Onm thick , has been deposited on a molybdem substrate, with the coating

(M gO,’~Ag F2 ) deposited on the aluminum~ Thus the advantage of reducing the

requ i red number  of coating layers is gained without suffering the disadvantage of

an a luminum substrate. Theoreticall y, the aluminum layer could be much

thinner , since only approximatel y two skin depths are needed. Bennett and

‘1’
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co-workers6 pointed out that there could be difficulties with recrystallization of

the aluminum layer if hig h temperatures were required in the coating fabricating

• - process. For example, Hf02 coatings baked at 400 C for four hours showed an

inc rease in packing density.

The problems of the substrates and the coatings cannot be considered

separately in general. For the case of uncoated metallic mirrors or the limit

of extreme thermally thin coating, as discussed in Secs. LI and V , the optical

distortion is determined by the substrate. Even though this substrate model of

the reflector is not valid for the model system described in Sec. I , the results

are of interest in other systems, such as those in which dielectric reflectors

cannot be used , and in establishing bounds fro m which performance l imits can

be estimated simp ly.

Benn ett ’ has considered the single-pulse thermally induced optical distortion

of uncoated metallic reflectors. It will be shown that the results for dielectric-

coated substrates are quite different in general fro m the results for uncoated

metals , even when the values of ahsorptance are formal ly sit equal for the coated

and uncoated cases. For the repeated-pulse syst em , the reflector must s at i s fy

two conditions related to heat accumulation during successive pulses in addition

to the single-pulse requirements , roughly speaking, as will be shown.

Single-pulse temperature. The skin depth for the absorption of the laser

radiation in metals is neglig ibly small. Thus an accurate approximation to the

temperatu re is atta ined by rep lac in g the absorption source term in the heat-flow

equation by the boundary condition of constant heat flow IA at the surface of the

-• m i rror at z = 0 during the pulse , wherc - I is the incident irradiancc and A is

L 39
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the absorptanc c of the mirror. The resulting temperature distribution is

well known~
2’ 23 the surface temperature being~

4

T 0 = 2 It A (1/
~
t C sKs)~~

2 
= 56. 4 (CsKs)~~~

2 
= [29.5 K] (2.1)

at the end of a single pulse of duration t~~.

• During the pulse, the heat diffuses a distance

2Stp = (4K st IC5)”2 = [ l4.6~~m I

roughly speaking. For any reasonable mirror thickness, such as 0. 1 cm

in the example considered , is well satisfied. Thus cooling the rear

surface of the mirror is not effective in reducing the value of T~ during the

pulse.

A word about thermal-diffusion distances is in order. By writing the

sourceless heat-flow equation

- K~
2 

T/~~z
2 + C~T/~ t = 0

)
in dimensionless form , it is seen that the t ime T required for heat to diffuse

a distance £ is of the order of

const. CL 2 / K  . (2.2)

In various particular cases , the appropriate value of the constant can have sucil

values of 1/4, 4/n, etc., depending on the geometry (linear , cylindrical , or

spherical heat flow, for example) and the use to which (2. 2) is put. For one-

dimensional heat flow , the time ‘r required for heat to diffuse a distance £ is

given by (2. 2) with the constant equal to V4, while the surface temperature of

40 
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a semi — infinite sample with heat flow I t~,A at the surface is given by (2 . 1) , w h i ch

is equivalent to the thin-p late result

T = I tA / C 27 0

if
2t = 4 C ( 2 ~~~0 ) / n K

that is , if const. = 4/n  in (2. 2).

Repeated-pulse temperature distribution. During the t ime t ip = 10 2 
~

between pulses , the thermal diffusion distance is £
t

i = (4 K5 io
2 s/Cs) ”2 = t) . 15 cm

(in molybdenum) and the surface temperature returns almost to its prepulse value

(T~~ (t~/ t 1~)’/’2 T~0 ~ l0 2 T~0 ). After many pulses , in addition to the single-

pulse temperature distribution , there is a quasi-steady-state temperature

distribution T
~~5r + Tsc~ where 

~~~~ 
is the temperature difference between

the coolant and the back surface of the substrate and T
~~~r is the temperature

d rop across the substrate at the beginning of pulse , as discussed below. Quasi

denotes that there are very smal l fluctuations in the value of T
~~5r + Tsc since

the heat is added in pulses rather than continuously.

The value of ~~~~ is , by definit ion of the h~ at—tran sfe r coefficient 11,

Tsc = J/h, where J is the average heat flow

J = I t A/t .  ~ W/cm2 
. (2 . 3)

Thus ,

‘sc = I t A/t. h = 5/h . ( 2 . 4 )

_ 
- - -•- - - ~~~~~~ - ~~~~~~~~~~~ _ _ • _ __ _ •_~~
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The value of T
~Sr 

is dete rmined by the average heat flow across the substrate

and is diffe rent for the cases of 
~tip > 

~~ 
and £tjp < £~~~. For molybdenum ,

2tip 0. 15 cm , and £
t

i >  £~ is satisfied (as is also the case for SiC, Cu, Ag,

and At); while for invar, = 3. 89 x io 2 cm, and 
~~~~~~ 

£~ is satisfied. For

> L~ , the heat diffuses across the substrate in the time between pulses; thus ,

the temperature distribution 
~~ Sr in the substrate after many pulses is app roxi-

mately the same as for the steady-state case of constant heating throughout the

substrate. Thus, T
~~Sr

_
~ 

I - z 2 / L s
2 , which is the solution to the steady-state

heat-flow equat ion - K 5 d
2 T/dz2 = lIp A/ t ip £s•  For the heat

diffuses such a short di stance between pulses that this temperature disbribution

T
~,S is essentially the same as that for continuous heat input at the surface;

that is , T
~~~r

P 1 - z ~~~ , which is the solution to the source-fre e heat-flow

equation - K5 d
2 T/dz 2 

= 0 with constant heat flow into the surface at z = 0.

For the intermediate case of £ . < L  , but £ . <<£ not satisifed, thetip S tip S
temperature distribution can be approximated by that for heat added un i forml y

in the region 0 z < 2 tip £~~~. The simple solution to the steady-state heat-

f l w  equation give s a parabolically decreasing temperature in the region

0 — z 
~ 

£tip and a linearly decreasing temperature in the region ~ z £~~,

with a surface temperature

T
~ s o  -:~: ( i  - ~ , for

I t A  2 .50 -= 
~~~~~~~~ ~~~~ 

= 
K 

= [0 .1 , 1)] for £tip £~ (2.5)
i p S  S

-p -
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The average value of T
~~Sr over the substrate is

aIt A -

= 
~ 

, (2 .6)

where

a 
*(‘

-
~~ 

~t~~
2) 

, for £
t

i < Ls

and

a 7 , f o r L .  > ftip S

For substrates of SiC , Mo , Cu , Ag, and Al , the simple forms of (2.5) and (2. 6)

for 
~~~~~~~ 

£~ apply, and for invar , T~~5~~ is increased by the facto r 1. 61 and

(Ts)2 is increased by the factor a = 1.42 above the £tip > £s limiting values.

Combining these results (2 . 1), (2.4), and (2.5) gives the surfac e (p z = 0)

temperature rise at the end of a pulse

T0 = Tpo + ô r (Tsc + T
~~s~~~

) = [ 2 9 . 5 K + ö ( 5 ~~l + 0 . l 7 9 K ]  (2.7) )

• where

or = 1 for repeated-pulse operatioa

= 0 for a single pulse

For repeated-pulse operation with perfect cooling (that is , T
~c 

T
~~s 

, or

h ~~> (5 W/cm2
)/ T~~s

) ,  (2. 7) gives

~~~ h - P  a, ~,0 + T~~5~~ = [ 2 9 . 7 K ]  . (2 .8j

~
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Failure mechanism. In the present section the fai lure of , and the optical

distortion by, the coating is neglected of course , since the m odel is that of an

- -
• uncoated substrate. The failure mechanism is then the thermall y induced optical

distortion resulting from the greater expansion of the hotter center of the sub- —

strate than of the cooler rim. Both the surface temperature during the pulse and

the technical problems of achieving great values of the heat-transfe r coefficient

h while maintaining the required figure of the mirror are important. As discussed

in Sec. I, the failure criterion will be taken as

~~2 = X/2 G = [3.57 nm 1

where ~~L is the change in the thickness of the center (p = 0)  of the structure

(substrate and coating).

• Single-pulse optical distortion. An accurate expression for the energy

density lt ~ at which a given optical distortion X/ G occurs can be obtained under

rather general conditions , which include the present single -pulse case , as follows:

It is assumed that the system is linear (well satisfied for presentl y interesting

cases of small temperature rise), radial diffusion is negligible , and no heat is

removed from the mirror during the pulse (both well satisfied since the thermal-

diff usion distance = (4K st ICs) ”2 I4(1 . 4) 1o 6/2 . 61 1 h /~
’2 [14.6 urn]

is much less than = 0. 1 cm and radiation is negligible). Under these conditions

the energy It~~A absorbed per unit area must equal the inc rease in the energy of

the corresponding volume ts~’ 
cm)2 of the substrate

I t ~~A = c
5f 

dzT , (2.9)

_ _  _ _ _  _ _ _ _ _ _ _ _ _  ~~-~~~~-
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where T~ is the temperature rise during the pulse. The resulting effective change
25in the thickness of the substrate is

A L s = a5(] - + d z T  . (2.10)

This result , which is derived in Ref. 25 , can be understood as follows: To be con-

crete , T~ is approximated by

- a p2
T = T0e , for z < £th

for z > L th

Fro m Hook’s law , with a 0 for the thin reflector , the appropriate strain for

expansion along the z axis is

~zz = 
~Vs E ((1~~ + a~~~) + 

~~ 
(2. 11)

and the thickness change is

£ £ £f  dz 
~~~~ =J d z a ~~

T f  d zvs(CY + a~~) . (2.12)

The stresses can be considered to consist of two contributions, the detached

stresses 
~ d be ing the stresses in the layer z < £th and the layer z > £th if these

two layers were detached from one another , and the attachment stresses aa being

the stresses resulting from reattaching the pieces , that is , deforming the hot

(z < £th ) and cold (z > 
~~~ 

regions to bring them back together. The attach-

ment condition is that the total attachment force on every cylinder p = constant

must be zero

_ _ _ _ _  _ _ _ _ _  
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dzcr = 0 . (2. 13)

- - 

Since the corresponding thickness change is

= sE~~ 

£S 
a = 0 , (2.14)

the net contribution to the thickness change from the attachment con t r ibut io n  to the

stress is zero for th is  case of an uncoated reflector. For the detached laye r

Z < 
~t h ’  the sum of the two nonzero stress components from p. 290 of Ref. 26 ,

or from Appendix A of Sec. C, this  report , is

+ a
Ø~~d 

= a5E [ ( T )
R 

- T I  (2. 15)

where
R 2

( T )  = 
R2 f  dPP T~ ( a R ) 2 ( i  - e ) = 0.432 T0 . (2 . 16)

From (2 . 12) and (2. 16),

£ £

= f  5
dza5T~ (1+ 

- 

1

S 
. (2. 1~ )

The second term does not contribute to the optical path difference since it is

constant for all p; thus it is not included in (2. 10). The result is c-asil v general-

ized to a rb i t r a ry  T (z) by consider ing many small  detached layers;  thus ,

(2. 10) is not rcstric ed to the squa re-pulse , z distribution .
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Solving (2.9) and (2. 10) for I t~ gives

( I t  ) = Cc( X / 2 G ) / A a s ( l + v c )
Pop

= 7. l4 x l o 5 cs /as( l + v s ) = [29. 2 J/cm2I, for 2SOnm

1.01 x 10 4 C5 /as(1 + v5 ) = [41.3 J/cm
2
] , for 354 nm . (2. 18)

Apart from the factor (1+ VS ) 1 that accounts for the radial variation in temperature ,

this resul t is equivalent to Bennett ’s result ,’ as seen by setting

- 2 2 1/2
1 (X / 5 i rN )  -

— , (2. 19)g 2 N ( 1+ 3 X + 3 X 2 )

whi-re N is the number of mirrors in the system , T
f 

is the physical disp lacement

of the surfac(- resulting from nonthermal f iguring error , and factors containing

(1/4 n ”~
’2 )(c1/ L~ )2 account for bending of an unsupported plate , which is here

assunu- d to be prevented by the support system , as alread y mentioned. Examples

of values of g corresponding to various values of N and Tf were given in Sec . I.

• Values of ( I t  ) , along with values of the material  parameters , are listed
P op

in Table I for several mirror-subst ra te  mater ia l s . Thc- value of absorptancc

A = 5 x is used formall y so that the values will servc- as a l imi t ing  case for

coated substrates. For uncoated materials having A A , the values of ( I t

in the table should be multip lic-d by 5 x 10 3/A m a which the value 
~ od

~ io~~,i~ X 10 2 
= 1/16 for a luminum at 250 to 354 nm , for example.

Continuously repeated-pulse optical distortion. The total change i i ~ the mirror

thickness at the c-nd of the ~~
th pulse , whc-r c- m is sufficientl y great for the stead~-

___ _ _ _ _  J
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• state to be reached ( t  ~ 0. 26 for Mo with heat-transfer coefficient h = 1 W/cm 2 K ,

for example) , is determined by the temperature contributions T~~. TSC~ 
and 

~~~~~
From (2. 10) and (2.6)

= a5 ( 1 +  Vs)f dz [T(z) + Tsc + ~~~~~~

= 
It Aa5(1 + ~~ 

+ ~~
ts 

( 1  + . (2. 20)

Setting A~ 5 = X / 2 G in (2 .20) and solving for ( I  t~~) give s

( I t  )
P o p

( I t  ) = (2. 21)
P o r  1 aL

where ( I t  ) is given by (2. 18), and h is ‘efined as
P o p  0

h0 = C5 L 5 / t ~~

= 10.0 CS = [26. 1 W/cm K ]  . (2. 22)

For perfect cooling, that is h >~ 3K 5 /~~5 
= [42 .0 W/cm2 K ] ,  (2 . 21)  gives

( I t  ) [ 18.0 J/cm2 ] . 
(2 .23)

Por h -~~

The amount of cooling, that is the value of h , required in order to avoid exces-

sive optical distortion ( L opd > X / ~~) for a given value of ( I t
o

) is  obt ained by

solving (2.21) for h:

h = h 
(It p )d 

ah0L5 
-l

° I t  3K s (2. 21)

= 1 20. 2 W/cm2 K ]
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P 
For tile measured values of abso~~ tance, the mir rors  l isted in Table I all

fail in single-pulse operation; thus, even for h = they cannot survive for
- 

- -

• 

repeated-pulse operation . Even for the formal case of A = S x 10~~ , the re-

quired values of h are extremely large, as discussed in Sec . VI .

_-

~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~
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III. DIELECTRIC COATINGS AND

DISTORTION COMPENSATING LAYE RS

Multilayer dielectric reflectors will be required for high-power ultraviolet

and visible systems since the intrinsic absorptanc e of uncoatc-d metallic reflec-

tors is too great , as discussed in Sec . II. The problem of obtaining satisfactory

dielectric coatings for the reflectors is not expected to be as severe as that of

obtaining satisfactory windows.2’ An absorptancc of 5 x ~~~~ or less (reflec-

tance of 9. 95 percent) has been attained at 320 nm (for a 21-layer HfO2 /Si02
coating on quartz)~ Single-pulse damage thresholds at 354nm for 17 ps pulses

ranging from 0. 14 to 3.2 J/cm
3 have been measurc-d ’5 for T102 ,  Zr02 ,  

~~°2 ’
and Si02 films that were deposited at the University of Rochester. Thesc-

* results , along with general experimental results in the infrared region and theo-

retical results 27 
suggest , as discussed below , that thesc- f i lms possibly could

withstand the required valu - of 10 J/cm
2 for single pulsc-s without catastrophic

• damage with no improvement required. Some margin of safety must of course

be allowed in an operating system.

Lowering the absorptance of coatings would be one of the most useful coating

improvements. It is emphasized that the cardinal difficulties in obtaining ultra-

low-absorptance coatings needed in high-power systems are expected to be such

technical prob lr -ms of depositing the f i lms as discussed previousl y.10’ 11 The

large value of A = 5 x l0~~ is usc-d just for the rc-ason that overcoming the tech-

nical problems in order to obtain lower absorptanc e is expected to be diff icul t .

If the absorptance could be reduced to l0~~~, the reflector problem , including

that of cooling the substrate , would be grc-atl y simplified.  This il lustrates the

p.

51) 
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general result that the coating and substrate problems generally are closely related.

The values of the absorption coefficient 
~ F required to give A = 5 x 1 0 ’~ and 10~~

are 1
~F AR 200 cm ’ and 4 cm ’, which are reasonable values to attain. The

absorpt ion length £ used in the estimate was £ ~ £~ /4 = 2.5  x 10 cm. r
It is also emphasized that in comparing coatings , one of the most important

parameters is the absorptance A. The comparisons here , which are based on the -~ , -

same value of A 5 x ~~~~ for all coatings , therefore might at first appear to be

misleading. 1-lowever , the equal-absorptance comparisons , which are made of

necessity, are in fact quite reasonable to use in selecting candidate coatings to )

study experimentally since there is no way at present of reliably predicting which

coatings will have lowest value of absorptance , and it is surely the extrinsic absorp - 4
tance that will reign . The intrinsic Urbach absorption edges are so steep that the

values of absorptance of coat ings are expected to be extrinsic. The extrinsic

values of absorptance of deposited films are expected to be greater than those of

high-purity bulk crystals , and the coating-absorptance values are expected to be

determined by the technical problems of the deposition process.10’ 11

Possibility of obtaining near-zero thermally induced optical distortion. By

using an intermediate layer , containing such a negative thermal expansion material

as ThF4 or perhaps the cobalt-iron-chromium alloy mentioned in Sec. II , between

the optical coat ing and the substrate, it is theoretically possible to reduce the

single-pulse contribution to the optical distortion to near zero. First  consider

the spec ific example of a seven-pair (14-layer) MgO/M gF
2 

optical coating deposi- -
~~ 

- -

ted on an aluminum layer , which is in turn deposited Ofl the intermediate layer

consisting of fllF 4 
and silver layers , which is deposited on the ~uh st r a te .

51
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In the l0~~ s duration t~ of the pulse , most of the energy that  is absorbe d in the

thin optical coating diffuses into the intermediate layer , which is just  thick enougfi

(a few micrometers thick, typicall y) so tha t little of the heat diffuses into the sub-

strate during the pulse. The greatest contribution to the optical distortion in this

case is the expansion of the intermediate layer. By choosing the thicknesses of

the ThF
4 
and silver in the ratio

2 ( 1 + v  )j[i~~ _ Ag Ag

Ag ~~T F I ( 1 + 1 .’TH )

the net expansion of the intermediate layer is zero. The ratio is a ltered for the

layers near the optical coating in order to partia lly compensate for the  (small)

optical distortion of the optical coating.

The number of ThF4 /A g pairs in the layer is not critical. If onl y one pair

were used , the thermally induced optica l distortion at the end of the pulse , say ,

could be made zero theoreticall y. By increasing the number of pairs , the dis-

tortion can be kept small throughout the duration of the pulse. The optical prop-

erties of the ThF4/A g layers , such as the index of refraction , absorption coeffi-

cient , coloration , and purity, are unimportant since the intermediate layers are

not exposed to the optical beam. A m eta llic layer over the intermediate layer

could be polished.

The negative thermal expansion coefficient of ThF 4 is t I i e  key feature of the

intermediate-layer concept. Other features can be changed. Silver was chosen

simp ly because it has a great therma l conductivi ty and it is easily deposited .

The optical coating MgO/\i gF2 could be rep laced h~ another opt ical  coating,

- - -

~
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preferably a thermaL ly thin (small ph ysical thickness and great thermal conductivity)

one. In general , the thermal conductivity of the coating, the intermediate layer ,

and the substrate should be great.

The limiting value of the energy density per pulse ( I t  ) for optical failure
P o r

is obtained by assuming complete correction for the single-pulse distortion. The

value of (It ) is then determined by the repeated-pulse characteristics of the
Por

substrate. Setting ( I t  ) ~ in (5. l7a) givesp op

( I t  ~ = ( I t  ~ + ( I t  ~ (3.2)
P o r  P S C  P~~~S

For a molybdenum substrate with heat transfer coefficient h = 10W/cm 2 K

and substrate thickness 0. 1 mm ,

( I t  ) 22.3 J /cm2 ; ( I t  ) = 187 J /cm 2

~~SC

and (3.2) gives

( I t p )
or 

= 20.0 J /cm 2 (3.3)

This value 20.0 J /cm2 is limited es sentiall y b~- the cooling and thernial  expansion

of the substrate , the valu e of ( I t  ) ( = 22, -~ I /cm 2 ) being proportional to h/a 5.
~ SC

The value of the temperature at the surface of the optical coating at the

beginning of a pulse (quasi steady-state value) is , from (2.4) and (2 ,5)

TSC + T~~5 0  
= 0.68 K

and at tile end of a pulse (assuming equal t he rma l  conductivitles K 1 = Ks and

heat capacities C1 = C1. for the optical and intermediate coatings) is

53 - 
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T0 = 60.3 K

For an inva r subs trate with h = 10 W/cm 2 K and = 0.5 mm

( I t  ) = 223 J/cm 2

SC

( I t  ) = 160 J/cm
2

p

( I t p ) 93.2 J/cm 2 (3.3a)

Tsc + T~~s o  = 1.54 K

T0 
= 61.2 K

The practical problems involved in reducing the single-pulse optical

distortion so that the values of 20.0 J/cm 2 for molybdenum or 93.2 J/cm 2 for

invar could be approached (or , alternatively, the va lue of h/2s increased) should

be solva ble without undue effort~ As an illustration , assume that the intermediate

• la yer has the sam e thermal properties as a 14-layer (7-pair) MgO/M gF2 coating.

The surface temperature, from (2. 1) with C~ and Ks rep laced by
3 -

CF = 3. 14 J/cm K and K F 0.285 W/cm K , is

T0 5 9 . 6 K

and the temperature distribution is

T = T0 erfc z/ L~1 T0 ( 1  - /W’+ i l l )

where

2~ = (4 /C 1~ ) 1”2 = 6.03 nm

I’ -‘~

-- - 
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The optica l coating thickness, from (4. 1) with X 250 nm ,

2
F 

= (1.81 Lm ) ( 1 4 / 4 5 ) = 0.563~ 4m

From (8. 15) with T T 0 = 59. 6 K ,

= - 4 .77 ( 15.65 l0~~ + 7.54 x 10 6 ) 59. 6 ii

= -3 . 2 9  x 10~~~(2  I T)

and from (8. 16)

( I t  ) = 
10 J/cm

2 
= - 3.04 x 1O~ j /c m 2

~ ~r -3 .289 x io~~

From (8. II) with d A/ d ( = 
~~~~~~~~ 

) (T~ 2_ I F F

~~~~ l 4 I T ( l 5.6~~ 10 6 ) T 0~~ [1 + ( i -  £ th~ ) J
~ 14 I T ( 1 5 . 6 X 1 0 6 ) T 0 ( l  

~~
L F /2th~~~~

)

~ 6. 17x (2  IT)

and from (8. 16)

( I t  ) = 
I0 J/cm = 1.62 x 10~ /crn 2

05 6. 165 x

The net phase shift is

- 

- 0s + 0r = 2 .88 x ( 2  iT)

- -
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and the net optical distortion is

( I t  ) = 10/2.88 X 10 3 348 J/cm 2
p

Thus , the contribution of the optical coating to the optical distortion is extremely

small , even fo r the case in which no cancellation of the coating distortion by the

intermediate layer is assumed .

If the net thertnal expansion of the intermediate layer is ± 0.5 x io 6 cm 1 ,

which is a large va lue for the near-zero expansion layer , the optical distortion

from the intermediate layer is , from (4. 7) with the small amount of heat that has

not diffused into the intermediate layer neglected ,

o 6
(It ) = ( 14.0J/cm 2 ) 15 . 6 x 1  

= 2.49 x 10~ J/cm2
I)

°P 0 . 5 x 1 0  (1 .3)

Thus , the contribution from the lack of perfect cancellation of the expansion of

• the intermediate layer also is negligibly small. The calculations suggest that if

the ThF 4 /metal intermediate-layer design encounte rs difficulties , an invar

intermediate layer would be useful.

• The positive-expansion material in the intermediate layer is not critical.

Magnesium fluoride, silicon carbide, or copper could be used instead of silver ,

for example. Other low expansion intermediate layers , such as invar or another

alloy , could be investigated if difficulties develop in the TI1F 4 inte rmediate layer .

In principle , the same technique could be used to reduce the substrate

contribution to ( I t  ) . The ThF 4 /Mo structure would be extended to form theP or
total subs t ra te .  However , tile technical problenls m a y  be difficult , and the val ue
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of ( I t ) could be determined by tile residual value of ( I t  ) that cannot be can-I P op
celled entirel y in a practica l reflector , rather than by ( I t  ) and ( I t  )

P s c
Then there would be no additional benefit from using a ThF 4 layered substrate .

Tile damage threshold now becomes much m ore important than was envisioned

at the beginning of the program since it may be possible to reduce the optical dis-

tortion threshold to such an extent that the overall system failure is limited by

the damage threshold rather than by optical distortion. The following new possi-

bility of increasing the damage threshold is therefore especia ll y important.

Clusters of microscopic imperfections. It i~ generally found , with onl y a

few exceptions , that  laser damage in coatings and in bulk materia ls occurs at

small isolated spots , ra ther than uni forml y over the high irradianc e area. The

macroscopic-absorbing-inclusion mechanism has been the explanation28 ’29 ’27 ’ 10, 11

for these damage sites , but there is growing concern that the inclusion mechanism

may not be a universal explanation of laser damage. 12, 13 In some cases the

macroscopic inclusion explanation is likel y to be correct. Platinum inclusions in

laser glass and imbedded polishing compounds in surfaces are two examp les. In

general , however , an alternate explanation would be welcomed since several

investigators have not found inclusions in carefu l searches in materials known to

damage at isolated spots.

Such damage could result  from clusters  of microscopic imperfections .

A purel y statist ical  distr ibution of imperfections would of course result  in local

areas of hig h imperfect ion densi ty .  It is probabl y much more significant however

that imper fections often have a strong tendency to appea r in clusters , for a

(. number of reasons. There are a number of types of microscopic imperfections
p
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and a number of damage mechanisms , including linear absorption and processes

involving generated electrons , that could result from imperfection clusters as

will be discussed in detail elsewh ere. 30 For the present , consider the examp le

of isolated point imperfections such as impurity ions , incomplete oxygen bonds ,

or one of the many so-called damage centers. The absorption coefficient ~ in

the areas of great concentration of imperfections should be much gr eater than the

spatiall y averaged values of absorption coefficient measured in typical calorimetry

measurements.

The cluster explanation is particularly appropriate for coating damage (and

also for surface damage) since coatings almost always have absorption coefficients

that are much greater than the bulk-material values , which is likely to be the

result of contamination of the vacuum deposited films. Thus , the imperfections

are believed to be present , and they are more likely to be clustered in films than

they would be in bulk samples. For a coating with ~ 10 cm ’ measured calori-

metricall y, a value of $ 200 cm~~ for the local value corresponding to the

greatest imperfection concentration seems reasonable. For a volume that is

sufficientl y small for thermal  diffusion out of the volume during the pulse to be

negligible , the temperature rise is obtained by equating the energy absorbed

IA at ~~ with ab sorptance A = $2 , to the temperature rise times the heat capacity

TCOL of the cluster volume 02 , which gives, for $ 200 cm ’, I t  = 10 J/cm 2 ,

and C 2J/cm3 K ,

T = $ fl
u

/C = IO~ K

Thus the numbers  are quite reasonable to explain failure of local sites. As the

irradiance is successivel y increased above the value r equired for the first

~ 
:-;- 
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detectable damage , there should be successively greater numbers of damage

sights corresponding to lower concentrations of imperfections in the clusters.

If the cluster explanation proves to be correct , an important consequence

will be that there is now for the first time a method of possibly increasing the

damage threshold. It has alread y been suggested that the film deposition process

be cleaned up to the ultimate degree possible in order to decre’.se the coating

absorptance. If such a program were successfu l in significantly reducing the

overall absorption , it is possible that the value of the maximum local absorption

coefficient would also be reduced , thereby reducing the damage threshold. This

makes the ultraclean deposition experiments even more important than originall y

suggested.

Intentionall y doping the best available film materials with absorbing ions and

looking for simultaneous increases in the absorption coefficient and tile damage

threshold is perhaps the simplest test for tile mechanism. It is conceivable that

some type of inter-film layer contamination such as ionic diffusion across the

interface , especially at the elevated temperatures of deposition , could be involved.

Other considerations discussed in connection with lowering the film absorptance ’0’ 11

could be important in the cluster mechanism ,

Single-pulse damage threshold. For such damage as melting or fracture

(but not optical distortion) , if the coating survives the single pulses , it is

expected to survive the continuousl y repeated pulses in the systems considered

and in a rather wide class of systems. For inclusion damage , therma l diffusion

between pulses reduces the temperature essentiall y to its prepu lsc- value. Tile

same is t rue  for absorption in til e coating as will  be shown.

a.

59 
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The damage experiment s by Newna m and Gill 20 on Ti02, Zr02, Hf02, and

Si02 quarter-optical-wave-thick coatings on fused silica at wavelength 355 nm

and pulse duration 17 ps suggest that the damage thresholds in their case result

from two-photon absorption (except for Ti02, which has a sufficientl y small band —

gap to allow direct absorption across the gap) . Although the nature of the damage

was not discussed , the following estimate suggests that the coatings may have

melted.

The thermal-diffusion distance in fused silica in t ime t = 12 ps ,

2th ( 4 K t /C )
’

~~~
2 

= [4(0.014) 17 x l0~~
2 / ,

~~~
7]

h/2  
= 7.49 nrn

is much less than the coating thickness 2F = 355/4(1.4 8) = 60 n m .  Thus , the

• temperature rise for the observed energy density I t~, = 2. 7 J/cm 2 is24

T = I t $ F / Cs = 2.38 x 10~ K

which is equal to the temperature 2,000 K required to melt the coating within

the accuracy of the order-of-magn itude estimate. The tempe rature  -~~ 2 , 000 K

is the sum of the melting temperature , — 169() K a bove room temperature

(T m = 1710 C) , plus the temperature H f /C = ( 568 j /cm3) / 1.7 J /cm 3 K 334 K

that is equivalent to the heat of fusion 11(= 568 J/c m3). Melting is expected to

occur before fracture since the fracture temperature H f /C is estimated to be

somewhat greater than 2 , 000 K , even using the bulk-crysta l strength . Neg lect-

ing residual stresses and assuming a compressive strength of — with a

tensile strengt h ~~ °~ ~ ID 4 psi , assuming the worst  case (greatest stress) of no

substrate heating, and using (4. 15) gives

60
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8 a ( 1 - v )  .4
T = _________  = 1.25 x 10 K

Furthermore, the strength of the fi lms may be greater than the corresponding

bulk-crystal values , as discussed below.

The absorption coeffic ient was estimated by tal ing a typical expression31’ 32

= ( I ) l c m ’
0. 1 GW/cm2

which gives $ = 1.5 x103 cm~~ . This estimated value of ~ could be in error by

at least an order of magnitude.

Assuming that the damage occurs by melting that results from two-photon heat-

ing, it is si mple to scale from the 17 ps damage threshold to 1 ~ s and a molybdenum

substrate. For t io 6~~, the thermal diffusion distance , 1.81 urn = 1, 810 nm , is

much greater than the coating thickness , 6Onm. Thus the temperature is given by

(2. 1). With 8F = 1.5 x 10~ (2000/2380)(I/ 159 GW/cm2 ) = 7. 93 I cm 1/GW cm 2 and

T = 2 x ~~~ K , solving for It ~ gives the melting threshold

(I t  ) = 8.45 x ~~ J/cm
2 

.
P m

This is such a great damage threshold for two-photon heating that another

mechanism surely will have a lower threshold. Likel y candidates are inclusion

damage 28~ 29~
27

~ 
10, 11 and clusters of mic roscopic inclusion , discussed under

the i revious paragraph heading. In the infrared region , the damage thresholds

for microsecond pulses range from 10 to several hundred Joules per square

- 10 , 11centimeter. -

--- --- ~~~~ --~~~-—- -~~- -- .-“ ~~i_~~~~~_ _ _ ___ 
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It is not difficult  to show that these ba sic results are not changed when the

additional Joule heating by the two-p hoton-absorption-generated electrons is

included. For wr >~ 1 , where T is the electron relaxation frequency, the

imaginary part of the dielectric constant is = 417 
~e 

c /mw3 T and the absorp-

tion coefficient is ~~ = w/n e.  The density of conduction electrons 
~
1e gen-

erated by two-photon absorption , assuming negligible recombination , is

= -
~~

- 
( I t  /~~w)~~2 , where 

~2 is the two-p hoton absorption coefficient in cm ’.

Solving these three equations for 
~~‘~~2 gives

22 TT e I t 0
= 0. 307

n c~~mw 3r
r

where the numerical value of 0. 307 is for I t  = 2.7 J/cm2 and T = 2 ~ lO~~~ s.

Thus , the absorption at the end of the pulse is increased by a factor of 1. 307 ,

which is not sufficient to change the result that two-photon absorption (enhanced

by Joule heating) is negligible at 10 6 s.

Two-photon absorption. An important factor in selecting coating mater ia ls

is the required size of the ban d gap. One-p hoton absorption must be avoided;

that is , 1~w must he less than the absorption edge Ea • With 
~~ 

1O~ -io~ cm~~

for freq uencies above the absorption edge and ~ i0~~ cm , the absorptance A

would be intolerably great since = 10-100 . The experimnental results of

Newnam and Gill 20 just discussed support the theoretical prediction that two-

photon materials (with 
~~ 

Ea < liw < Ea ) can be used for coatings , hut not for

windows , at t = 1 ~.is. With - 8 cm -1 I/GW cn m ~~~
2 from the experiments ,

( -2

~~~~~~~ 

~~~~~~~~ 
--- - -
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assuming that the damage results from two-photon absorption , the coat ing

absorptance at I = 1O 7 W/cm2 is of the order

AF ~ ~ F 2 F ~ [8(10 2 ) c m ~~~]2 . 5  x l O  5 cm = 2 x 10 6

which is below the absorptancc level that is likely to be attained in the near future.

For windows that are approximatel y one centimeter thick , the absorptance is

A ~ 8 x io 2 
, whicl~ is unacceptably great.

The strengt h of materials in thin-f i lm form may be greater than in bulk

single-crystal form , possibly to the extent that fracture of quarter-wave coatings

for 250 to 354 nm use will be rare. This greater strength of thin films appears

to have been largely overlooked in the literature until recentl y.16’ 17 The fact

that many reported values of residual stresses in films exceed the bulk-c rvstal

strengths suppo rts the greater-film - strength contention . For examp l C, tile

reported tensile stress of 3.2 x10 4 psi for MgF2 exceeds the bulk-crystal  tensile

strength of 7. 6 v ,O~ psi by a factor of 4 . 2 .  There are also theoretical reasons

to believe that the strength of a given mater ia l  may be greater in t h in - f i lm  form

than in bu]k s ing le-crystal  form , just  as the strengths of brittle polyc rystall ine

materials inc rease as the grain size decreases. If the characterist ic Gri f f i th -

microcrack size (typically 0.5 nm , but with considerable variat ion from case

to case) associated \ , - I t I l  the bulk tensile strengt h is greater  than the coating

thickness , it is reasonable to expect that the strength will  he greater in

t h i n — f i l m  form .

Experimental values of the expansion coefficients of deposited thin f i lms  are

needed in order to make the best selection of candidate coatings. An I 1f02 /ThF4
—— ,

~

- -  
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coating (or ThF4 plus another high-index material) may turn out to be a good

choice. If Hf02 has the ultralow value of a = 0.5 x 10-6 K 1 and ThF 4 has

a = -2.5 x i0 6 K ’, the performance of the coating will be approximately as

good as that of ThF4/Si02 ,  and the great number of layers would not be required.

If , on the other hand , a ~ 10 x io 6 K 1 for I
~
lfO2 the effective expansion coef-

ficient of the coating near room temperature is a = [10 (1. 35) -2. 5 (2. 14)] io 6
i

(1. 35 + 2. 14) = 2. 3 x io 6 K ’, which is intermediate between the ultralow value

of 0.5 x 10 6 K ’ and the effective value a = 12. 3 x io 6 K~~ for MgO/M gF2 .  The

number of layers required would still be small , of course. An intermediate layer

of ThF4 possibly could reduce the net expansion considerably below the value of

a = 2. 3 x io 6 K ~~. The compatibility of the deposition conditions of Hf02 and

ThF4 would have to be determined , of course.

There are glasses , such as Cer-Vit (Owen-illinois trade name for “glass

ceramic ”), Zerodure by Schott , and ULE by Corning that have near—zero thermal

expansion over broad temperature ranges. Values as low as a = 0. 1 x io
6 K

over a limited temperature range have been attained (fo r a C. .  ag ULE glass

containing Si02 and Ti02 ). Their pr incipal use is mirror blanks. However ,

they are not usefu l as substrates for high-powe r reflectors since the thermal

conductivi ty is too low. Such glasses usuall y require special manufacturing

techniques , and it is not known if they can be fabricated as thin films.

The number of layers required to give a spec ified value of reflectance can

he calculated from the ~xprcssion

2 N ~ £ n I ( l  - R) Z/4) j 
, for 1 - R< <  1 (3.4)

(Ln (n 1 /n 11 )
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where

Z n , (3 5)= 
L

1 2 2~~h/2
/ ( n L - n S’)  + f l S \1r 3 ! ( 2 , ( 3 . 6 )

V~~L~~~ S’
~ ~~~s” 2

/

which is easily obtained from the result33

R (1
~~~(fl H ifl L):N z~~ 

(:3.7 )
z

~ l~~~4(n L /n El )2N/ Z  , for 1 - R < <  1 . (3.8)

These results are for a reflector consisting of 2N layers , all of which are quarter

wave except for the low-index layer next to the substrate. The thickness of this

low-index layer is adjusted to give maximum reflectance (that is , a net quarter-

wave-layer phase shift , inc]’iding that of the layer itself plus the phase shift

at the substrate resulting f ron the complex nS ).

In order to regain the correct l i m i t  of (3.7)  for 2N = 0, it is necessary to

formally set n1 = 1 (=n 0) in both t h e  expression s for Z and lr ~ f .  For na
” = 0

and n > n , the result (3. 7) of Ilass does not reduc e to the result (3. 13) of -
~~~L S

Lissberger below. The discrepancy is relatively unimportant for tile present I
- i ~~cs , but will be resolved in future report . It would be useful if authors
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would give key results in terms of the complex refractive indices in order to

avoid ambiguities in the literature , which are not uncommon.

- . Other useful expressions for coatings with quarter-wave layers are as follows:

For 2 N +  1 layers (OHLHL LHS )34

-1 2
1 -t ~R = 

1 (3. 9)
1 +~~

where

= n~~/ L  , L 
~~ 2~~~~~~ 2N

which can be written as

( L - n 5’) 2 + n ç” 2

2 2 (3.10)
( L + n 5’) + n S”

with n = n ‘ - i n  “ = 2.43 - i 2.97 for Mo and n = 0. 34 - i 4.01 for Al , bothS S S S
for X near 354 nm. For L2 >> I n ~~

2 
, (3.10) gives

-p
2N

R ~ 1 - ~~~~~ (_
~

) ; for 1 - R << 1 (3.11)
n H 

H

from which it follows that

L n [ ( 1 -  R ) n H
2/ 4 n S

’ nO j
2N ~~~ - . (3.12)

~~ ‘° L’~~H
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The corresponding results for 2N layers ( HLHL LS) is

, 2(nS - S )  + n
~

— 

, 2 ,, 2(nS + S )  + n 5

2N4 n 0 / n L\
~~ 1 - —- -(—  , for 1 - R < <  1 (3. 13)n5 \n H /

where

2NS =

and

- R) i~s ’i4 n0 ]2N ~ . (3. 14)
Ln (n L /n H )

Table IV contains calculated values of the numbers of layers required to give

1 - R = 5 x 10~~ for various coating/ substrntn ~ nhinat ions.

Theoretical absorptance of reflectors. Three contributions to the absorptance

of a reflector are absorption in the coat ing, absorption in the substrates , and

absorption of scattered l ight. For a metallic or other non-transmitting substrate

with no scattering and with no absorption in the coating, the absorptance is simply

As’ (1 R)~~~ 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where R is given by (3.7), (3. 10), or (3. 13). This contrthution to the absorptance

can be reduced by increasing the numbe r of layers , which reduces the electric

field at the absorbing substrate.

For an absorbing codting ,  in the limit in which the absorptance A is

controlled by the absorption in the coating, a good approximation to the absorp-

tanee is obtained by using the model of an infinitel y thick coating (2N -~ ~ ) of

quarter-wave layers. For this case , Koppelman n 19 found that , for and

n L << 1 ,

n H + n L 2~~~~H +

A F = 2 -it 
‘2  ‘2  

= 
‘2  ‘2  

(3. 15)
n H n L F1H ~ L

where nH = nH + ~ ~H [with exp (+ i k z )  for a p lane wave traveling in the +z

direction ] and n
L 

n L + 
~~~~ 

The relation between the absorption coefficient

~ H and the extinction coefficient 
~H is

= 4lT n H”/X (3. 16)

Solving (3. 16) and (3. 15) for ~ gives

4

= ~~~~~~ - n L )A ’~

= 339 cm ’ , for 
~H 

= 2. 14, n L = 1.477 , A = 354

= 46. 1 cm ’ 
, for il

~~ 
= 1.575 , 11L = 1. 500 , A = 250 nm

(3. 17)
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It would not be surprising if suc h large absorption coefficients were found in

early coatings. These results show that an absorptance of 5 x ~~~~ could be

- -
. attai ned if the absorption coefficient of the Hf0

2 /Si02 fil m could be reduced to

339/100 = 3.4 cm ’ , which appears to be a reasonable typical goal for f i lms

deposited under absolute optimum conditions 10’ h1~ For 24 layers (12 pairs)

depositied on molybdenum at 354 nm ,

( 1 -  R)~~~0 = 5 x  10~~

and if the scattering contribution is negligible , the absorptance is

A =

Alternatively, 30 layers (15 pairs)  could be used to reduce (1 - R)~ 0 to 1O~~ , in

which case the required value of the absorption coefficient is $ = 339/50 = 6 .8cm 1.

It is possible that an absorptance of ~~~ could be atta ined. The difficulty is cx-

pected to be that of solving the tec imica l-deposition problems in order to obtain the

relatively low value of $ = 6 .8 c m ’ for A = 250 to 350nm.

An important fea ture of the result (3. 17) is th~it smaller absorption coefficients

are required for coatings having smaller values of aL/n H ;  the more coating layers

required , the lowe r the required value of $.

The result (3. 15) can be understood as follow’s. For s imp l i c i t y ,  assume that

O f l
’ = n L = n ” . For n ’ sufficientl y small , the depth of penetrat ion of inc id en t

i r radiance  into the coating is determined by tile reflection cha rac te r i s t i c s  of the

coating, rather than by the absorptance. Thus , (3. 15) and (3. 16) can be writt en as

A , (3. 18)pen

- - - ---- --
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Wile re

8n n
= 

H L  (ci )pen (n H + 
~~~ 

(n 11 
- n L)

~~
H 

- n L ) , for nH 
- n L << n L (3. 19)

is the effective depth of penetration into the coating and

I A  A(ci) = -
~~
- -

~
-

~~
--- +

is the average thickness of the coating layer.

It can be seen that th i s  result (3. 19) is reasonable as follows 34a : The irradi-

ance dec reases by a factor of (n L/n hl )2 for each pa ir of layer s, roughly speaking.

i h i s  argument neglects such effects as the variat ion of ti -ic- irradiance across the

thickness of the given layers of the coating. The ahsorptance can therefore be

app roximated by the sum of the absorptance in each pair  of layers  as

• 
A ~ 2 (d) $ [1 + (n L/n h I )2 

+ (n L/n H)4 + + 
~~~~~~

Summing  the series gives , for (hi/n Il )2m 
~ < I

-
- 

- 

A =

~
,  where 

_ _
_ ___ __

~
____ :L_ ___ _____ _____ __
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2

L 
2 _ 2 

( d )
‘H ‘

~L

- 
( d )  , for nH < flL << 1 . (3. 20)

‘1H n L

The effective depth 
~~ 

from (3.20) agrees with the penetration depth Lpen from

(3. 19) as well as is expected for the c rude model used in obtaining (3, 20)34a~ For

n H = 2 . i 4  and n L = 1.477 , (3. 19) and (3.20) gi’Ic  - L9 16 ‘d) and ~~ =3. 82 (d )

and for n = 1.575 and n = 1.500 , the values arc p = 2 ~ . (-l ‘d~ and p =21.5 ( d - .H L pen e

Scattering is usuall y considered to dec i - casc thi  reflectance without  inc reasing

the absorp tance. However , the scattered light can bc absorbed, and \Vin sor ~~ h -2 5

shown that scattered light can be entrapped in t b I C  coating,  t h c rcbv causing a sub-

stantial fraction of the scattered light to be absorbed. An cxperilll cntal determi-

nation of the magnitude of this effect is needed.

In the limit of low absorptance, A ~ < 1 , it is expected that the three con-

tributions add linearly )

A = (1 - R)~~~0 + 2 2 + A . (3 .21)
n H 

- n L

Obtaining an ul tra low-thermal -expansion coating would provide another of the

possible solutions to the powe r—coating problem For tile model system in Sec. I .

Low thermal e~ pan~~ion of tile coat ing mater i a ls  r e su l t s  in y r c a t  resistance to

both t h e r m a l l y  induced opt ical  dis tor t ion and f rac ture .  The theoret ical  super ior i ty

_  ~~~~~~~~~~~~ -~~~~~ - - - ~~~~~~~~~~~~~------ --~ -- -- 
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of the i lfO2 /Si02 coating over the MgO/M gF2 coating is a result of the low

thermal expansion assumed for botil 1-1f02 and Si02 .  It may be advantageous to

inc rease the thickness ot the optical coating to a value greater than that needed

opticall y in order to prevent excessive heat diffusion into the substrate during a

pulse , which would inc rease the optical d~~~ortion as a result of the substrate

expansion .

Bulk fused silica is known to have ultralow expansion (a = 0.5 x 10 6 K ’),

and oxide coatings tend to be amorphous. Thus , the Hf02 coating could have an

ultralow thermal expansion as assumed , but th is  is by no means certain , espe-

ciall y since there are so few ultralow expansion materials. It is import an t to

determine the expansion coefficients of thin deposited f i lms  of uff 02 (and other

candidate materials for coatings) 34h .

Uan Uitert and co-workers35 recei~ found that a s ingle c ry s t a l  of t ho r i um

tetrafluoride had J a ~ 2. 5 x lo~~ K ’ for temperatures between 25 C and 600 C.

At room temperature , a ~ -2.5 x 10 6 K ’; the average value on the range 25 C

to 300 C was a = -1 . 4 ~ io
-6 C; at T ~ 300 C, a = 0 ;  for T ~ — 30(1 C ,  a was

positive ; and the net expansion from T = 25 C to T = 601) C was zero . The crys-

tal was not fractured by app lication of a blowt orch. One disadvantage of ThF4
is rad ioac t iv i t y ,  but ThF 4 ilas been ~- ic 1c1y used in t h e  p a — t .  C ry s t a l l i n e

• A 1203 
• 1i 2 ( ) . 2 Si()

2 has a large negative the rmal  expansion coeff ic ient

a = -17 x 1(16 K~~ along one axis , th is  value of a being constant from 20 C

to 800 C.

The negative expansion coeff ic ient  of ThF 4 ,  or pos sibly other mater ia l s , at

room temperature affords tile possibi l i ty  of a near-zero net thermal expansion

! — ~— —
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coefficient of a dielectric/metallic reflector. For example , an intermediate layer

of ThF4 of appropriate thickness L~ (of the order of the coating thickness) could

be deposited between the coating and the substrate , with chosen to give zero

single-pulse optical distortion. A very thin (#— 10 nm , as discussed below) alumi -

num layer could be deposited over the ThF4 in order to reduce the numbe r of

coating layers required. The coating itself could ali,o have ThF 4 as one of the

coat ing materials. For repeated-pulse operation , the value of could be chosen

to maximize the overall threshold value of I t  .p

Values of C , K , t-’ , E , cT
~~ 

Hf~ and Tm for ThF4 were not found in the

literature. In view of the potential importance of ThF4 ,  reasonable values of

the parameters are assumed in order to obtain a roigh estimate of the performance

of a coating containing ThF4 .  A ThF4/Si02 coating is considered to be specific

and to illustrate the advantages (low required value of h = 6. 33 W,-cm 2 K , even on

Mo , for example) and disadvantages (possible low fracture threshold and , with —

a SiO2 , possible great number of layers required , for examp le) of coatings

containing ThF4 .  As discussed below, the best candidate coating having ThF4
as one of the materials can be chosen when experimental values of the expansion

coefficients of deposited thin films become available. In view of the potential

problems with ThF 4/Si02 that will be discussed below, this coating combination

• may not turn out to be the best choice.

Both Si02 and ThF4 deposit well , in high-density form , at 150 C , and both

materials are sufficiently transparent at 250 to 350 nm. A major problem is

that a great number of layers is required. For example , at 250 nm , n = 1. 575

for ThF4 and n 1. 50 for Si02, and the theoretically required number of Livers,

from (3. 8) below , is 54 (27 pairs ) on aluminum (n = 0. 175 + i 1.725), or Q2
S

- - —-- --- - - - ----- ~~~~ ----~~~~~—---- - L~~~~~~~~~~~~~~~~~~~~~ -



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - - -

Sec. B-Ill

(46 pairs) on molybdenum (n 5 1. 30 + i 2. 73). This is an exanip le of a case in

which a thin aluminum layer (thickness 2 Onm) is effective in reduc ing the

- -

. 

required number of coating layers.

A final potential problem with coatings containing ThF4 is that the thermal-

fracture threshold could be low if the strength of the films is not greater than

that of the bulk crystal of the same material. For example , for the ThF 4/Si02
coating, the value of (It )

f1, 
is only — 1 to 7 J/c m2 . This great range of values

is a result of the fact that the values of a number of parameters arc not known

for ThF4 .  Typical values are: 
~tensi1 bulk ~ 6 to 12 x ,O~ psi ; v = 0. 17 to

0. 35; a = -2 .5 x io~~ K to -1.4 x ~(16 K , depending on the magnitude of the

temperature change; E = 10 to 25 x io6 psi; and C~~ 2 to 3 J/c m3 K. TI-ic high

temperature resulting from the low thermal conductivity and the fact that ThF4
is in tension cause (It

o
) to he small. If the strength of the f i lm is greater than

the bulk-material strength, ti-ic values of (I t  ) and (I t  ) may be sufficiently
P f p  P f r

great that fracture will not be a problem.

If these potential difficulties do not materialize , the ThF 4/Si02 coating itself

could meet the requirements of the model system. It is theoreticall y superior to

both the MgO/M gF2 and Hf02/Si02 coatings , even with the assumed ultralow

expansion of 0.5 x ,o 6 K ’ for H102 .  For example, the values of ( I t  ) arep op
145 J/cm2 for ThF 4/Si02 ,  77.5 J/cm for Hf02/Si02 ,  and 21.4 J/cm2 for

MgO/M gF2 ,  all on molybdenum substrates at A = 250 nn i .  For the ThF 4/Si02
coating, the value 2 N+1 = 55 was used formally, which requires a thin aluminum

intet ~lediate layer. This layer can be as thin as a few skin depths (of tile order

of lOnrn) .

A cursory investigation indicates that optimiz in g a coating containing ThF 4
— -  by selecting the other coating mater ia l  (or materials  for a 3 N layer coating)

______________
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would reduc e the value of ( I t  ) = 15. 1 J/c m2 for ThF4 /Si02 : Mo with
P or  

-

h = 10 W/cm K to the value (It  ) ~ 19 J/cm2 that is determined by the sub -
P o r

strate (with a slight improvement for a net negative expansion coefficient of the

coating).

Coating failure modes. Under laser irradiation , absorption in and -in the

surface of a multilayer reflection coating generates heat , which flows throug h

the coating into the metallic (or other heat conducting) substrate. The resultin g

temperature rise possibly could cause melting or fracture of the coating, in

addition to optical distortion. For pulsed irradiat ion , as the pulse duration

becomes shorter with respect to the thermal diffusion time r in the coating, the

absorption-generated heat in the coating cannot d iffuse out of the heat-generation

region in time t .  Thus, for a given amount of energy absorbed in the coating,

the temperature rise will be greater for the case of t~ ~ T than for the case of

t >> T.  Also , cooling the substrate from the rear surface is not effective for

a single microsecond pulse.

Nonlinear effects, such as two-photon absorption , nonlinear-index defocusing,

etc. , that arise as the irradiance I increases (for decreasing t~ at fixed I t
o

) have

been considered previously36’ ~~ and were discussed above in the treatment of the

picosecond damage thresholds. In addition to melting, fracture, and optical dis-

• tort i on , the thermally induced thickness and refractive index changes in the coating

layers change the reflectance of the coatings. This effect is shown in Sec. \ lII to

be negligible. Scattering is important at tile high ultraviolet frequencies , and

Winsor has shown that entrapped scattered radiation can cause inc reased absorp-

t ion 18. However , in high-power systems , scattering that does not lead to inc reased
- 

-
- 

ahsorptance tends to be less important than absorption since tile optical d i stu r t ion

__ _ _
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and fracture resulting from the temperature inc rease caused b y absorption usually

l imits  the sy s tem performance.

The temperature distribution in the coating and substrate and the resulting

stresses and optical distortion are difficult to calculate accuratel y in general .

Estimates will be made for the two l imi t ing  cases of thermally thick and thermally

thin coatings. The single-pulse and repeated-pulse damage and optical distortion

\~ri11 be treated together. In general , the problem of calculating thermally induced

stresses is comp licated , even in systems having cylindrical geometry, when tile

temperat ure is a function of both p and z (cylindrical coordinates) as it is in the

present case. However , for the case of thin coatings (thickness 
~ F ~ < substrate

thickness £s ) on thin substrates (~ s << diameter Ds ), the stresses in the layers

of the coating can be estimated fairl y simply25 .

Material properties. Such material s as fluorides and oxides that t ransmit

well into the ultraviolet region generally have superior physical and chemical

properties such as great strength , great thermal conductivity, and high melting

points. The values of the index of refraction tend to be fairly low; thus , man y

layers may be required in multi layer coatings , as discussed above .
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IV . THERMALLY THICK DIELECTRIC REFLECTORS

In multilayer coatings , the absorption usually is gre atL-st  near the coating-air

interface since the irradiance must drop to near zero at the substrate and each pair

of layers reduces the incident intensity, roughly speaking. Thus, most of the heat is

generated near the surfac e of the coating. A coating will be called thermall y thick if

a negligible amount of this heat diffuses out of the coating into the substrate in the

duration t~ of a single pulse . That is, £ F~~ ~ F ’  where24

£ F = ( N / 2 ) ( A / 4 ) ( n ~
1 + ~~~) = [1.81gm ] (4. 1)

(with F for f i lm) is the coating thickness and

£Ftp = ( 4 K F tp /C F )
~~

2 
= (K F /CF) ’

~
2 20 ~Lm = [6 .02 i~mI

is the thermal diffusion distance in the coating in time t~ . Here ( N/2 ) is the numbe r

of pairs of quarter-optical-wavelength layers having refractive indices n 1 and n2 ,

A is the operating wavelength , and

K F = [0. 285 W/ cmK 1 (4. -3)

and

CF = 13. 14 J/cm
3 K 1 (4 .4)

are the effective values of the thermal conductivity and heat capacity per unit voluml.

for the many-layer coating, which arc obtained in tile Appendix. Tile \l gO ’ \ l c F 2 - i

Hf0 2 /Si02 coatings are  not therma lly th i c  , whi le  th e I i l  4 /SiC) ., m a~ i n ~ i .~~.

‘i hi’ temperature  dis tr ibut ion in the t h i i - r i r t a  l i v  t h i ck  co~l t  in ~ and ~~ -~~~ r -

be es t i i i - i a tc- d  as follows: At the end of a s in ~ l - pti i s~ - , ncg l I r i  ith’ -~ ‘ -

.- -

L- ~~~~
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Sec. B-IV

int o the substrate. Thus , all of the temperature increase occurs in the

coating, and the surface temperature is given by (2. 1) , with C~ and Ks
replaced by the effective coating values CF and KF from (A. 5) and (A. 6)

in Appendix A:

TF~~ 
= 2 I t p A ( l / I T t

P CF KF ) ”2

= Só.4 (C F KF ) ”2 [59. 6 K] . (4.5)

The additiona l increase in the temperature in the coating and substrate

resulting from continuous repeated-pulse operation was calculated in Sec. II.

The quasi-steady-state temperature drop across the substrate T~~5r0 is given

by (2.5) , and the temperature drop Tsc across the boundary layer of the

substrate-coolant interface is given by (2.4). The resulting temperature of the

surface of the coating is then

TFO = ~~~~ + 6r (Tsc + T~ 5 0 ) = [59. 6 + o ( 5/h +0. 179 K ) ]  (4 .6)

where H
= 1 for continuously repeated pulses ,

= 0 for a single pulse.

The thermally induced optical-distortion calculation is somewhat involved , even

when the simplif y ing approximations for thin coatings and thin substrates are made?5

The demonstration in Sec. II that the attachment stresses do not contribute to the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

j
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thi ckness change fa ils for the case of a coated substrate because the factor

in (2 . 15) is no longer independent of z and cannot be taken outside the integral.

Thus there is a nonzero attachment -stress contribution 
~ La to the thickness change

resulting fro m the difference in the values of y E ’ of the coating layers and sub-

strate.

The results of the analysis of that problem given in Ref. 25 should be used for

thermally thick substrates for the case in which the temperature is peaked in the

coating (that is, when Ls (T)~, >> ~~ (T) 0 is not satisfied) when great accuracy

is required . In the present treatment, in which the thermally thick-substrate results

are only used formally for comparison with the thermally thin results of primary in-

terest, the attachment-stress contribution to the optical distortion is neglected in

favor of the clarity and simplicity of the results. The resulting values of ( I t  ) are

often accurate to within approximately five percent for temperature distributions that

are peaked in the coating and are quite accurate (to order L F /L S ) for nearly con-

stant temperature distributions. In the worst case, the error is of the order of 30

pe rcent , which is tolerable for the present estimates.

When the attachment-stress contribution to the thickness change is neglected ,

the an alysis of Sec. II is valid for the present case of a thermally thick substrate if

the substrate variables S are replaced by the coating variables F:

( I t  ) = C (X / 2 G ) / A a  ( 1 +  L~F
)Pop F F

= 7. 14 x l0~~ CF /aF ( 1 + 
~~~ 

= [ 14.0 J/cm 2 j ,  for 250 nrn

= 1.01 x ~~~ CF /aF ~~ + 
~~~ 

= [ 19.8J/cm 2 ] ,  for 354 nm . (4. 7)
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For repeated-pulse operation , both the coating and substrate are heated. The

same failure criterion, Lopd = X/G at p = 0, and analysis used in Sec. II gives

-: A/ 2 G  = ~~LF + ~~Ls (4. 8)

where the coating expansion is

L F

~I L F ~ aF (l-1- VF ) dzTFp

= aF (l+  vp ) I t p A/C F (4. 9)

and the substrate expansion, from Sec. II , is

= a~ 2~ (1 + ‘~~) (T~~ + < T ~~Sr )
2~

) (4. 10)

It was assumed that the coating is much thinner than the substrate, as is usually the

case; then the contribution aF LF (l + VF )(TSC + 
~~ Sr~ 

to ‘~~ F is negligible with

respect to ALs. Solving (4. 8)-(4. 10), (4. 4), and (4. 5) for It~ gives

( I t  ) = ~Itp)0p (4. 11)
P o r  /~ 

a.t
l + h ~~—+-.i

° h  3Ks

where

h 
L5a5(l~~~~ ) A ( I t p )0~ = 

CF LSaS( l+ v S )

t1~ (X / 2 G) tIP aF (l + VF )

a~ ( l + v ~
) 2

= 10.0 C = [ 12.8 W/cm K ]F a
~ ( ,+ v F

) L
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Sec. B-T V

For perfect cooling, tha t is h ) > 3 K5 ~~~~~~ 
= [42.0 W/cm 2 K],  (4. 11) gives

• ( I t  ) [l0.7J/cm 2 ] . (4. 12)P o r  h -~~

• The amount of cooling req u ired to prevent the optical distortion , as discussed

above (2.24), is

1( It ) ah L -l
h = h I p op 

— — 
0 S 

= 134 W/cm 2 K . (4. 13)
~ (It ) 3Ks

Coating stresses and strength. Finally consider the coating stress and

fracture. The cases of thermally thick and thermally thin coatings will be con-

• sidered together . Unfortunatel y, relia ble estimates of the stresses in , a nd the

strengths of , the coatings and the resulting irradiance limitations cannot be made ,

and the failure thresholds will have to be determined experimentall y. The diffi-

culties in making the estimates are that the strength s of the materials in thin-film

form are not known , as discussed in Sec . III , and that the values of the residual
Ist resses (the stresses in the coating after deposition and aging, in other wo rds ,

the st resses in the coating before the laser is turned on) and the stren gth s of the

bonds be~~een la yers and be~~een the coati ng and the substrate are not usually

known. Furthermore, the other properties of a deposited material can be

different from those of the bulk material.

Residual stresses are discussed in Ref. 10 (pp. 90-100) , which also contains

excerpts, with comments, of several papers on stresses in coatings. Reported

values of residua l stresses , which can be great, va ry considerably with the

~~~~~ 82
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deposition temperature and substrate material. The residual stress in a deposited

• 
• 

film is believed to consist of three components, one from the mismatch of the

- • thermal expansion coefficients of the film and substrate, one from contaminants

in the film , and one intrinsic contribution tha t is not well understood. Of the

materials considered in the application below, MgF2, MgO, Th02, and Hf02,

the residual stresses in MgF 2 have been measured .’4 Most of the MgF2 values

are between ~~~~ and +7 X l0~ psi (tensile) but one value of +10~ psi was

reported. 24 In the application below, where the thermally induced str ess is corn-

pressive, including a large residual tensile stress increases the damage resist-

ance of the MgF2 layer s, and the MgF2 layer s should not fail for any valu e of

residual stress between + 1O4 and +7 X 1O4 psi.

• • In the calculations of the numerical values of the thresholds for failure, the

= residual stresses are set equal to zero, and the strengths of the bulk materials

are used. Thus , the results are not expected to be very accurate. They may

tend to be lower bounds since the film strengths could be greater than the bulk-

crystal values , but this is not certa in since the bond between layers may fail and
•

d.

the Increase in strength of films , if any, is not known.

Thermally Induced stresses are difficult to calculate in general when the

temperature is a function of both z and p (cylIndrical coordinates) . However ,

in the present case a reliable estimate is possible because: (1) The total struc-

ture thickness, + ~ 0. 1 cm , is small with respect to the dia meter

D ~ 5 cm. (2) The coating is much thinner than the substrate (L F <<

Thus , the expansion of the substrate is not affect ed by the coating. A straight-
- 

• forward analysis In Ref. 25 yields the stresses at z = p = 0 (where the magni-

tudes usually are maximum, as in the example herein):

83
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a1 = a1 res 
- 
~~~~ 

(~~1
T~0 

- a5B~ <Ts~~~ ) 
(4. 14)

where TFO is the temperature of the coating at z = p = 0, and

1 1Bs = ~~(l + y 5) +  ~~~~~~~~~~~

= O.7l6 + 0.284 y5 = [0. 801]

R 2 2(T> R 2 -ap 1 -aR
rR = (T) = dpp e = 

2 
(1 

- e ) = 0.432
p=O R 0 aR

Replacing the 1 subscripts by 2 in (4. 14) gives O 2~ 
For single pulses, the substrate

heating is negligible, (Ts)
L ~ 0, and (4. 14) gives the well known result 26

a E I TL,fl
a = a - - 1 (4. 15)1 res

for T independent of p , which is also valid for T(p )  in the limit p -* 0.

The result (4. 14) for the stress in the coating can be understood by again con-

sidering a model in which the stress is a sum of two terms. A thin layer of the

coating between z 1 and z 1 + A z  is considered as detached from the rest of the

— structure, and the thermal stresses in the layer are calculated as the first term.

The second term is the stress required to bring the layer back to the same con-

fi guration (same displacemen t along the radial direction p) as the rest of the struc-

ture. This scheme was discussed briefly above and in Sec. II , and is considered in

detai l in Ref. 25.

I
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The limit (ftp) on It~ set by fracture is easily obtained from (4. 14) by first

setting a1 = a1 ~~~ 
is positive (tensile), or a1 = - 101 c If5 if a2 is negative (corn-

pressive), and solving for It~. Here the safety factor f5 is usually chosen as f 5 = 4,

and 01 and a1 ~ 
are the tensile and compressive strengths of coating material 1.

The same procedure is repeated for layer 2. The value of ( I t ~~ is then the lower

of these two values. This gives

/ af \ / 1 - y. \ / TFO 
(Ta ) \ ‘

(I t ~ ) = - (
x
i- - ares) ~ E~ 

‘) I~ i ïç 
- a5135 ~~ 

) (4. 16)

where af is either a1~~ a2~~ alc , or a2c and i is either 1 o r2 , according to

the selection procedure described above (4. 16). The signs of a~ and aF must be

observed (positive for tension or negative for compression). The value of TFO is

given by (4.6) (or by (5.6) with TAFP 
= ‘1

~ Fp0 for the thermally thin coatings dis-

cussed in Sec. V), and from the 8r term in (2.7),

~ 6r ( T SC T~ Sr~g~ ) r~~5” +0. 119 K ) ]  (4. 17)

- 
.~ for both thermally thin and thermally thick coat ings. When the compressive strengths

are not known, the rule of thumb

~~~~ 
8(li: 

(4.18)

can be used ar an estimate.

For a single pulse, (4. 16) gives

( I t p )
f 

= - (
~ 

- ares) (~:~) (~
)

= [ 12.4J/c m3 ] , for MgO . (4. 19) 

~ - - - - -~~~~~~~~
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~~~~~
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By using (4. 19) and TFO = TFPO 
+ Tsc + TAS~~ , (4. 16) can be written in the

• 
• 

• more convenient form

• 1(It ) = “(It )“ (1 + € + he/h)
Pfr P fp

• (4.20)

.-“( It )“ (1 + ~ 

1 
= [12.4 J/cm

2
]

h — ~~ 
Pfp

• 

- 

where

h 
(TSCh) (1 - 

a5B5
T~~o \

= [5.19x iO -2 W/cm2K] (4.21)

and € ,  which is often negligible, is

- 

‘
~~Sr / (TAS ~~ 

a5
= 

T~~o ~ — 

TAS~~ a. 1 (4.22)

= [2.24x 10 3 ]

The quotation mark s on “( It )“ are a reminder that a different layer can fail in
P f p

repeated-pulse operation than in single-pulse operation and that the failure can

change fro m compressive in single-pulse to tensile in repeated-pulse operation .

Then the sign of a~ 
in ( I t  ) in (4. 19) can change and i can change from i t o  2

P f p
or vice versa. An example is encountered for the 11f0 2 /SiO ) coatin g in Sec. IX.

The cooling required to prevent fracture ( that is , to keep It less than ( I t  )~ )

is obtained by solving (4.20) for I-i :

J
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Sec. 13- tV
e ~

H h = hf 

“( It~ )~ - -

p 
(4 .23)

= [0. 216 W/cm2 K ]

As discussed above, the values of 
~i res usually are not known , in such cases,

setting 0•i res = 0 in (4.20) and (4.23) affords an estimate of the values of (It
and h , but the accuracies of the estimates are expected to be poor .

Melting. In Sec. III under the paragraph heading of single -pulse damage

th reshold , failure by melting of a coating layer was discussed. Since the detailsS of the melting damage process are not known in general , the estimate of the value

(I tp )m of the energy density at which failure by melting occurs is necessaril y

imprecise, which may not be important in the cases considered , as discu ssed

below. It is assumed that failure occurs when the temperature of any layer of the

coating formally reaches the value Tm + H f /C , where Tm is the melting temper-

atu re , Hf and C a re the heat of fusion and heat capacity of a layer , and

Hf /C Tf is an effecti ve temperature rise that makes the energy CTf eq ual to

the heat of fu sion.

For an M gO/M gF2 coating , the value of the temperature rise to fai lure  of MgF 2
i~ T,~ + Hf /C = (122 1C - 20C) + 1250 K/3. 14 = 1600 K, which is less than that of

M gO; th us , the failu re occurs by melting of the MgF2 laye r nea r the coating

su rface . The values (It  ) or (It  ) of the energy density at wh ich thisP mp ~~mr
fa i lu re occurs for single-pulse or repeated-pulse operation are easil y obtained

by scaling from l0 j/cn-i2 at TFPO or TFrO to the value of It t, at Tm + H f /C:



Sec. B-IV

• ( I t
o

) = [(T + H f /C)/ TF~~ ] lO J /cm2

= ( l . 6 0 X 10 3/47.2)  = (339 J /cm2 ) (4.2 4)

( I t p )~~ = [(T + Hf /C)/ T FrO ] 10 J /crn2

= [1.6oxlo 3/(47.~~+5,h)] h = l 3OS K (4.25)

where Tm is measured with respect to the initia l temperature. Va lues of

(It ) and (It ) for various coating-substrate combinations are listed inP m p Pmr
Table TI.

I

L
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ilic case of theriiiallv thin coatings , 
~~ 

~~~~~~ is somewhat more complicated

• than that of rh cr inai ly  thick ones. For the extrem~ case of 
~~ 

very well

sat isf ied , the anal ysis  is simp le since the coating can be neglected, In particular , the

temperature drop ac ross the coating is negligible with respect to the temperature at

the coating-substrate interface. The following results fro ni Sec. II , which are sum-

marized in Sec. X(c ) and X(e), arc then valid: TFO from (2 .7); T
~~0 from (2. 1); Tsc

from (2. 4); T 
~ ,~ from (2 . 5); ( I t  ) from (2. 18) ; ( I t  ) from (2 . 21) ; and hr . p o p  P o r

from (2.24) ,

These extreme value s are not very accurate for the cases considered since

• ~~ 
1F~P 

is not sufficiently ~vcll satisfied. Thus, improved approximations will

now be developed . First , notice that the value of the energy density for optical-

distortion fai lure  in a single pulse, ( I t  ) ,  lies between the value (2 . 18) for the

substrate and the value (4 .7) for the coating. In the examp les below, this deter-

mines the value of (It ) to within a factor of approximatel y two.
• 

P p

The temperature distribution in a thermally thin coating can be estimated as

fo llows: For this case of L F~ < £ Fi~~
, the thermal diffusion time

T~ = CF L~~/ 4 K F = [9.02 x io-8
~~i (5.1)

for heat to diffuse across the film thickness £ is much less than t . Thus , theF p
temperature distribution in the coating has reached its quasi-steady-state value

TF = TAI~~ + TFS + ô (TA S O + I~~ç ) (5 .2)

~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-~~~~~ --
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where TFSP 
is the temperature rise of the coating-substrate interface resulting

from a single pulse, 
~~~

‘1
~~S 0  + Tsc ) is defined in (2.4)-(2.7) , and T

~~F is the

solution to the steady-state problem

2 _~1d T  -kL -kz
— -K~ dz2 

— l Ak  (i  - e F)  e (5. 3)

with 
~~ Fp = 0 at z = L F and d1

~ s /dz = 0 at z = 0. The source term on the right-

hand side of (5. 3) corresponds to absorption that decreases exponentially into the

coating (as a result of the decrease in irradianc e I). The solution to (5. 3) with the

given boundary conditions is

~~ Fp 
= 

K F( 1~~~e F) [ 
1 - + 

~~~ 
(

k~~ 
:k z j  

. (5.4)

The value of the exponential prefactor in (5. 4) was chosen to make the heat flow,

J = IA , equal to 
~KF d T/ d z  at z = that is , to give overall absorptance A in

the coating. In a low-loss reflector , the absorptance by the substrate must be small ,

which imp lies that exp(-kL F ) must be small. Setting exp(-kL F ) = 10 ’~ gives k
~ F

= 6.91, and (5.4) becomes

I A L  ‘a

~~ Fp~~~ K F

F 
~~~~~~~~~~~~~~~~~~ , (5. 5)

and a t z = 0 ,

0. 855 1AL 4
~~ Fp0 K 

F 
= 4 .28 x 10

F (5~~ )

= 4.28 x 104
~~~ / K F = [27 .2 K ]

~~~~ 90 
—--— • - — La. --— --- -
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In order to estimate the value of TFSP . equating the absorbed energy per unit

area It ~ A in a single pulse to the energy increase in the corresponding volume

gives (for t~ short with respect to the d iffusion time C~ ~~ / ~ Ks across the sub-

strate)

~~s 
+ L F

It p A = d z C ( z ) T ( z )
0

~ 
C~~T~~ L~~~ + F~~F

(O .4lS
~~~ F 0 + TFS )

where

1/2
= [ i r ( t ~ - TF ) Ks / 4 C s ]

• = 8.86 x 10~~ [ ( 1  
~~

TF / t p
) Ks /Cs ] ’

I
= [6. l9 gim ] . (5.7)

Solving for TFS gives

• IA(t - 1.42 T )
T = 

p F 
= [20 .0 K ]  . (5.8)FSp CS~S~~

-i- CF LF

In the l imit  ~~ < the factors 1,42 and Cr £j . in (5. 8) and r 1 .  in (5.7)

arc negligible, T~ 1. ~~ TFSp~ and (5. 2) gives

T a~- T ,  ~~ I A t / C LFpO FSp p S AS

5.OO x IO 2 (C s L~ s )
~~ = [29 .5 K 1

which is equal to TFpO in (2 . 1), giving the correct l imit .  For h =

~~ 
_ _ _ _ _ _   

9’ 
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(TFO~~ 
= TA FO  + TFS +TAS 0

(5.9)

= [27 .2 K + 20.0K + 0 .20K 1 = [47 .4 K ]

Next consider the thermally induced optical distortion. As discussed in Sec . IV ,

the attachment-stress contribution to the thickness change of the coating and substrate

is neglected. The resulting error in the single-pulse optical-distortion threshold

( I t
o

) for the MgO/MgF2:Mo reflectors is onl y 3.7 percent , and the error for re-

peated-pulse operation is even smaller. The expected overall disagreement of the

theoretical and experimental results is greater than this va lue of 3. 7 percent.

Nevertheless , the correction for the attachment-stress contribution to the thick-

- • 
I 

ness change is calculated in Ref. 25 , and the correction can be app lied to new

cases to insure tha t the error is not anomalousl y great and to obtain the greatest

theoretical accuracy.

When the attachment-stress contribution is neglected , the single-pulse optical-

distortion threshold is obtained from the expression

A / 2 G = 

~~~Fp + A Ls (5. 10)

where

F A LFp = (1  + V F ) dx ( TA Fp +

aFLF~~~~~F~~
O.4lST

AFP0 
+ TFS

) (5.11)

and

= a5 ( ~ + LAS ) I FSp LSA . (5. 12)

92
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Using T = (T / I t~ ) I t~ , where T / I t~ is independent of I , for the three T’ s and

solving (5. 10)-(5. 12) for It ~ gives

( I t ~ ) = ( X / 2 G ) I t P [ a S LSA( 1 + v S )TFSP

+aFLF(l+ VF)(O.415TAFPO 
+ TFS )]

2
= [2 1. 4 J/cm I . (5.13)

This form of (It
o
) is preferred since the T’s will be calculated separately; how-

eve r , ( I t  ) can be expressed explic itl y in terms of the material parameters as
P p

A C 
1~~

1.42 rF /t

- 

• 

( I t )  = 
~ [a 5~~~~( i  +~~~) + a F L F (l + VF )] C~ LS~ +C F L F

+ a F L F ( l + V F ) (5. 14)

The analysis  of the continuousl y repeated-pulse optical distortion for the ther-

mall y thin case is s imilar  to that for the thermally thick case. The results are:

( I t  )
( I t  = 

P op
P o r  / i  a2~I + h0 ~ ~~

. +
(5. 15)

2
~- [14.7 J/cm

h - ’~~

and

I

LÀ 93
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—1( I t p ) d £sh
h = h  - 1 -o It 3K

(5.16)

= [28.1 W/cm2K ]

where

h = 
LSaS ( l + V S ) A ( I t

P
) Od

0 t1~ ( X / 2G)

= 1.40x 105a (l+v )(It ) = [ 19.1] for 250nmS S P o p

I ’ = 9. 89 x 104a5 ( 1 + ~s )
~~t ) = [19.1] for 354nm . (5. 17)p

The value of h is independent of (A / 2 C)  ( since ( I t  ) A / 2 G).
0 Pop

Equation (5. 15) can be rewritten in the following form, which is useful in calcu-

lat ing one contribution to I t  when the other contributions are known ,

1 — 1 + 1 ~~ __~~ 1 1_ lI
(It ) — ( I t  ) ( I t  ) ( I t  )p o r  - Pop PSC P A s

where

h t ip ( X/2G ) -6 1( I t p )sc = a
~ 

Ls~~~~
1s~~ 

= 7. l4 \ 10

[31.4 j /cm 2
J for Ii = 28. 1 W/ cm 2 l~

is th e contribution to I t~ from Tsc and

_  —— - ~~~~ 
-

~~~~~~~~~~~~~~~~~~~
- -- -~~~~ -~~ 
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I
:3 t .  K (X/ 2G ) 

- 
K .

( I t )  = 
i~ S 2 1 4  ~~~ 

S
P~~ S a~~5 L~~( 1 + v 5 ) A  

. a -c~5 ( I + , i
5)

= [46.9 1/c m 2 ]

is the contribution to I t ~ fro m T~~5. For the example of M~~ /MgF2:Mo at 250 nm ,
the numbers corresponding to (5.17a ) are (10) 1 (21.4) 1 + (31.4) 1+ (46 .9) 1 .
For MgO/MgF2 on invar at 250 nm ,

= 3. 89 x i0 2 cm , a = 1.42

( I t ~ )
0~ = 24.0 J /cm 2 , ( I t p )~~ = 28.0 J /cm2

F ( I t p )sc = 44. 5 J /cm~ 
• 

2at h 4.02 W/cm K
( I t  ) 10.0 J/cm 2

P o r

For Hf02 /Si02 on invar at 354 nm ,

L . 3.89 x io 2 cm , a = 1.42t i p

( I t ~ )
0~ 346 i /cm2 ( I t p )~~~ = 39. 7 J /cm2

(I t
o

) = 13. 9 J/cm 2 

2at h O .886 W/cm K
(I t p )

0~ = 10.0 J/ cm 2

The coating stress and fracture ana lysis for thermally thin coatings is

formally the same as the thermally thick coating analysis of Sec . IV. The

results are:

_ _  
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( I t ~ )
f~ = (

~ res)( j~~~)(~~~~~)

[17 .2J/cm 2
l , (5. 18)

( I t  ) = “( I t  ) “ (1-,- e +  h / h ) 1
P f r  P f p

.‘ ( It  ) “ (1  + c ) ~~ = [ 17.2 J/cm2 
I , (5. 19)

h - ’~~ 
P f p

= 

~: ( 

aS B
S)  

_(5. 20)

= [6 .59x  10 2 W/ cm2
K l  ~

and

“( It  ) —1
h = h  P f p _ 1 _ (

f i t
P (5.21)

= [9 .18X 10 2 W/cm2 K ]

= 

~~~~~~~ 

(~ - = [2. 83 x ~o~~j . (5.22)

________________________ - 
a~-



rhIF
~

_

~ 
- ——- - — — —

~ 

-- - —=—~ .—— -i ~~~~~ — - •~~~~ -----~~~-~~-- - - . — —

F 

~~ See . 11 \’l

VI. AI)AP 11\ ’ E OP’lICS AN I )  SUBSTRATE MATERIALS ANt) COOLING

Typical values of heat -t ransfe r coefficients Ii . Values of h at least as great

as several hundred \V/cm 2 K arc desirable in sonic applications. However , such

great values of h arc well beyond the state of the art.  Typical attaina ble values

of ii are as follows

• Ii = 40 W/ cm 2 K .  This greatest value of which we are aware was

attained ~~~~‘ using a higli-teniperature liquid metal coolant and state-of-the-art

techniques. 3S Maintaining optical tolerance was not a requirement of t h e  system.

• h ~ 10 W/cm 2 K .  State of the art for reflectors with water cooling at

high pressure and great turbulence.39

• h ~ 1 W/cm 2 K .  Good value for liquid coolants.

• h = 6 x io 2 W/cm 2 K. Best value obtained with gas coolant.4°

• Ii = 6. 12 x 10~~ W/ cm 2 K .  F ormal value for radiative cooling of a body

with emissivity E = 1 and temperature T 300 K + AT , where AT~~~ 300 K ,

radiating into temperature T = 300 K:  a [(300 + T)4 
- (300)~~~~] ~~~ 4(300)~~~ ~~~~T hT.

• h = 3 X 10~~ W/cm 2 K.  Convection in a still room for plate geometry.

• h ~ 1O 4 W/cm 2 K .  Convection in a still room for a small-rod geometry. 41

The state of the art in high-power mirrors is I-i ~ 10 W/cm 2 K for a water-

cooled, 20 mill (0.51 mm) -thick mol y bdenum face plate polished under operating
39

pressure (400 psi pressure drop) . - The lowest surface distortion was 16 nm

( X ~ /4O , where = 632. 8 nm),  and the gr eatest va lue of the heat transferred to

the coolant was — 2 k W /cm2.

-t
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Sec. B-VI

The current requirements are somewhat different. The value X/40 = 6 nm

at X/250 nm requires a factor of approximately three improvement over the

state of the art , but the heat removed , 5 W/cm 2 is a factor of 400 smaller than

the state of the art. The maximum possible valu e of h is needed.

Work on invar reflectors at the Garrett AiResearch Corporation was abandoned

several years ago in favor of molybdenum as a result of technical difficulties in

fabricating the invar structure (connection of the face plate to the cooling/support

structure) .39 It would be worthwhile to determine if these difficulties could be

overcome since invar is far superior theoretically to SiC , Mo , C, Ag, and Au ,

as seen in Ta ble II of Sec. I. The properties of inva r reported in the literature

vary considerably. In Ref. 33 the following values of the thermal expansion

coefficient for inva r were given : a = 1.98 x io 6 1(1 for - 129 C < T ~ - 18 C;

a= l . 2 6 x 10 6 K 1 for~~1 8 C< T < 9 3 C ; a n da= 2 . 7 0 x 10 ó K l for 93 C <T <2 04C.

Apparently, va lues as low as a = 0.3 x io 6 K ’ have been attained. The value

a = 0.5 x i0~~ K 1 is used in the present stud y, in which the maximum temperature

rise of the invar is 75 K for a sma ll region near the surface at the end of a pulse ,

or 19. 7 K for the average temperature (T A Sr ~ts

Cobalt-iron-chromium n egative-expansion substrate. The second edition of

the American Institute of Ph ysics Handbook reports that coba lt-iron-chromium

(53.0 to 55.5 Co; 35.0 to 37.5 Fe; 9.0 to 10.5 Cr) has expansion coefficients rang-

ing from -1.1 x io 6 K 1 to +1.7 x 10-6 K 1 on the temperature range 20 to 60 C.

This suggests the possibility of partially compensating for the coating expansion

if the expansion coefficient of this alloy can be tailored to give a small negative

va lue. No other information has been obtained on the alloy at present .

I’- ‘~
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Silicon carbide is slightly better theoretically than molybdenum , and scatter-

ing may be less of a problem since SiC can be polished better than Mo. However ,
• - it is anticipated that the fabrication of SiC reflectors would be much more difficult

than the fabrication of Mo reflectors. Even though sintered SiC can be machined

before firing, such problems as attaching a 0.5 mm -thick face plate to the

support/cooling structure (or avoiding this problem by such a method as using

single-piece construction ) and atta ining 10 W /cm2 1< heat trans fer are expected

to be sufficiently difficult that the slight gain in performance would not warrant

the increased complication in general. Furthermore , the advantage of lower

scattering of SiC than of mol ybdenum will not be a major consideration if invar

also can be well polished. Finally, a successful invar substrate would have far

greater impact than a successfu l SiC substrate since the former would afford a

solution to the reflector problem for the model system , while the latter would not.

The severity of the reflector problem suggests that such engineering solutions

as the following be investigated :

Heat-pipe mirrors. An attractive concept for high- power mirrors is the

heat-pipe niirror .42 44 In a five-centimeter-diameter heat-pipe mirror ,

350 W/cm 2 with a tota l of 72 9 W of heat was removed from the center of the

mir ror while maintaining a tota l temperature difference of less tha n 1 K over the
- 

. mirror .42 ’44 In the model system under consideration Onl y 5W/ cm 2 will be

removed at the center of the reflector , but the diameter will be greater , say , up

to — 15-20 cm , and the temperature difference correspc n~L~ to a thickness dif -

ference of X/80 for a 0. 1cm-thick moly bdenu m subst rate is less than

AT ~ X /80 Ls a~ 
= [0.625 K] by an amount that depends on the thickness change

99 
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resulting from the single-pulse heating of the thin surface la yer of the reflector

and from the temperature distribution across the substrate. A typical value is

AT = 0.25 K.  D. L. Jacobson 45 belic ”es that the likeithood of attaining these

specifications is sufficiently great - .~-arrant experimenta l investigation. Use of

a heat-pipe mirror in conjunction with adaptiv e optics could prove interesting.

Adaptive optics for lower h. In principle , corrective optics could be used

to compensate for thermall y induced optical distortion , th ereby allowing the sub-

strate temperature to increase and allowing successful operation with available

values of heat-t ransfer coefficient h .  In soni c applications , fix ed corrective

optics possibl y could be used. When the laser is turned on , the disto rtion would

be great until the thermal steady state is reached. For state-of-the-art cooling

(h = 10 W/cm 2 K and = 0.5 nm) of a mol ybdenum subst rate , the time constant

is quite small , 1.3 x io 2 s , as will be shown below. Thus , on !” the

fi rst few pulses of a 100 Hz system would be opticall y distorted , which should be

tolerable in many systems. The initial distortion could in princip le be reduced

by using adaptive optics , which would be especiall y usefu l in systems where state-

of-the-art cooling is not practical. For example, for 1 mm and

h = 0. 1 W/cm 2 K , the tim e constant is = 2.61 s. Another example of the use of

adaptive optics is the use in conjunction with an uncooled substrate , as discussed

be low.

For large corrections by the adaptive optics , the optica l path diffe rence is

controlled by the value of T5~ 
= IA  t~, /t 1~ h . The coati ng-independent distortion

is then

1(X) 
t—-~~~ - - --—--— --~~~~~- -~~~--- -~~~~~ 

_ _
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2
opd 

= 2 A L 5 = 2 a 5 ( l +VS )T SC

= 2 I A t~ a~ (1 + / ~~~ hao (6. 1)

= lOa ~~( l + l .1
~) / h  ,

____ — 
2opd 

— 
I A t p a~~

(] +v~
) 2 G

X/2G - 

X/G 
— X t ~ hao

= 1.40 x 107 a5 ( 1 + & -’5 ) / h  , for 250 nm

~ [9. 10] ,
hao 

= 1O W/cm2 K

_ _ _  

2o d  6
A /2G A/G 

= 9. 89 X 10 a5 ( l + v
~) / h  , for 354 nm

(6. 3)
h = 10 W/cm 2 K

Thus , for a molybdenum coating at 250 nm , the adaptive optics would have to

correct for L opd = 9.1(X/ G ) while maintaining A/G tolerance at h = 10W/cm K.

For h = 1W/cm 2 K , the correction would be 
~opd = 9 1(X/ G)  at 250

The feasibility of an adaptive optics system , or even nonadaptive corrective

optics , should be carefull y studied theoretically before undertaking laboratory

investigations. The technica l problems of correcting for several hundred times

X / G while maintaining A/G could be severe. The time constant would range

f rom a small fraction of a second to 260 s in the systems considered. Even in

the abs ence of thermal distortion , obtaining (and indeed even measuring) the

101
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required low figure-error tolerance for the large optics will req u ir e considerable

improvement over the best results obtained to date , as discussed in Sec. I .

Since adaptive optics will be required in order to reduce the optical distortion

from the windows ,2’ a single system should suffice for both the window and mirror

corrections. The possibility of improving the performance of an adaptive-optics

sy stem by programming in an expected correction (theoretical valu e that is fine-

tuned experimentall y) plu s an active feedback correction could he considered .

As an alt ernative to adaptive optics , ra pid interpulse cooling, that is operating

for , say , one or two seconds and then rapidl y cooling the optics has been discussed.3

However , even in cases in whi ch thi s type of operation is acceptable , the technical

difficulti es are great. In principle , the radial temperature distribution of the

coolant could be tailored to reduce the optical distortion , but again the technical

difficulties would be great.

Time constant for cooling. The above value of 1. 3 x io 2 s for the time

constant can be obtained from the expression 23

T
~~ 

C5 25 /h  = (2 .61)  (0 .05) / lU  = 1.3X1 0 2 s (6.4)

for the time constant for the surface cooling of a thermally thin subs trate. The

thermally thin-subst rate condition ~ C Ks /h  is sufficientl y well satis fied

since = 5 x 10 2cm and K’s /h  = 1.4/ it) = 0. 14 c m .  The numerica l values are

for the case of moly bdenum. A rough check of this value of = 1. 3 \ 10 from

(6.4) is obtained by equating the energy per area P /~. = A l  C8 ~~~~~ 

= ( 1  /h)C s L~ =

(5/ lO) ( 2.6 1) (0.05) = 6.53 x io 2 j /cm 2 in the stead y state to the energ\ per area

added in ti me t ; that Is , I t~~A ( t  / t 1~ ) 5t , which gives 6. 53 \ 10 /~ =

1.31 x io 2 s , In agreement with the value in (6. 4) .

102
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The total cooling time = T(. ± T~ is approximatel y equal io the  surface

cooling time T
~~ 

because the time = Cs 2
~~/4  K5 

= 1.17 ~ IO~~ s for thermal

diffusion through the substrate is much smaller than Tb,. This condition <

is essentially equivalent to the substrate being therma lly thin (L s ~~~ 
1<s’11’

~
.

Uncooled substrate with adaptive optics. If a satisfactory adaptive optical

system could be developed , a thick uncooled reflector substrate could be used for

operation for a limited time such as 60 s.  However , it will now be shown that if

the great heat-transfer coefficient h 10 W/cm 2 K is attained in the model system ,

the amount of correction required by the adaptive optics is considerably less for

the cooled tha n for the uncooled substrate. An uncooled invar substrate operated

for 60 s requires a correction 2opd / (A /2 G) ~ 100 , which is the same correction

required for a 0. 1 cm-thick molybdenum face plate with h = 0.64 W/cm 2 K .  This

va lue of 100 is an order of magnitude greater than the value of 9. 1 from (6.2) .

The simplicity of the uncooled inva r substrate may dictate its use in some applica-

dons. The time constant of the adaptive optical system would be much longer for

the uncooled subs trate (~~ 60 s) than for the cooled substrate (as small as 10 2 s ,

depending on the value of h ) .

During the 60 seconds of operation , the thermal diffusion distance in

molybdenum is

L

S60 
= [4(1.4)60/2.611

1/2 
= 11.35 cm . (6 . 5 )

Since this value is greater than the distance over which the irradiance changes

substantiall y, the radia l diffusion will decrease the severity of the problem. As

an upper bound to the thickness change Af ,,~, , neg lecting radia l diffsuion and

~~~~ 103
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using (2. 10) and (2. 9),  wit h I t~, replaced by the tota l energy density

• I t ~ ( t / t 1~ ) = 6 x 10~ J /cm 2 , gives

~ [7.35~~ r n ]  = [1.45 X 103 ( X / 2 G ) ]  , (6. 6)

for A = 354 n r n .  The amount by which A is below this bound depends on the

size and shape of the substrate. Several models afford estimates of the reduction

in At s resulting from radial diffusion.

The temperature at the center of a Gaussia n beam incident on a semi-infinite

medium for cw irradiance ‘cw is 13

T0, = 171/2 I AD / 8 Ks

where De is the diameter at which the irradiance is e ’ times the center value 1.

For the present case , formally setting ‘cw = = I t ~~/ t ~~ gives

= ~ 1/2 I A D C t~~/ 8t .  Ks

= l . l l D / K s . (6. 7)

For Dc 
= 5 cm and K5 = 1.4 W/cni K for mol ybdenum ,

T~~~ = 3.96 K (6.8)

which is a very small temperature dEe. \ very crude estimate of the

corresponding value of is

AL s / ( X / 2 G ) ~ [400 ] . (6. 9)

104
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I ~ i- a t w ~~-ec i i t  i i n e t c i - -t  I I L k  m o l v h d c n u i i i  suhst  l a t e , Jo  em iii d iameter wi th

a ;~~~~~~~n beam that is  dawn by  ex p (- aR 2 ) = cxp (-2)  at t h e  r i m  (p 5c m ) ,  the

- -

. 
a~ erage t e n i p e r at u r e  is

l A t t -)
1 = 

P 1 (1 - 
aR ) 24 . 9K (6. 10)

aR

and a~ a iii the  temperatu re r i se  is not excessive.

As a s i m p le order -of -magni tude  est imate , the difference in temperatu re

between the center (p = 0 )  and r im (p = R = F~ cm)  of the m i r r o r  is approximatel y

equal to the value of T at p 0 at the end of t = (C s R
2 /4 K~

) ’
~

2 
= 11.7 s , wh ich

is ~~T 20 K for = 2 cm. Thus , the adaptive optical  system would have to

correct for

-~ opd S S 
~ [2 8 0 1 . (6.11)A/ c ,  2(X/2G)

The factor of 1/2 accounts for the equal expansion of the front and rear su rface ,

in contrast to a factor of 1 for a thin face plate , which is supported with  its rear
p

surface in a plane. These estimates indicate that ~~~ 1 /(X/G) ~ 300 to 400,

which is considerabl y greater than the value of 6. 4 from Eq. (6. 3) for molyb-

denum with the great value of h = 10 W/cm 2 K. The value of f ol)d / ( X/ G )  ~ 350

corresponds to the cooled-substrate case of ii 0. 19 W/ cm 2 K.

For an uncooled inva r substrate , ( 6. 9) and (6. 5) give ~~~5 / ( X / 2 G )  = 120 and

0 = :3 .01 cm
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A simple estimate of the reduction in the value ~ 2s/ (X/2 C) result ing fro m radial

d iffusion gives

A25 / (A/ 2 G) ~ 100 (6. 12)

The surface temperature correspondin g to (6. 12) for a two-centimeter thick

substrate is , from (2.1) with t~ rep laced by t
~~t/t ~~ 

and with a reduction by the

factor 100/120 ,

T = 5 9 . O K

— which is not excessive.

The substrate temperature could be decreased by increasing the thickness.

The ultimate reduction in temperature would give

( T) ~ = p = o  = T
~~FOp + TFSP 

+ T~ = 46. 9 + 3. 96 = 50.9 K

For a single-pulse operation , the small thermal conductivi ty of invar

(K s = 0. 12 W/ cmK) causes a greater increase in the surface temperature than

for the case of say an Mo (Ks = 1.4 W/cm K) or SiC (Ks = 2 .11 W/cm K). By

depositing a th in layer of mol ybdenum or sil icon ca rb ide (typ icall y a few microm-

eters thick) on the invar substrate and depositing the coating on the mol ybdenum

or sflicon carbide , the temperature would be decreased as a result of the greater
.

thermal conductivity of the moly bdenum. The contribution to the optical dis-

tort i on from the temperature distribution that extends across the substrate during

~~ repeated-pulse operation still would be small as a result of the low thermal

expansion of the invar substrate. Thus it might at f i rs t  appear that adding the

intermediate Mo or SiC layer would improve the performance of the reflector.
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Unfortunately this is not the case in presently considered reflectors because the

performance is not limited by the high temperature. That is , the perfo rmance is

limited by optical distortion rather than by melting or fracture. As an example,

for MgO/MfG2 on invar , the limiting energy density is

(It p)
or 

= 11.6 J/cm2

if the state-of-the-art cooling, h = 10 W/cm2 K , is attained (and lower lt ~, if not).

Adding a Mo layer would decrease the threshold to

(It ) = 10. 9 J/cm2

~ or

(The formal fracture threshold would be increased from 12. 1 J/cm
2 to

L 

17.2 J/cm
2 .)

The use of an intermediate layer of near-zero thermal expansion (Sec. Ill)

could be effective for the uncooled substrates .
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VII. CONTINUOUS-OPERATION REFLECTORS

The analysis of cw-operated reflectors is considerab ly simp ler than that of

continuously repeated-pulse operation. The temperature of the coating, measured

with respect to the temperature of the coating-substrate interface, is given by (5 . ~5) ,

that is

IA £ / - 6 . 9 1z/ L
F i z e -T ~ i 1 - -----. -

AF K F \ ~‘F 6.91 —

for k t F = 6.91. In the substrate, the solution to the steady-state th erm al -d i f fus ion

equation

Ks
d2T / d z 2 0

that gives heat flow J = -K sd T / d z  with J = IA and T = ~~~ at z =

T5 
= 

~~s ( l ~~~~_ )  + T sc , (7 .2)

where

• TAS = I A L s / K s

and z ’ = z - £~~. The tempe rature of the hack surface of the substrate is , fro m

= J/h  (see above (2 .3)),

Tsc = I A / h  . (7.4)

From (7. 1)-(7. 4), the maximum temperature at the su rface of the coating, is

/ 0 .855 L £
T = I A ( r~~~~s~~FO ‘ K . K h

‘ I’ S (7 .5)

= [ IA ( 7 . 2 0 / 10 2 f I / h )  3 .

-j
a _ __

~~
__
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ —--- - -

~~~~~~~~~~~~



Sec. B-VII

In calculating the optical distortion, the change in th ickness of the refl ector is

(with the attachment-stress contribution negl igible here)

• A L = a S LS ( l + u S ) ( TS
)
~~~+ a F t F ( l ±

~~ F ) ( TF )L . (7 .6) -
‘

Since << and the other factors in the two terms in (7 .6) are of the same

order of magnitude in general , (7 .6) reduces to

A~ ~ ~s Ls (
~~+ vs ) < Ts)t . (7. 7)

From (7. 2)

(T5) = Tsc +
(7 .8)

= [ I A  (3. 57 x i0 2 + 1/li ) I

Setting AL in (7 .7) equal to X / 2  G and solving for I gives

/

I 
— A / 2 G  ( ~ + (7 9)Aa s ts(l+ vs ) \ h  2K s

For perfect cooling, that is, h >> 2 Ks / £~ 28 W/c rn2 K , (7. 9) reduces to

A Ks1oh cx = 2 (7 .10)
A G a sts (l+ vs)

which gives

1oh~ 
= 4. 36 kW/cm2 

(7 .11)

for mol ybdenum at 354 nm with £ 0. 1 cm and G = 35 • This value of I = 4. 36

kW/cm2 is comparable to the average intensity I t ~ / t ~~ 
= I0/ 10 2 

= kW/cm
2 
in the

repeated-pulse system with l t~, = 10 J/ cm 2 and t~1, 
= l0 2 s.

109
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The stresses at the cente r (p = z = 0)  in the coating layers 1 and 2 are, fro m

(4. 14)

a1 = ai res 
- 

E 1 
(a JTFO 

- a~ B5 (Ts)
~~ (7 . 12)

: where TFO is given by(7.5) and (Ts) by (7.8). The fracture-limited irradiance is

obtained from (7.11) by setting 
~~ 

= aF / f S and sett ing other subscripts 1 by i , as

defined under (4. 16). This gives

If = - (
~ 

- a~ res) (~~~E~~) 
(a. ~~~~ - a5 B

~ 
S Z  (7 . 1 3 )

For = - 8 ( 2  x 104)psi, 
~ ~~ = 0, E. = 3.61 x 10’ psi , v~ 

= 0.3,

= 10.5 x io -6 K 1, as = ~ x io
6 K 1, Bs = 0.716 + 0.284 (0.3) = 0.801, h ~~~,

• £ F / K r ~~< £~ / K ~ 0.1/1.4, the values of the temperatures in (. 12) are TFO/A I

= £s /K s = 7. 14 X io
2 and (T5) = £s / 2 K s, and (7 . 12) gives

= 2 .53 x 10~ W/cm2 (7 . 14)

Comparison of (7 .11) and (7. 14) shows that cw-opcrated reflectors are much

more p rone to failure by optical distortion than by fracture. For the case of contin-

uous repeated-pulse operation, the difference between the optical-distortion and

failure thresholds is not as great as for cw operation. This is because the great

surface temperature at the end of a pulse in the forme r case increases the stress

in the coating much more than it does in the total expansion At = AI F -* Si nce

the single—pulse temperature is great at the surface but does not extend fa r  into the

substrate.

—— I 
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VIII . T HERMALLY INDUCED CHANCES IN TI l E
REFLECTION COEFFICIENT

r
In addition to the thermally induced change in thickness of the coating and

substrate considered in the preceding calculations , the reflection coefficient r

(measured with respect to the final position of the front surface of the coating) of

the reflector changes because the optical thickness of the coating layers changes.

The change 
~ r in the phase of r , is proportional to the small change tA in the

optical th ickness of the layers of the coating, while the magnitude squared I r I 
2

which is equal to the reflectance , is proportional to L~~. Th us the optical dis-

tortion resulting fro m 0r is more important than is the change in the reflectance.

It will be shown below that the thermally induced change in reflectance R = I r 2

4 is entirely negligible in the cases of interest.

The approximation of neglecting 
~r in the preceding calculations is often

well satisfied. The calculations to follow illustrate this result and also show

how can be included when necessary. The results of a detailed treatment of

and of absorption in the coating and substrate, which is expected to yield accu-

rate analytical approximations to 
~~ 

and the ahsorptance , will be used in a future

report to obtain improved app roximations to the various values of I t .  A simp li-

fied treatment below should suffice to illustrate the salien t features of the effects

of~~~.r

The following simple physical interpretation of the results illustrates why 0r
is often negligible and indicates when 

~ r should be included in the calculation of

optical distortion. The irradiance in a coating drops rather rapidly as a function

of the distance from the surface of the coating. For a coating that is optimized

~~~~~~

- I
~~~~~~~~
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for minimum absorptance , the irradiance at the absorb ing substrate must be

extremely small. It will be ShOWfl 3Sa that when 1 - R~ < 1 is satisfied , the irra-

diance decreases by a factor of (n L/n 14)2 for each pa i r  of layers; thus the

irrad iance is large onl y in the top layers of the coating. The effective penetration

depths of the irrad i ance into the coating range from 0. 756 pairs (1. 51 layers) to

- - 6. 65 pairs (13. 3 layers) in the examples in (8. 13) below. The total phase change

~r is equal to the phase change of a single pair of layers times the number of

pairs of layers in the penetration depth. Since the number of layers in the pene-

tration depth is smaller , sometimes by a great factor , than the total number of

layers in the coating, while the expansion of all layers in the coating and of the

substrate contributes to the phase change 
~~ 

resulting from the change in the

position of the coating surface, 0 r tends to be negligible with respect to

However , the contributio n of can be non-negligible in the case of

a F << n E
’ dn F/dT in a coating used with an intermediate thermal layer or a

coating that is rather thick thermally. Notice that both a and dn/dT contribute

to the change 
~r

’ while only a contributes to The contribution to from

the substrate is negligible in all normal cases.

Consider a reflector consisting of a set of 2N - I quarter-wave layers,

OHLHL HS, with refractive indices n
~1 and 

~L ’ as shown in Fig. 3 (a).

In order to determine the reflection coefficient r of this system, first consider

the model reflector LHL HL-~~I I , consisting of N units —v- L — ~~
--

, ~~~~~

in Fig. 3 (b).

The sy mmetry of the model structure makes the calculation of the reflec-

tance rather simple , as shown by Hcrp in46 and reviewed by Lissbergc r34

who gives the following expression for the reflectance of the model reflector
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n 11 ~‘L ‘1L n 11

( a )

I I  -
~~~ L 4fl’ L L S = I I

_ _ _ _ _  - — — — — _ _ _ _  _ _ _ _ _ _

one unit
(b )

.

1 ig . 3. (~~ Ref lector of i n t er e s t , arid (b) a model re ik-e t or  used in
ca I c u l a t  ing the  re f lec t  ion c o e t f i c  i cat of lie efk -c to r  in ( a ) .
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Sec. B-VI II

r ’ [ 1
~~

ex p ( i 2 N ôE ) ]
rm (8. 1)

1 _ r ’2 ex p ( i 2 N o~~)

• r ’ =_ _  - z
s

+ .~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ (8.2)

Z
~~~ 

= ~~~~ = 1 (8.3)

Z E ~ iZ~ = iZA [ 1 A o ]

~~i (i~~~~H~~~~~~~~~~ .) (8.4)

A = + 
( 

~~~ + i 
)
1/2 

~H + (8.5)Y - 1  
~H~~~ L

2 2
• n + nH L

2n H n L

= 6b = 26 = -~~~nd = —
~~~ (

i + - ~~~~) (8.6)

d = dO + dA ; do = X/4 n ; 
~F1~

1 iJ n L d I (8.7)

d
cosö ~~~ 

- 

f~

- (8 .8)
0

6 E = ~ + i cosh~~ I Y - ( Y +  1) cos ô ~ + i cosh~~ Y - i A (f ~
) .
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Sec. B-VI II

The arrows denote that the expressions are val id in the region of high reflectance.

For 1 - R < <  I it is easy to show that  the two terms in (8.1) containing the factor

ex p ( i  2NO E ) are negligible. (Notice that cosh ’ Y = Ln [Y + (y 2 
- ,) 1/2 

~ tn (n H,’n L)

and exp(-2 Nô~~) = (n L/n H)2N << 1 . )  Thus (8. 1) gives

i n + n  d \

r ~ r ’ ~ i e xp ( II L 
~~ 

__A~:) (8. 9)m \ n 13 n~ 2 d0 /

For the Lissbe rger convention E exp (- iwt ),  the exponen tial fac tor in (8. 10)

corresponds to a retardation of the reflected field. Addin g an H/2 (eight-wave)

layer to the model reflcctor in Fig. 3 (b) gives the reflector in Fig. 3 (a). Adding

this layer retards the phase by an additional ( ir/2) ( 1 tdA/dO);  that is

/ dIT IT Ar a~ ex p ( i  -
~~

- + i ~~~
- -

~~

— r
0

which gives

r~~ -e

I

where

d A n
0 I T — ~~ 

0 (8. 10)r d0 ~H~~~~L

is the phase of the reflected wave.

— — a
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The corresponding phase change for the change in position of the front surface

when the rear (substrate) surface of the coating is held fixed as the coating

expands is (for 2 N +  1 layers)

~ Fs = - ( 2 N +  l ) I T  d~~/d0 
(8.11)

Two contributions and 0Fs to the total phase change have opposite sign s,

as suggested by the schematic illustration in Fig. 4. Thus, the two contributions

tend to cancel , which reduces the severity of the optical distortion. However , it

is possible that I - > ~~‘ ~~~~~~~~ 
~s = 

~Fs plus the contribution from

the substrate expression , so that including 
~r would result in greater optical

distortion. This is unlikely in currently envisioned high-power reflectors for

repeated-pulse use.

The phase change 0Fs normally has the same magnitude as the phase change

of a ray traveling from the front to the rear surface and return. Thus , an effec-

tive ray-penetration depth £penO for the phase change 0r can be defined as

I L pen 0 
—

(2 N + 1 ) ( d )  = (8. 12)

where (2N+ 1) (d)  is the thickness of the coating.

Wi th (8. 10) and (8. 11), t h i s  expression (8. 12) g ives

- - - - - -  ~~~~ - - -~ 
—

~~~~
----- - - -

~~ -—~~~~~ - -~~~~~~~~~~~~~~~~~~ - ~~~~~~ -- - - - -
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U C

/~~~~~~~~

_ -- •_ -_  - - — —— - - -—  

- - - widistorted front su r f ace

“- f ron t  surface af ter  the rmal  expansion

hack surface  of coa t ing

.

1- 1g. 4 . Schemat i c  i l lus t ra t ion  showin g the advance in phase of the reflected
wave r e su l t i ng  f rom the change in posi t i on of th e su rface of the  coating,  and

t ? ~~- r ( - I a  ( I ; i t i o f l  r e su l t ing  f rom th e  phase ç of the reflector coeff ic i ent  r
r ~ ii I i :  ag f ro n i  dcepe r pellet rat oti into the the rm al lv  expanded coat ing)

p -
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0 ( 2 N + l )  npeno r 
— 

0
- 

0Fs 
- 

n H n L

for Hf02 /Si02
= 1.5l layers a L/n H = 1.477/2 . 14

for MgO/MgF2
= 3.03 layers 

~L’~ H = 1.41/ 1.74

for ThF /Si02
= 13.3 layers 

~~~~~~ 
1.50/ 1.575 

(8. 13)

The effective penetration depth of the intensi ty for the phase change 
~r is

similar in nature and in magnitude to the effective penetration depth t pen intro-

duced in Sec . III for absorption in the coating.

Specific examples are useful in i l lustrat ing the relat ive contribution of 
~r to

the total optical distortion. If n and X , as well as d , vary slight l y  froni their

- .. values a0 and for maximum reflectance, then dA /do in the expression s above

is rep laced by

-~ —a-- + 
_A_ 

- 
~~~~~~~~~ (8 .14)d0 d0 n0 A 0

In the present case , = 0.

It will  now he shown that  the cont r ibut ion  of 
~ 

to the op t i ca l  d i st or t ion  of

the 45—layer  MgO/ Mg F2 \~~t re flector is negi igibic with respect to the tince rta i at k s

-
~~~~~~~~~~~~~~

--- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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in  the theoret ical  and experimenta l results . From (8. I f ) ) ,  (8 . 13), and (8. 14), wit h

dA
/do) = a (1 + v ) T and n~~/n 01 n

A /n = n ’ (dn/dT) T ,

= -3.03 IT I a ( l + ~~ ) + n 1 dn / d T I T  (8. 15)

With n~~ dn/dT = 1.5 x 10 6 for MgF2 and n ’ dn/dT = 15 / i0 6 for \lg()

(approximate values obtained by extrapolation to 250 am), tile average value of

n 1 dn/dT for the f i lm is

(n ’ dn/dT) 15 ~ 1o
6(1. 41) + 1.5 x 10 6(1. 74) 

-F 1.41 + 1.74

- -6 -l
= i.~~4 x 1 0  K

Since the top layers of the coat ing  make the greatest contribution to 
~ 

, the

appropriate value of T in (8 . 15) is an average over the surface layers . With

surface temperature T Fr0 = 47 . 9K from Table II , and for h = 10 W/cm 2 K ,

T = ~- [ l ÷  ~~~~~~~~~~~~~~~ = (0. 947)(47.9)

= 4 5 . 4 K

With (8. 15) and a 1. (1 + v~~) = 15. 6 :~ 10 6 K - I f rom Table I , this g i ves

= - 1 . 59 10 3 ( 2 I T )

or
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0 -r 
- = r -5.57 x l0 2 .

(2 -7r/G ) (2 ir/35)

The contribut i on of to the optical distortion is

(I t  ) = - 
10 J/cm 

= - 180 J/cm2 (8. 16)
P O r  5 .57x 10 2

The minus sign is a reminder that the phase 0r has the opposite sign from the

phase of o . The previous value of (I t  ) = 21.4 J/cm 2 is replaced by the
5 P o p

following value as a result of the correction

( I t  ) — 21.4 180 — 24. 3
P o p

or

(I t  ) = 24.3 J/cm2 (8. 17)
p op

and the previous value of ( I t  ) = 6.33 I/c m2 for h = 10 \V/cm 2 K is corrected to
P or

1 1 1 1
(It  ) = 6.33 - 

180 = 6.56
P or

or

( I t  ) = 6. 56 j /cm2 (8.1 8)
P o r

which is 3. 7 percent greater than the uncorrected value.
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\c Xt  a ~ i l l  he shown t ha t  fo r  t lie 2 1 - l ay e r  I I t (  ) .) / Si( ).) coa t ing wi th  the

ass umed til t  ra l o~v i xpans ion ot I , the  sing le -pulse  th re sliold is considerably

g vcatc r ~vhie n 
~
‘ is in cluded , but the  repeated—pulse value is only 17 percent

grea ter  e \ c t i  for  t h e  s t a t e — o f — t h e  — a r t  va lue s  of tae su rf acc heat—transfe r coef—

f i c i ea t  hi = 10 \V CI11 K and face-p late thickness  = 0. 5mm . From (8. 10),

(S . 131, and (8. 14),

= -1. 51 ~ 10.585 ~ io 6 
± 9 55 x 10~~ 1 319

= - 2 .44 \ lO ( 2 ~~)

or

_ _ _ _ _ _ _  - - -2
(2 ~y /3~ ) = S . ~2 x 10

- - T u e  value of ( I t  ) is

( I t  ) = - 
lO J/cm

2 
= -117 j /cni2 (8. 19)

8.52 x io 2

L 

The corrected value of ( I t  ) is
P o p

( I t  ) = 
_~~~~-l 

- 117 1 
L

’ 
= 228 j /c m (8.20)

P op

The accuracy of th i s  value of 228 J / cm 2 is low since the app r o x i m a t e  expression

for 
~r was used and the re s near cancel la t ion of th e t w o  t e rms  in (8. 20). The

corrected value of ( I t  ) for h = 10 \V/cm 2 K and = 0.5 mm is
P o r

- 

- 
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1 1 -1 7
(It  ) = [11 0 

- = 12.1 J/cm
P o r

which differs by 10 percent from the uncorrected value of 11.0 J/cm
2

2
Next consider the thermally induced change in the reflectance R = I r I

For a coating designed for maximum reflectance at a specific wavelength A 9

the reflectance normally dec reases as A A 0 I increases. The value of A0

usually is chosen as the operating wavelength A. However , as the temperature

of the coating increases , the value of A 0 changes, thus reducing the value of R (A L).

The measured reflectance change of the Baumeister-Arrion coating9 is

approximated by

RA R( A 0 ) - R ( X0 - X A ) =  1. 64(A A /A o )2 
, 

(8 . 21)

which is a parabolic fit to the maximum and the point RA = 1.60 ~ at

lO am .

The value of AA/X O corresponding to a temperature change TA can he

estimated as follows. The change in the optical thickness n~ of a l ay er  i~~,

neglecting the stress optic terms ,

.

Both dn/dT and na are of order lO 5 K ’, typicall y. Thus , A ( n f ) / n ~ a AT

is of the order l0~~ fo r TA = l O O K .  With AA /A o~~ 
A ( n 2 ) / nf  l0

’
~ , (8. 21) gives

L 6
= l .64~ 10
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which is negligibly small (compare A = 5 x IO~~ > even for the large value of

AT = 100 K. It is also easy to show from (8. 9) that R
A is negligible.

It should be mentioned that sufficient temperature inc reases co.ild cause

such effects as interlayer or coating-substrate mass diffusion 31 and changes in

the porosity of the coating, which could change R( A) ,  probably ir reversibly.

The absorptance of the coating materials themselves increases in general as

the temperature increases, but this increase usually cannot be estimated since

the source of the absorptance in the ultraviolet and visible regions usuall y is

not known. In wall designed , ultra low--absorptance ultraviolet and visible reflec-

tors , the temperature dependence of the absorp tance of the substrate does not

affect the absorptance of the reflector because the coating must contain a sufficient

number of layers to make the absorption in tile substrate negligible. An exception

would be a coating in which tile number of layers is restricted by technical

considerations. 

- - - - - --. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~- 
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IX . APPLICATIONS

Two coatings, one fo r use at 354a m and one for use at 250 nm , and six

substrates are considered. In addition , some results are given for a ThF4/Si02
coating on molybdenum. It was shown in Sec. III that it should not be difficult in

practice to make the thermally induced single-pulse optical distortion negli gible

by using a near-zero thermal expansion intermediat e Iaycr containing ThF4
(which has negative thermal expansion at room temperature). The optical dis-

tortion is then determined by the long-time average temperature of the substrate ,

the values of (It  ) being 19.9 J/cm 2 for molybdenum and 99. 3 J/cm 2 for invar.P o r

The following results are for reflectors not employing the intermediate layer.

The values of the temperatures, optical-distortion-limited and fracture-limited

energy densities for single-pulse and repeated-pulse operation , and the cooling

(val ues of h) required to prevent excessive optical distortion and fracture are

listed in Table II of Sec. I. Three values of cooling h = 1, 10 and W/cm 2 K

are included for the repeated-pulse case. The results to follow are summar ized

in Sec . B-I.

• For the 45- layer MgO/MgF2 coating developed by the Northrop Co rporation

for use at 250 nm , the values of the par ameters 
~r ’ K , C , and a for hulk crys-

• tals , listed in Table I , will be used since MgF2 and MgO a re believed to deposit

as c rystalline films.14 The fi lm thickness , from (4. 1), is = 1.81 ~ ni , and

the thermal  diff usion distance in the coating during the pulse , from (4. 2) , is

= 6.02 ~m .  Thus the th in-f i lm approximation 1’ F = 1.8 1 urn 
~~
< ~i~~~

= 6. 02 um

is  not well satisfied , and th e  corrections of Sec. IV are needed.

! >

~~-

_ _
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I 
I

MgO/M gF
2: 

Mo. For a single pulse, the optical-distortion threshold for the

MgO/M gF
2 

coating on molybdenum is , fro m (5 , 13)

( I t  ) = 21.4 J/c m2 
(9. 1)p op

which is between the thermally-thick-coat ing value of 14. 0 J/cm2 and the uncoated-

metallic-reflecto r value of 28. 7 J/cm 2 , as it must be. Several repeated-pulse

optical-distortion thresholds , from (5. 15), are

( I t  ) = 14. 7 J/cm
2 ,. for h =~~

U P o r

= 10.0 J/cm
2 

, for h = 28. 1 W/cm2 K

= 6. 33 J/cm2 
, for h = 10 W/cm2 K

= 1.03 J/cm
2 

, for h = 1 W/cm2 K (9.2)

The value for h = lies between 10. 7 J/cm2 (thick , from (4. 11)) and 17.7 J/cm2

(uncoated , fro m (2 . 14)).

e The value of h = 28. 1 W ’cm2 K required to prevent excessive optical

distort ion ( I t  = 10 J/cm 2 ) is between the values 20. 9 W/cm2 K (uncoated , (2 . 17))

and 134 J/cm
2 K (thick , (4. 13)). As discussed in Sec. VI, this extremely large

value of 30 W/cm2 K is well beyond the state of the art (.... 10 W/c m2 K) for mirrors.

For single pulses , the fracture threshold , from (5. 18) ,

( I t  ) = 17 .2 J/cm 2 (9, 3)
~ f u

is less than the optical distortion threshold , but the accuracy of estimate of ( I t
o

)

is not sufficientl y great to a ffo rd confidence in this conclusion. Also recall that a

safety facto r of four in the strength was used in obtainin g (9. 3).
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For repeated-pulse operation with perfect cooling, the fracture-threshold

value of It p f rom (5. 19) is

( i ( I t  ) I = 17.2 J/cm2 
, (9 .4)

P f r  h = c x ,

which is essentiall y equal to the optical-distortion value of 14.7 J/cm 2 f rom (9.2)

to within the accuracy of the estimate of the fracture value. The value of h

required to prevent fracture , f rom (5.21)

h = 0.0918 W/cm2 K (9.5)

is much less than the value h = 28. 1 W/cm2 K for optical distortion from (9. 4).

The reason is that the temperature increase, above the single-pulse temperature ,

for repeated-pulse operation is not confined to a small region near the coatin g

surface. The optical distortion from the small temperature rise is great because

is grea t with respect to the thermal diffusion distances in t ime ~~ = l0~~ s,

but the additional stress is small because the temperature inc rease is small.

The values of the temperature rise at the surface of the coating are reasonable:

for a single pulse,

TF~~ 
= 47 .2 K (9 .6)

for repeated-pulse operation with Ii =

I Fr~p 1 = 47 . 4 K  ;
h~~~ r

;incl for repeated-pulse operation with  Ii 2S . I \V/c m 2 K by (° . ~
) , the va lu e  of

‘I from (5 . 2) is



—
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I l
~~

() 
= 47 .6K . (9. S~

For the f rac ture  thresholds in (9.5) and (9.6), the fa i lu re  is by compression

in MgO with the residual stress a res formally set equal to zero since its value

is not known. Both MgO and MgF 2 are in compression , and the thermal stresses

are approximately equal. Since MgF2 films are believed to have large tensile

residual stresses,14 the failure was assumed to occur in an MgO layer.

MgO/MgF2
Cu. The MgO/Mg F2 coating on a copper substrate will not meet

the system requirement ( I t  ) ~ 10 J/cm 2 since
P or

( I t  ) = 8.80 J/c m2 
, for Ii =~~~ . (9. 9)

a P o r

The single-pulse threshold

( I t  ) = 11.5 J/c m2
P op

is sufficiently great , as is the fracture threshold

( I t  ) ~ ( I t  ) = 20. 8 J/cm 2
P f p P f

The corresponding thresholds are even lower for silver and aluminum substrates.

Next consider the 21-layer 1ff0 2 /Si02 coating developed by Baumeister and

Arnon 9 for use at 320 nni .  In the anal ysis of this coating, it is assumed that the

same materials  and number of layers are used in a coating designed for 354nm.

Unfortunately the properties of til e coating fllaterials are not sufficientl y well known

to allow even reliable predictions about catastrop hic fail ure to be made. Since

the da mage resistance of this coatin g is great , if the assumed properties are

correct , experimental studies to determine the coating properties are important.
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The thickness can be calculated with sufficient accuracy since the values of

the ref ractive indices should not be greatly in error. From (4. 1)

= (2 1/2)(3.54 x 10 5/4) (2 , 14 1 
+ 1.48 1) = 1.06 ~zm . (9. 10)

Only a very rough estimate of the value of the thermal diffusion distance can

be made since the properties of the deposited materials are not known. Oxide

films tend to deposit in an almost amorphous form ,’4 for which the values of a

and K could differ fro m those of the crystals by factors of 10. Thus , the best

estimate seems to be to use typic al values of K 0.014 W/cm 2 K and

a = 0.5 x 1O 6 K ’ for amorphous ox ides, assuming that the 
~~°2 films are

essentially amorphous , which gives

= (4K F t / C F)~~
2 

~ (4( O.0 14) 10 6/ 1.7)h/2 
= 1.81 urn . (9. 11)

Thus , the approximation £F = 1.06 urn << = 1. 81 urn is not well satisfied ,

and again the results of Sec. V, rather than the extreme limit of thermall y thin

coatings , must be used.

From (5.5), (5. 6), and (5.8)

TF O  = TA F O  + TFS = 3 2 4 K +  17K = 341 K . (9. 12)

This rather large temperature of 341 K results chiefly from the temperature

d iffe rential of 324 K across the coating, which is a result of the low thermal con-

ductivity K F = 0.014 W/cm2 K.  If the l
~1fO2 coat ing had a value of K much

greater than that of Si02 , then (A. 6) gives
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and t h e  va lue  of 1 - would be dec reascd to T - ~ 324/ 1. 69 = 192 K. TileA l -p D !,p O
valu e  of 341 K in (9 . 12) is between the uncoated-met allic-reflector value of 29. 5 K

and the t h e r m ally — t h i c k — s u b s t r a t e  va l u e  of 366 K from (4. 3).

The sing le-pulse optical distortion threshold fro m (5. 13) is

( I t  ) = 77.5 I/cm2 
(9. 13)

P o p

and the repeated-pulse values are:

( I t  ) = 35. 8 J/cm 2 
, for h = ~~P or

= 11. 0 j /crn2 
, for h = 10 W/cm2 K ,

= 10. 1 J/cm
2 

, for Ii = 8.78 W/cm 2 K

= 1. 51 J/cm 2 
, for h = 1 W/crn 2 K - (9. 14)

I i i  single-pulse fracture threshold from (5. 18) is

( I t  ) = ~)2 . O J / c m 2 (9. 15)
• P tj )

and the repeated-pulse value for h = ~ is , from (5. 19)

( I t  ) 92.2 J/cm
2 

- (9. 16)
P f r  h

F.
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The differenc e between these two values of 92.0 J/cm 2 and 92 .2 J/c ni2 is

insignificant , but the fact that the repeated-pulse va lue  is greL~te r th an the s ingle-

pulse value illustrates an interestin g point. The coating is in compression , as

always, for a single pulse. But the additional temperature rise resulting from

repeated -pulse operat ion gives rise to tensile stresses in the f i lm , which partially

cancel the single -pulse compressive stresses. The additional stresses are tensile

in both la yers of the coating in the present case because the thermal expansion

coefficients of the coating layers (0. 5 x i0 6 K ’) are sufficiently smaller than
-6 -1the thermal expansion coefficient of the substrate (5 x 10 K ). The substrate

consequently expands more (radially) than does the coating, thus putting the coating

in tension .

This result , that the coating will not fracture under repeated-pulse operation

if it does not fracture under single-pulse operation (within limits discussed below)

is reflected mathematically by the fact that hf from (5.20) is negative , and (5.21)

gives a negative value of h required to prevent fracture. If the cooling is suff i-

ciently small, the temperature of the substrate eventually becom es so great that

the tensile stress becomes greater than the compressive stress by an amount

sufficient to cause failure of a coating layer in tension. Then the value of

“(It ) “ in the two equations (5.21) and (5. 22)

“(It  ) “ — 1

P fph = hf I t  
- 1 - €

p

and

( I t  ) = “ ( I t  ) “ ( 1  + ( +  hf /h) 1

~~fr  P~~p
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I 
becomes negative as a result of the sign change of aF in (5. 18) (with ares still

- - zero). Then h becomes positive , and (It ) r emains positive.
-

- The ThF
4
/Si0

2 
coating was discussed in Sec. III.

•

p

13 1
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Sec. B-X

X. TABULATION OF DERIVED RESULTS

- -

- The results derived herein and the value s of the system parameters used are

tabulated for the convenience of the reader. Subscripts F, S, and C denote coating

( f i lm) ,  substrate, and coolant.

(a) Model -System Parameters

• wavelength: A = 354nm (3.50eV); alternate : 250 nm (4.96 eV)

• laser pulse duration : t~, =

• repetition rate : 100 Hz (100 pps), with possible increase to ,O~ pps

• total operating time: 60 s
a 

. 2
• energy density: It~ 10 J/c m / pulse

. irradiance (during the pulse): I = 1O~ W/ cm 2

3 2
• irrad iance (averaged over the 60 seconds): ‘av 10 W/cm

• • area of window or mirror: up to 300 cm 2 (15 x 20cm)

• energy : E = IO~ J/pulse

• optical tolerance: 1/40 wavelength per clement

• pressure: two atmospheres nominal; four atmospheres during the pulse

• pulse shape: rectangular with no spikes

(b) Mate r a!-Component Parameters

• substrate thickness
•

= 0. 1cm

• substrate radius

R = 2 .5 - 10 cm 
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• coating thickness for N -layer  coating

= ( N / 2 ) ( X / 4 ) ( n ~~~+ n~~ ) = ~1.$l~~~i i  (4. 1)

• absorp tancc

A = 5 x 1 0 3

• optical path difference between center and rim of reflector

Lop d = 2 [A~ s 
- 

~
- - S

~p = R]

~~~~S S p 0

-6
• beam profile: square in t ime , with duration t~ = 10 s ,

a interpulse ti fll~~ t ip 
= io

_2 
s

1 ( p)  = I cx p ( - a p 2 )

2 2aR = 1/c

• optical tolerance

A L S = X / 2 G  = X / 7 0 ; 
~~op d = X / g  = X/ 4 0 )

-aR 2
2 G  = 2 g ( i  - e ) =  1.73g 70

• effective values for coating of heat capacity per unit  volume , thermal con-

duct ivi ty  (along z) and thermal  expansion coefficient  (along z) for t h i cknes s

• L i 1/ n 1 and £2 1/n 2

C n  m C n
c1. = 

1 2 2 1 
= I 3. 14 J/cm 3 K ] (A. 5)

fl 1 4- 112 
-•

K 1 K2 ( n 1 n2 )
K 1. = _____________  = 0.285 W/cm K j (A .6)

K 1 n 1 K 2 n2

- a

133_ 
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aF ( l +
~~ F ) = 

fl 1 + n 2

= [ 15.9 x 10 6 K ] (A. 7 )

• time-averaged heat flow through the substrate

J = I A t /t .  = 5 W/cm 2 
(2 .3)

• thermal-diffusion t ime through coat ing (along z)

T
F 

= C} 2~~ / 4 K F = [9 .02 x 10 8 5]  (5 . 1)

• thermal-diffusion distance in the coating du r i n ~

= (4  K F t / C F ) — = (K F C F ) 20 .0 urn

= ( K F /C r~
) ’/2 20. Ourn = [6 .O2um 1 (4. 2)

• average temperature ac ross substrate thickness at p 0

-l
= Ls d z Ts

0

• radial-average temperara re

(T> = 
~~~ R 

d p p T = l~) ~~~ ( i  - 
:aR

2

)
R 0 aR ( 2 . lh)

= 0. 432 1j~, for I/ c 2 t runcat ion  ( a  = 2 )

r r___e = 0.432

LA _ _ _ _ _-

~~~~~~~~~~~~~~ 

_
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(c) Uncoated Metal l ic  Reflectors

• tempe ratu re at the su rface (p  = z 0) at the end of a pulse

~~ = T 0 + 6 r S C ~~~ ASr0~
(2 .7)

= [29. 5 K + or ( 5 / h  +0. 1 7 9 K ) ]

= 2 I t A ( 1/ ~~t C sKs)”2

= 56.4(C 5 K5 ) ”2 = [29.5 K ]

= ~~~~~T 0 + TAS 0 = [29. 7 K ]  (2 .8 )

Tsc = I t  A / t .  h = 5/ h

TA S O  
= ( I t  A/t . Ks)(l - £t . / 2 E s ) , for £t . < 

~~

= I t p A £~ /2 t i l) Ks (4K s) ’ = 10. 179 1 for £ti p
> L s (2 .5)

• single-pulse optical-distortion limit to the energy density

( I t  ) = C5 ( X / 2 G ) / A a 5 ( l  + v5 ) (2 . 18)P o p

= 7 .14 x l ( f
5
c

5 ~~s~~~
1 + V

S
) = [29 .2J/cm 2 ] ,  for 25 0nm

= l .01 :
~

10 4 C~~/a~~( l + v ~~) = [ 4 1 . .3J/cm2
I ,  for 354 nrn

• repeated-pulse opt ica l -d is tor t ion  l i m i t  to the energy density (per pulse)

( I t  )p o p
( I t  ) = (•) ~iP o r  aL~

____  

( I t 1) ) ( l t )~~1- 
- - 2 

= F / -
~ = [ l x . 0 j /C1l1

2 1
h ~~~~~~~~ 1+C 5 L 5 /3t . Ks 

I + a (
~~~

. ) R S 
-

~~~~~~~~~~~~~~~~~~~~~~~ rn-- ~--~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --- ~~~~ - -~~ -~~~~
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h = C £ / t .0 S S  ip

- •

. = 10 .0 CS 
= [26 . 1 W/cni K 1 (2 .22)

• requir ed cooling (value of surface heat - t r ansfe r coefficient h )  to prevent

• ~xc essive ( L 0~~1 > A /40 ) optic al  d is tor t  ion dur ing  Con t i n u ous  repeated-

pulse operation

h h 
( I t

o
) 

- - 

ah 0 L5 
- l

I t  3K s (2.24)

= [20 .2 W/cm 2 K ]

(d) Ther mall y Thick Diel ectric Reflectors

• temperature of the surface of the coating (p = z = 0), with TSC and TAS
given by (2 .4) and (2 .6) in (c) above

TFO = T1. () + O r (TSC + TA S O )

= [ 5 9 . 6 K+  6r ( 5 / h  + 0.1 7 9 K ) ]  (4 .6)

TFO ii ~~~
TF O  + TA S O = [ 59. 8 K i

• temperature at the surface of the coat ing ( p  = z = 0 )  at the end of a

single pulse

1Fp() = 2 I t p A ( l /
~~t

P
CF K F

’/2

= 56. 4 ( C F K F ~~

- 1/2 
= [ 59.6K j (4 .5) 

136 
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S si  iig le — pulse opt ica l —dis to rt ion l i m i t  to th I - en ergy den si ty

( I t  ) C 1 ( A / 2 ~~~)/ Aa 1, (  I t~~~~) (4. 7)P 0

= 7 . 14  \10 5 C 1. /Q r (1 + v
~~

) = I 14.0 j / cm2 I , for 2 SOnm

= 1.01 \ ID~~ C1. /a 1. ( I  
~ 

u i: ) = 1 1 9 .8 j / cm2 I for 354 nm

• repcated-pulsc opt ica l -d is tor t ion  l imi t  to the energy density (per pulse)

( i t )
( I t  ) = (4.11)P o r  i i aL ~1 4 - h ~~~~~~~~o \ h  3K s
( I t ) 1 10. 7 J/cm 2 I (4. 12)

~‘Iic re

11 = 
£ SaS +~~5 ) A ( I t p )

0 1) = ~~~~~~~~~~~~~~~
t~~ (X/ 2 G )  t~~ a 1. (1 ± V F )

aS (l t’~~ ) 2= 10 C - = 1 12. $ W/crn KI’

• requ i red  cooling (value of surface heat-t ransfe r coeff ic ient  I i )  to prevent

• exceSsive ( L op d > X/40 ) opt ical  d is tor t io n  during cont inuous  repeated-

pulse ( > ~~~ rat ion

Ii = ii { - 
~~~~ 

ah ~~~ 

L = [134 W/cnl 2
K (4 . 13)

~ I

_ _  -
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• thermall y induced stress in coating layer I (rep lace I by 2 for laye r 2 )
a t p = z = 1 )

= a1 res 
- 

E 1 
(a 1 TFO 

- 

~~ 
Bs (Ts ) )  (4. 14)

13s = 
~~

(1 + v s ) +  
~~

( 1 - V
~ ) r

= 0.716 + 0.284 = [0. 801 ]

• single-pulse fracture limit to the energy density

icr  \ / 1 - v .  \ / I t( I t  ) = - - a 1a 
P f p 

\ 

f 5 res/ 
\ 

a~ E~ / \ T FPO

= [12 .4 i/cm2 } , for MgO, f5 4 (4. 19)

• repeated-p ulse fracture limit to the energy density

( I t  ) = “ ( I t  ) “ ( 1 +  
~~+ h~/ h )~~ (4.20)P f p  P i p

—~~~[ 12 .4J/cm 2 ] for MgO, f = 4h — ~~

(Tsc h )  
/ o~~13

h ( 1 -f T a.FpO 1 
(4 .21)

= [5. 19 x io 2 W/crn2 K ]

T / 
( T

~ Sr )L a~
TF O  \ ~~~~~~~~ (4 .22)

= [2.24 x 10~~~]

138 
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• cooling required to prevent fracture (that is , to keep I t  < ( I t
o 

)
f

)

h = h1 
~“( I t ~~)~~” 

- - e
tp (4. 23)

= [0. 2 16 W/cm2 K ]

(e) Extreme Thermally Thin Dielectric Reflectors

• The results for the case of £F ~~ extremely well satisfied are the

same as for uncoated metallic reflectors directly above, with T0
in (2 .7) and 

~~~o ~ 
TFPO in (2 . 1). (The subscripts S are not to be re-

placed by F’ s.)

(f) Thermally Thin Dielectric Reflectors

• temperature at the surface of the coating (p = z = 0), with T
~c and

given by (2.4) and (2 .5) in (c) above

T~() = T
~ F D  + TFS + O r (TSC + T~s~~ )

(5. 2)
= [27 .2 K + 2 0 . O K +  Or (S/ l1 + 0. 2 0 K ) ]

TF O  = 
~~ Fp0 +TFSp = [ 4 7 . 2 K ]

T ~ ( 4 7 . 4 K ]FrO h - 
-

• temperature difference across the coating 
~
1
~~F =0 at z = L F ) at the end

of a single pulse for absorption at 7. = £ F equal to io
_2 

t imes  the value of

z 0

I A L .  -kz

~~ Fp~~~ K l7 (1-+-h1

) 
~~.5)

r ‘

~~~.
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0. 855 IA
L~i ~ • ~~ Fp0 (T~Fp ~z 0 

= 
K F (5.6)

= 4.2 8 x  1 O L F / K F = [27. 2 K ]

• temperature of the coating-substrate interface at the end of a single pulse

I A ( t  - l.42 TF)TF~~ 
= 

C
13 

C 
= [ 2 0 . 0 K ]  (5. 8)

1/2
L5~~~n [i r (t ~~- TF ) K S / 4 C

S]

= 8.86 x 10 4 
[(1 - T F/ t ) K s /C

s]
”2 (5. 7)

= [6. l9Mm ]

• single-pulse optical-distortion limit to the energy density

( 1t~ )0 = ( X / 2 G ) I t ~ [a S l + v S LS~~TFSP

÷ a F ( 1 + v F ) L F (O.4 15T ~FPO +TFSP )] (5. 13)

= [21 .4 J/cm ]

• repeated-pulse optical-distortion limit to the energy density (per pulse)

= 

( I t 13) 0~
• p~or  ‘1 aL

l + h  ( — +
0 \ h  3Ks

. [ 14. 7 J/cm2 j (5.15)
h -

~~~~~~

where

141)
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h = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 t~~ ( A / 2 G )

= l .40~ l05 cx~~
( 1 + v

~~
) ( I t )

= [ 19. 1 W/cm2 K ]  for 250 nm

= 9. 89 x 104a~ 
(1  + Vs ~~ t )  

p 
(5. 17) -

= [ 19. 1 W/cm2 K ]  for 354 nm

• required cool ing (value of surface heat-transfer coefficient h) to prevent

excessive (L Opd > A / 40)  optical distortion during continuous repeated-

a pulse operation

h = h 0 
~ 

( I t ) d 
- 1 - 

hb o LS

S (5. 16)

= [2 $ .1 W/cm2 K j

• single-pulse fracture l i m i t  to the energy density

icr \ / I - ~~- \  u t
( I t ) = — ( _ ~ — — a  ~I (  ‘

~) (‘p res / \ a~ F 1 / \T~~0

= [17 .2 J/cm
2 (5. 18)

• repeated-pulse fracture l i m i t  to t h e  energy density

( I t  ) = “( l t  ) “ ( I  + ~ + h / h)
1

P f r  P f p
(5. 19)

—~~~~~~~~ ( I t  ) ( I  f -  = 1 17. 2 J/cm 2 I
h •~~ P i p

141 
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where

h = 

Tsch 
/ 

a
~
B5

f T a.FpO 1 (5 .20)

= [6 .59x  io 2 W/cm2 K I

and

T / 
(T

~~S
)L a5\

= ~~Sr 1 1 - ~ ) = [2 . 83 x 10 - 1 (5. 22)TF O  \ T~ Sr0 a i /

• cooling required to prevent fracture

“ ( I t p )f 
-l

h = h  
p

I t
P (5 .21)

= [ 1.26 x io 2 
~V/ 2 K ]

• single-pulse melting limit to the energy density (valid for both

thermally thin and thermally thick coatings)

(It p ) = l ( T m + Hf /C)/ T FpO I 1o J/cm~ (4.24)

(I t p )
mr 

= [(T m + H f /C)/T F~~ 110 J /cm
2 (4 .25 )

• convenient relation between values of optical distortion thresholds

(valid for both thermally th in  and thermall y th ick coat ings )

1 
— 

1 1 1
( I t  ) 

- 

( I t ) ) + ( I t ) + ( I t )) (5 . 1 a )
or OJ) I

_ _  _ _  -~~~~~~~~~~~~~ —- - -~~~~ - - - - - - - - - - - --- - ---~~~
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where

lit . (A/2 G)
(I t  ) = — ‘p 

= 7. 14 x 10 6 h 
—

P SC a~~L~~
(l + v’5) A  a~~

( l+  v
s

)

= [3l . 4J /cm 2 j

and

3t • Ks(A/2 G) 4 Ks(It ) = = 2.14 x 10
~~~~ acy ~~L~~~(l + Vs)A aa~~

(I +

= [ 46. 9 J/cm2 ]

I 4 .~
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I h e  t i m e  requi red for heat  to d i f fu s e  a dis tance d >~~ ~ £2 along z in a

scm i — i n f i n i t e  m e d i u m  cons i st  iilg of rep eated pa i r s  of I ave ,- s of th ickne s s  z =

and z = 17 ~S

2t = C 1.d / 4 K 1. (A . I )

~vhe re

C L  ~~C L

A l  f 12

and

K 1 K2 ( L 1 -- L 1 )
K = . (A. 3)F K 1 X 2 + K 7 L 1

For C 1 C2 F , (A . 2) g ives CF C; and for C1 Cg >~ C2 wit h L
i 

=

C F = ~~Cg~ h - o r  K 1 = K 2 = K , (.-\ .~~) g ives K 1. K ;  and for K 2 >> K 1~~ K r
with A

l 
A 2, K F 2 K~ .

c CL and k K L , ( - -\ . 2) an d  ~~~~~ can 110 w r i t t e n  as

• c
~ 

= c 1 + c 2 ; ~-1 
= ~-l  k~~ . ( A . 4 )

For the case of optical coatings with all I av t rs of one-quar t er  \va v eleng thl  opt ical

th i ckne ss  ( tha t  is , L i = (A / ~~ / ‘~~ 
, et c . ) ,  \ .  2) and (A .  ~) g ive

C n  ± C n 1 -3
CF = 

1 2 2 
= :~~• 14 1/c m K I

~ l 2

K 1 K2 (n 1 + n~~)
K = ________________ = 

[U . 2$ \V/ cm K I .I K 1 n 1 + K 2 n2

~~~~~~
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- .

The effective value of a ( 1 + v) for the coating is

-

• a 1( l + v 1)n 2 + a 2 ( l +  u2 ) n 1a 1- , (1 + v ~~) = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

F

= [ l6 . 0 x 1 06 K 1
1 . (A.7)

A formal explanation of these results is useful in develop ing intuition. First

consider a two-layer structure with T = 0 at time t = 0 and T = at x = 0 at

all times with no heat flow ( d T/ d x  = 0 )  at x = L~ + £2 at all t imes.  A schematic

illustration of the temperature distribution at various t imes for the case of K 1 ~~< K2

and C1 = C2 is given in Fig. A. 1. If this  two-layer structure we re rep laced by the

semi-infini te structure in which the structure of Fig. A. 1 is repeated over and over ,

the values of T at x = L i + £2 would be lowe r than the values in Fig. A. I as a re-

sult of the heat flow across the surface x = 2 1 + £2 into the next layer (the third

layer , which has K = K 1).

At a late r time , after the heat has diffused through many pairs  of layers , the

temperature distr ibut ion is as shown schematicall y in Fig. A. 2 . In the f i r s t  few

layers starting from x = 0 in Fig. A .2 , the dashed curve  corresponds to the known

steady-state heat flow results

• J = K
F

(
~~~~~

T
l

+
~~~~~~~

T
2

) / (L
l

+ £
2

)

= K 1~~TJ / L 1 = K2~~1~~/ L 2

whose solution gives (A. 3).

_ _ _ _ _ _ _ _ _ _  -- -- -~~~~~~ -~~~~~~~~~~~~~--~~~~~~~ 
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~K 1
T0 ~~~~~ ___________________

~~~~~~~~ 

— t 7

t 5~~~~~~~~~~~~
_ _

I \ \\ 3 \ \
_ _ _ _

t2

t i

_ 111 ~~~~
—

0 
~l +

Dist 1ince

•

Fi g. A. 1. Schematic i l lustrat ion of the temperature d i s t r ibu t ion
in a two-laye r structu re at var ious  t i m e s .

147 
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To

\

~~~~

D SI I , 1 C ~

I.-
Fig .  A. 2 . Schematic  i l lus t ra t ion of th~ t~~n ipe ratu re dis i  r i b u t io n
in a rn any- lay erc (I ~!ructure .  
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Equatin g the product of rate of energy added to the samp le per unit  t imes the

time t

~~
K F (T o / d ) t

to the increase in energy of the sample

L 1 ± L 2

and solving for t gives

t = 4 K 1. d
2
/ C~ (A.  ~4)

where CF is given by (A.2)  and the  constant  4 in (A . 4 )  ~ as chose n Lu  give t = 4  K d 2 /C

for tile case of K 1 = K 2 K and C1 = C2 C.

The effect ive value of a( 1 + v) that  determines the normal  (along z)  expans ioil

of the coating is easil y obtained as follows:

= N ( A L 1 +~~ L2 ) (A .~~)

where

• N = L i ( L 1 + L 2 ) 1

is the numbe r of pairs of layers in the coat ing.  With — I !n 1 wd 1 ) 1 n 1

1+ v 1 ) (T ) 2

• and the corresponding expression with suhsc r ip t  1 rup lac~ d iv~ 2 ~~, ( A .  1)  rcduce~

= £
~~a 1~

( I + V1-. ) (T)  (A. I ) )

wi th a F
( I - -

~ L~j :) given by (A. T) .

149
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Sec. C

C. THERMAL STRESSES AND EXPANSION IN MULTILAYER

DIELECTRIC REFLECTORS

M. Sparks

Xonics , Incorporated , Santa Monica, Califo rnia 90401

Expressions , needed in ana lyzing fractu re and optical distort ion of hi gh- power

reflectors , are derived for the thermal stres s and expansion in thin mul t i l aye r

coatings (tota l thickness on thick heat-conducting substrates  ( thickness £~ and

diameter D). Simple closed-form results are obtained , even thoug h the temperature

varies axial l y and radiall y, by considering the usual case of k 1 << £
5 

< < B a n d  b y

considering tile stress as the sum of two terms. The detached -s~~ess term is tha t

of a reflector divided into many thin layers , and the a t tachment-s t ress  term is the

stress rcquired to bring the  layers back to their  actual  positions. The general

results for tile stress s imp lif ies considerably for p~~0 (axis of tile cyl inder) ,  where -

-

fracture often occurs. Thickness changes , wh ich cause optical distort ion , tcnd t o

be more a ffected by detachment stresses than by attachmen t stresses . Neglect ing

the latter greatly simplifies the analysis aIld results and gives qu i te  accurate i e ~ u 1t s

(five percent for the worst temperature distr ibution and of order ~~k /4 for the

best case of a currentl y used reflector) for many ,  but not al l , reflectors.

•

I
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Sec . C- I

I . INTRODU C l ION ANT) S U N I N I A R Y

ihe  ava ilabil tv  of ilig h—power lasers  ilas generated interest  in new classes of

i l i a te r i a l s  problems ~~
, as discussed in Ref. .5. A theoretical anal ys is  of p robleills

of v. imm do v . -~ for  hig h-power systeills was carr ied out some t ime ago 1. In a recent

anal y s i s
4 ’ of h i gh-power reflectors , it was found that dielectric relleL-to rs were

required because the i i l t r i n s i c  ahsorptance A of illetals is too great , the value

A b eing (1 . 08 for  a luminum for 124 nm ~ X ~ 500 nm . The Ilig h—po wer reflectors

considered hc- re c- c) i ls i st  of m e t a l l i c  sul)strates or oth er hi gh—thern l a l—cond u c t iv i t v

sUi)strates. Low-al)sorptance reflectors must  have a sufficient number of dielectric

l a y e r s  to reduce the it -radiance to a ve ry low value at the substrate in order to pre—

vent excessive absorption 1w tile substrate. Two typical ultraviolet ref1ectors~~’

deposited on fused silica have 21 and 45 layers . Flie number of l ay e r s  can i)e

reduced by d~-pos it ing t h e  optica l coat ing on a th in  a l u m i n u m  in t e rmed ia t e  layer.  
- -

~ -

T)le substrate s -rves  to conduct heat out of tile coat in g and to provide the mechanical

stabil i ty necessary to m a i n t a i n  the required optical fi gure.

Two problems ar t - o f interest  in l a s e r — h c - a t c -d reflectors . The f i r s t  is the p

calculation of stresses~ in tile layers of the coating and f r ac tu re  resul t in g  fro m

excessive str (-sses . The second is calculation of the thickness change from the rmal

expansion and tile resul t ing optical d is tor t ion.  In coits iderin g th ese  problems , the

needed thermal—stress  ana lv sc- s were not found in the  s tandard references . I ) i f—

ficulties arise because thc- temperature va n c -s in two d i rec t ion s  (axial ly  and radia l ly) .

In tile present stud y, the st r c s sc - s  wi l l  be esti n i a ted  and several s in lp le problems

will be solved and related to web I known results in rder to p roy ide su f f i c i en t  back —

groun d and i n t u i t i o n  to understand t ll i - results , It is  foun d that  reliab le esti I l i a t e s

155

~~~~ -~~~~~~~~~~~~~~~~ —~~ ~~~~ -— .~~~ —- - --~----~~- - - -  —~~- ---~~, - - -~~~~—- —-, .--



r ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

- ‘- Sec . C-I

can be made for the usual case in which the substrate is th in and tile c o a t in g  is

much thinner than the substrate.

In the calculations , the following assumptions ~vill he made:

• The problems of calculating the deviations from the ilealized r esu l t s  m h a ~

occur nea r the rim (within a distance of tile order of the thicknes s) of th in  d i sks

and nea r the end s (within a distance of the order of til e diameter)  of a long rod are

not considered.

• The substrates are  thin (thickness k
s 

<< diaillcter D 5) .

• The coatings are thin (thickness 
~F <<

• The system has cy lindrical symmetry  (all variables independent of the azi-  —

muthal  ang le :)  and is l inear .

• The support system for the r eflector does not allow the reflector to bow .

Specif ical ly, the rear surface (at z = + £ 1:) remains in a plane.

In order to afford numerical  examp les of tile resul ts  derived , t h e  fol lowing pa-

rameters will be used : 
-

• pulse duration: t = 10~~ s
-2

• pulse rcpitition rate: 100 pulses per second (t 1~ = 10 s)

- 2
• energy density: l0 J/cm /pulse

• ahsorptance of tile reflector: A = 5 10 ’~

• h eat- transfer  coefficient: 9 Ii = 0. 1 W/cm 2 K

• substrate (Mo) hea t capacity: C 5 
= 2. 6l J /cm 3 K

• substrate  (Mo) thcr nial conductivity: h-~~ = 1 . 4 W/ c m K
9

• su h s t r a t e t ilickness: L
~~~~

O . l c m

• tota l coat ing th ickness :  I .  8l~~m

Nu n l c-r ical values in brack ets  in t i i (  resul ts  below are  for l i m c - s e  values of ra~~m nl-

( - t ( - r s ,

- _ _ _  
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Summa ry of Results .  In ana ly z ing  the fai lure  of iligh -p ower ref lectors , the

t i le rmal-s t res s components and the thickness change are needed . In genera l , when

the temperature is a function of two variables such as p and z ,  calculating the stress

components  is d i f f i cu l t .  However , a suff ic ient l y accura te  est imate is made for thin

c o a t i n r s  ( thickness  
~ F~ 

on thin  substrates  (thickness £
s 

an~ diameter  D), that  i s ,

fo r £ i~
. << << D. In til e es t imate , the stress is considered to be the  SU111 of t w o

t erms .  The detached-stress  ternl is ti le stress that  would arise if the reflector

wer e  divided into m a n y  thin layers ti lat a re  detached fro m one another , a nd the

a t t achment  stres s is the stress r esul t ing from rea t t ach ing  til e layers , t h a t  i s , from

r e tu rn ing  the layers to their proper Positions.

1 he general results for the  stress components are given in (4. 1), (4. 2), (4. 14-

4. 17). In mo st pract ical  cases , the  center  of the coating (p 0) is expected to

f r ac tu re  f i rs t .  In this case , the general results simplif y considerably to the re-

sult (4. I c)) , Tile strc-ss components for tile l i i l l i t ing  case of p appr oacil i i lg  R

also  are given, in (4. 20) through (4.23) .

T u e  detached stresses tend to cause greater  thickness changes tha n Jo the

at t a chn lent  s t r( - sses . Tile anal ysis and results  a re  greatl y s impl i f ied  by neglecting

the a t tachment  stresses. The resulting expression for the  thickness change is qu i t c -

accurate for t he  following cases: (1) For an uncoated reflector , the result is exact

(to wi th in  t i l e l i m i t a t i o n s  of the  mod c-i , of course . )  (2) For a temperature  c h i s t r i —

but ion tha t is not pea ked in tile coating til l- e r rors  a re  Vc-r V somali , of order 
~ l~~ 5’

~ 
1-or a t h e r m a l l y thin coating (thickness 

~ 
<< t h e r m a l  diffusion distance 

~ 1bl ~~
ti le  e r rors  a re  small  since most of t i le  expansion occurs in t h e  substrate , W ilici l

( in e s  not  c o n t r i b u t e  to the  e r ror .  (4) 1-or  elasticall y s i m i l a r  coa t ing  and subs t r a tc -

i l l a t e -r i a l s , t hat  is , for a smal l  f l la gml i t U d e of L I E  — ~5/E 5 , tile error is small ,
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Sec. C - I

being zero when v~/E~ 
- us/ E s = 0 for both layers i = 1 and 2. Tile greatest error,

which could he approximate ly  30 percent , is likely to occur in a thermall y thick
- - 

coating (k ~~ ~ 
k~~) with T5~ ~~< T~ , where TSC is~~he average temperature

(over many pulses in the repeated-pulse system) of t i lt  substrate and coating and

T~ is the temperature resulting from a single pulse (see (2 , 1)), and elastically

diss imilar  mater ia ls  (great magnitudes of (L)~/E 1 
- vs/Es)). The general expres-

sion for the thickness change , including the attachment-stress effects , is given in

(5 . 12) and (~~. 13), and the -~imp 1e approximation obtained by neglecting the

at t achment—st ress  comI( onc-nt ~ is given by (5. 13).

Tile general resul ts  for  tile stresses and thickness change are app lied to

practical reflectors . Several well known results , which are useful  in tile pre sent

context , are given in the Appendix.

_ _ _ _ _ _ _ _ _ _
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II . l EM PE RATUR E h) IST RI1IU ’l iON

The general r c-su lts dc-rived herein wi l l  be i l lust ra ted  with the following

specific temperature distributions. The radia l  dis tr ibut ion wi l l  he taken as —

Gaussian

2
T( p , z )  = T (0 , z ) e ~~~ (2 . 1)

truncated at 1/1,2 , that is , ~~ ~~ 2 whe re R is the rad ius of the reflector and

p and z are c i r cu l a r - cylindrical  coor dinatc- s. All variables are assumed to bc

independent of the angle coordinate ~ ; t hat is , the system is invar ient under all

rotations around the z axis. The temperature  distr ibut ion (2.  1) could rc-sult

fro m a Gaussian laser profi le  wi th  negligible radial  heat diffusion , for examp le.

A typ ica l  z dependence of tile temperature  is that  of a repeated-pulse

systeill , which is shown schematical ly in f ig. 1 . ~I hc- energy absorption from

tile inc idc- nt  optical  Ix -a l l i  occurs near  thc- surface of tilt- coa t ing  (nc-a r  z =0 ) .

During the pulse , of dura t ion  t , the heat d i f fu ses  into the s t ructure a di~ t a ncc

2 tli Thus the tc -n lper atur ( -  is great in the rc-g ion I )  < t as shown . h i t

tc-nlpc- rature ciis tributio ml in the region £th ~~ ‘ < ~ F S r esul ts  from the

di f fus ion  across tiic- substratc- during the inte rpulse time and tile cooling at tile

back surfact-  of t h e  substrate ( a t  z = L i . +

A good app rox ima t ion  to til l- Z dc-pende -nc c- of t ile t c-niperatur c-  for t iic purpost-

of i l l u s t r a t ion  and indec-ch for impor tan t  prac t ica l  sy s t  c-ms is

= T (p, z) +

whic - r c- T , t i i c- tl mp er at u rc -  r e s ult i ng  f r o nt  a sing li- pulse , is large o n l y  in the

region 1) < z 
~ 

:
~ Ii ~ F i r .  1. The l o n g — t i m e  av erage  h I l l f S  i i !  1 

~
. ~~ is

L 
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- - Substrate Coolant
Coating -

T FO

0
0 F t tt , 1 F i S

Distance i from c o a t i ng  s t i r  f~c

Fig. I . Typical temperature d ist r ibu t ion  at the end of a
pulse during repeated-pulse operation.

p -~~
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s s c i l t  t a l l y  I he I c -lope ra t u t c  at the  h c g i i l n  im l g of a pi mi SC ifl I f t c  rcp cat c-d-pu l  se

sV Ste i l t . 1-or a s ing le pu l Sc , (2 . 2) i s  r - p lacc -d 1w

T (p ,  ~ ) = ~~~~~ z ) ,  (2 .3)

a nd Icr c~ - opera t ion  (2 .2) is r - p laced by

p ,  ;~ ) = (2 .4) 
-

The t l l e rn l a l -d i f fu si on  distanc c- in the substrate in t ime t = 10 6 
s is a

P

A
t 

= ( 4 K s t / C s) ’~
2 

= ~~~~ ~m , (2 . 5)

~ liic li is  two o rders of illagilitud - smaller than tilt- SUI ) Str at t-  thickness Ls = 0. 1 ciii.

Titus , the approximat ion Lth ~< -
~s 

is well sat i s f ied .

File temperature TSC of thi c - back surfac e (at z + of tile substra te

is deternlined by the magnitude of the heat flow lA t  /t. , where I is tile i r r a —- 

- 
p ip

diance , t ip is t ime  t i m e  between pulses , and A is tile absorptance of tile reflector

into th t- coolant and tile ileat- t  ran sier  coefficient  il(W/ctll 2 K ): a

= I t  A/t . 11 = 50N 1. (2 .6)

The value of Tsc is measu red with respect to  t u e  coolant t empera ture .  (For t Il i  5

t c i l l f ) e  r a t - i  - c- of Sb K , t h e  optical  d i  st rtion is excessive.  \lc thods of reduc ing

the optical d i s t o r t  ion are considered in Ref . 5 . )

That the t e i l l per a tur e  drop ac t - oss t i le  — t i b s t i - a t e  is smal l , as assumed in (2. 2 ) ,  ~
- - 

~

can he sec- n as bi l lows : Since the t h e r m a l — d i f f u s i o n  d k t a t i c c -  - = (1. l4~ cm
t ifl

during the t inle t i ll 
= lb 5 between pulsc -s is r r e a l e r  t h a i l  t h e  S I i i) s t i i lt e  t h i i c k - i i c - -~~,
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the tempe rature distribution in the substrate is approximately the same as if the

absorption occurred un iformly throughout the substrate. The steady-state

heat-flow equation is then

- K5 d
2 T/dz 2 

= I t~ Alt. 
~
s .

The solution for the boundary conditions ~T/~~z = 0 at z = 0 (no heat flow at

the surface) and T = TSC at z 2 F + 
~~ 

L~ is

T = T~ s ( l  - z 2 / 2 )

where

T~~5 It A L s Rt . Ks = [0. 179 K] .  (2 .7)

Since T~ 5 ~~< Tsc according to (2 .6) and (2 . 7), the constant-suh st  1-ot t - -temperature

approximation in (2 .2)  is well satisfied.

For the Gaussian r adial-temperature distribution (2. 1), the ra d ia l -avc-ra ge

temperature is , for alt2 
= 2

2
( T ) R = 2 ( l - e ~~~~ ) T ( 0 , z )  0 . 4 3 2 T (0 , z ) ,  (2 .5)

aR

and the r im (p R )  temperature is

T ( R , z )  = 0. l3ST( 0 , z) .  (2 .9)

For the z dependence in (2.2)  and for the typical case of ;
t11 l p~~< T5~~~s sat i s f ied ,

the v-averaged tenlperatur e is

• 
(T)~ ~ 

TSC . (2. 10)
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Sec. C-Ill

Ill . SIMPLE CASES OF THERMA L STRESSES

Several simple cases of thermal stresses will be considerc- d , as discussed in

Sec. I , before considc-ring tile most general case of interc-st . As the f i rs t  case ,

consider a long, thin composite rod consisting of a core having thermal expansion

coefficient thermal conductivity Ks, heat capacity C5, and diameter D5. A

thin outside coating of thickness -
~~~~~ 

has a F ,  CF ,  and K F .  The temperature of

the core and coating is increased un i formly from the temperature at which the

stm -c-sses are zero (defined as the zero of temperature) to temperature T. Since

the rod is long (length L Ds), the slight deformations of the ends of tile rod

are neglig ible, and the rod maintains its cylindrical  shape. In pa r t i cu la r , t iic-

assumption that thc- ends remain flat is well satisfied when considering the stresses

away (distance ~ D~ ) from the ends of the rod. For simplicity of the illustration,

onl y the expansion along the lengtil of tile rod is considered .

An i mportant conceptual device in t h e  calculat ions herein is to consider th ic

reflector to he divided into many thin layers that are fit - st  considered to be tic--

tached from the other layer and themi c-xposed to s tiessc - s, called att achmc-nt

stresses, that br ing the layers back to their proper posit ions.  Tilt - total stresses

are then the sums of the st i- csses , called detached stressc- s , in the detached

layers and attacilnient stresses. In the present exam p le the coatin g is c o n s i d e i c d

to be detached from the core. The cletachc J coating c-xpands (assuming  that is

positive), tile di sp lac eni ent  being

W 1~ = a F T!

and the detached — core cii spl acement is

1m5 3

_ _ _ _ _ _ _ _ _   --~~~~--.-~~~~~~ - - — -  
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Sec. C-Illt.

= a~~
Tz

The detached stresses are zero

°Sd a Fd = 0 H. 1)

since the expansion is unconstrained.

• 
~ ow suppose that the coating and core a rc- brought back to their  p roper

positions at temperature T by app lyin g the attachment st r e s — c s . In th is  sifll p le

cas e, forces can be app lied to tile ends of the coating anti core . In general , for

t emperature variations along tile length of thc- structur e, for examp le- , the- attach-

mcnt stresses a would be functions of z . To be conc rete , suppose that  a F ~
Then the f i lm must he conlpressed (compressive stress)  and the core must  he

lengthened (tensile stress). The attachment condition is that tile sum of the

forces at the ends of the rod niust be zero. Tilat is , thc- total tensile force on

tile core , (ir D~~/ 4)a So , must equal the magnitude of the total compressive force

on the coating, ~ (~~D5 ~r~~ zz Fa
:

Ds~ Sa + 4 2~~a = 0 . (3 .2)

He re 
~~~ Sa is pos i t ive  (tensi lc-), and a77 Fa is negative (compressive ) .

Since L~. ~~< , (3 .2) indicates that  
~~v Fa h a s  a much gm-eater magni tud e

than that of 
~‘v Sa Thus t h e  length change of t h e  core resu l t in g  f rom tilt- att ach-

ment st ress is neg l ig ib le , a s s u m i n g  no anomalies  in ftc- v t l u  s of Young s modulus .

Phi v - i c a h l v , t i t i -  coa ti n g is too s m a l l  to affect  th e large cot - i .  lile s tr t -ss  a F i s

t lu - r crfor e thc- value requi red  to compress the coating u n t i l  i t s  length is equal to

t l t i t  of t i l t -  core ( 1 + &5 i L ) ; t h at i s , I n  compress  thic - coa t ing  by a F TI .  — ac~ 1 1.:

-

~

-

~ 

~~~~~~~~~~~~~~~~ • . _ _
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Fa = - (a F 
- 

~~~~~~) 
L~~T (3 3)

where E F is the Young ’s modulus of the film.

The total stress in the coating is the sum of the detached value , which is zero

from (3 . 1), and the attachment value , from (3. 3):

0 zzF 
- (a F 

- a
~~

) E F T. (3.4)

This result is independent of the heat capacities C and thermal  conduct iv i t ies  K

of tilt- coating and core for this case of a constant tenlpc- ratur c- rise. If heat were

app lied to the surface for a given t u lle , for examp le, the strc-sscs would depen d

on the values of C and K in general.

if << D~ is not well satisfi c-d , the sc-cond condition in addit ion to (3.2)

rc-quir ed to find the values of the stresses is that tile lengths of t u e  coating and

core niust be equal. Then (3.2), (3. 1), and

a77 Fa = E F~~ L F

azzSa =

- 
~~~~

L
F 

+ = (a F 
- as ) TL

give

I)
s F5 l-: 1 (a

~ 
- a s) T L

G??F  
- 

D
5

E
5

+ 4 L ~~- E
1
~~ 

(3.a)

anti

~~~ 
l-: 5 E 1.(a 1. — a5 ) TL

a775 
- - b )

5 1-: 5 f 
~~~~~~~

‘-

- - - - -- 

~~~

--

~~~~~

—-—--

~~~~~ 

_

~~~~~~~~~~

•- - -

~~~ 

-

~~~~
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As the second case , consider a thin c i rcular  substrate ( t hm c l u i c s s  
~~~ 

~~< c l r a r : r c t e ~-

Ds) coated wi th  a lo t te! - t h i n n e r  c o at i n g  ( t i i i cknc -s s  
~ F << ). Tile ~e M i p e r a t u r e

- -

• is increased un i fo rml y  to T ubove t u e  t empera tu re , defined as zero , a t which  t h e

stresses are zero. The detached stresses are zero

• 

- 

a0~ Ed = a~~ Fd = a~~ Sd 
= 

~~~~ Sd = 0 ( 3 .7 )

since the temperature is uniform. Here p, ~~, and z are the c i rcular-cy l indr ical

coordcnates. The radial  disp lacement of the coating relative to the substrate is

u Fti 
- U Sd (a 1_ - a5

) Tp . (3. ~)

As i n the prev i ous examp le , for << , the change in tile radial dis-

p lacement of the substrate on attachment is negli gibk- . Thus tilt - attachment

st r - s s e s  in the coat in g must chan ge the coatin g disp lacement hr the amount

U Fa = -( u Fd - uSd) =  - ( a 1
- a 5 )Tp . (3 .9)

From (3.7), (3. 9), a n d = a
P~ i h  ~pp Fa and t h e  cor responding  re~ u lr ,

E 1.T
~~~ F 

- 

1 - 
~~~F 

(a p - a5 ) (3 . 10)

where 11F is the Poisson ratio of the coating and F~ / ( 1  — ) is tilt appropria te

elastic stiffness constan t for the c i r cu l ar  cy l ind r i ca l  geoillc-try and d isp laccmc -nt

proportional to p, just as I-~~ is the elastic s t i f f n c s s  constant  for til t l i nea r

g e omlic-t  ry of the previous gc-o m - t  rv.

llotii of these stia ss — s t r a in  re la t ions  follow fro m ti l t -  gc - nc- ra l r e l a t i o m i s  Hr

i -c c t i l ine a r coo rd ina tes  

~~-- - - - -~~~~~~~~~~~~~~~~~~~~~~- --
~~~~~~~~ 

-
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a .j = X ô
~ € 

~~ 
- ( 3A + 2~~) a 1~ T (3. 11)

where 6~. is the Kronecker  dc-lta ,

3
= 

~~i= 1  ~

y E
X — 

(1 r y ) ( l - 2y )

= E / 2 ( 1 + v )

3 X + 2 ~~ = E / ( i - 2y )

and
E ( 1 - y )

( l +y ) ( 1  -2i i )

For the linear geometry, E = E = -
~~~~~~ by the def inition of the Poissonxx yy zz

ratio y - Then (3. 11) with T 0 givc- s

a
77 

= (- 2Xv + X + 2 ~~) € = E~ (3. 12)

which is the result used above.

h - o r  ci r cu l a r— c vl in c lr i c a l  g(-onletry,  setting azz I) (p lane—st  rcss , for t ll i il

(l i s ks) ill  (3. I l )  gives

= - 
v 

~ ~ . (3. 13)

1-’ roul (3. 11) and (3. 13),

= -- - - - 

~~~~~~~

----

~~~

---

~~~

-

~~

-- (:3 . 1 4)

an( 1

- - - - - - - - - -- ~~~~~~~~~--~~~~~~~-- -- - -~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~~~-- --- --



Sec . C— Ill

E ( c  + V E  )

a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (3. 15)
2i - y

I or the p rest-nt cast- of U p ro port i omi a l  to p, th l e s trains = ~u/ ~p and

ti/p are  equal , am ld ( 1 . 14) and (3. 15) give

F E
a = a = - - ---

~~~~~~ (3. 16)
~P ~~ I - y

~‘li ic it i s the rt- su It abovt- .

As the th i rd  cast - , Uk- t~e 5 i I t  ( 1 . 10) is e a s i l y  extended to the case of a thin

m u l t i l a v c - r  d i t - l ec t r ic  coa t ing ,  where  t h i n  means that  th t c- total thickness i’F of all

layc- rs in the coat ing s a t m s l i t s  2 F ~~< 
~ 

- Each laye r of the coating is comiside red

as dc-tac hed , and t -ach of th i t -  dc-t ached lavt -  r s act~ jus t  as the single detached laye r

in t htc -  p r ev ious  case. Thus t ltc - detaciled s t r t - s s t -s are zero , as in (3 .7) . Since

i - ~< , tile a t t ac it n i en t  st re ss~ - s do not changt - th ic- substrate- diamt-t e r appr c-—

c iah l v ; thus , (3. 8) is sa t i s f i ed  for each lay e r , and the  r e m a i n i n g  analy sis  is tile

same- as in the prc- v iouS case. The resul t  ( 1 . 10) is ti lt -r c-for e valid for eachl

layer  i

= - (a. - a~~
) (3 . 17)

wher c- a j a~~ 1 .

TIle fou rth case is the same as the th i rd , c-xccpt that  tile te l l ipera ture  is a

function of v . The disp lacements of the detached coating la~ i r s  a rt-

= a. TFp .  (3. 18)

The temperature I’~ in tiit - coating typicall y varies sm o o t h l y  ~v i t h i  z , as shown in
p ~~~

— Append ix A of Ref . .~~ . The disp laccmt -nt  of t u e  ci (- t ac blc -d c t ih s t  r a t t  is

168
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= ~ l \ p  (3. 19)

\v itert-
-

‘ 

u ~l~~~~S
( T  = -i-- f  dz Ts (3. 20)

is the average substrate tempera ture .  As before , the at tach int -nt  displacement of

t h e  substrate is nc-gligiblc since- -
~ ~ 

<< -

~ 

. The at tachment  d i sp l ac t -m l le - n t s  c >f t h t

l ay ers  are the re- fore

ii. = 
~~

( u i
1~~~

u
sd

) = 
~ ( a T i~~

- a s (T
~~~~ ) o  , (3 .21)

aild t i l t -  at t a ch l i l t e -n t  s t r e s s es  required to give the disp lacement (3. 21), which arc-

t he- total st rt -sst -s since the detachied st re sst -s are v t -r n , arc

= - (a ( T F 5 ( T )  . ( 3 . 2 2 )

For constant te mpt- rature , ( 3. 22)  reduces correctly to ( 3 . 10).

Se t t ing F. F 5 E F , a- = as a , and y . = y in (3. 22 )  e m \ e - — th c - r e — t i l t
- m

( \k - i Ul  ~ = 
~S ~~~~ 

~~~~~~~~

a00 
= 

~~~ 
= 

~~~~ 
(- T + ~T ’~ ) . (~~. 2 ~)

T u e  we-li known resul t for a t h iml , uns upported (bow ing not p rcvet1t~ t i )  p lat e is

a
00 ~~~ = ~~~~ ( -

~~~~~~~

-

~ 
( T ) ~~+ ~T z ) )  (3 .24 )

whe re

= -
, -

p - -

1 O9 

--—----~~~~~~~~~~~~~~ 
- - -  -- -

~~ 
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2 h
(Tz ’)

2 
- -

~~

- 2 ) T  = -h-
f 

dz ’ z ’ T

with h -
~~

- 2 , dete rm i n e the  bowing of the plate . For ( T z ’~~ = 0 the re  is

no bowing, and (3.24) agrees with (3. 23), which was derived for no bending.

The bending factor 12 z ’ ( Tz ’) Ea/ (1 - y ) 2 2 in (3. 24) can be obtained by the

detachment method. For the cases considered , the attachment stresses exe rt

torques on the p late , the torques being necessary to prevent bowing. If the

bowing is not prevented , the torque must be zero :

dz ’ z a  = 0 . (3 .25)

The torque, normalized as in (3. 25), from the stress in (3 .23) is

• 
Ea -

- 

1~~~~~( T z )
2 -

Adding the strc -ss (const. ) z’ to (3.23) and solving for the value of the constant

(const. ) required to sa t i s f y (3.25) give s (3.24).

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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IV . GENERA L CASE OF STRESSES

Having demonstrated the general features of tile method in the preceding cases ,

the general case in which the temperature is a function of p and z will now be

considered. The method is simp le , but the algebra is slightly involved. The

stresses in the detached coating layers are, from (A. 32)

a~~ ld 
= ~. a E ( ( T )  - (T)~~) , (4. 1)

a~ 5id = 
~~a l E 1 [ (T> R +~~

T)
O 

- 2T(p , z ) j  (4. 2)

and from (A. 35) tile detachled coating layer and substrate di sp l ; i c t - m e i i t —  a t e

U id 
= B~ . a

~ 
(T)~ p , ‘~~~. 3)

and
U Sd 

= B
~5 a~ 

( ( T ) ~~2 P ‘

where

2 J dz J dpp T ,

~~~ S p L ~ 2 F 0

E 

~~~ 

d pp T(p,  z) , ( 1 .6)

(T) R ~~ J d p p  T ( p ,  z )  , (4. 7)

B .  ( 1  + y .)  + (1 - y . )  
~

1) R / ~ i )  , (4. 8)

and

B 5
E~~~ ( i + y 5 ) +  ~~

( 1 -v
~~

) ( ( T \ R )
i / ( ( T > ~~ 

. (4 .9)

p
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For 2 F ~~< 2~~, the change in U
S out attachment is negligible , and the att acllnlent

displacements of the layers arc-

Uia 
= 

~
(u id~~

uSd ) =
~~ 

B
~~ a~~

( T 0
)
~~

- ~~~~~~~~~~~~~~~ ~ (4. lh

~ccxt consider the strains , which a rc- needed in the expression (3. 14) and

(3 . 15) for the s t resses . The general expression s are

- 

~ u. u.
_____ 

to
E - = - = —  ( 4. 11)ppia 

~p 
‘ ç~~m a p

Fro m (4. 10), (4. 11), and

a 
~ B p

P B + p B
~p P p

with the prime denoting ~/5p , the strains are

~ppia = 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (4. 12)

and

= - (  l3
~ 1 a

~ < T 0 )~ - B~ 5a5 ( ( T ) p
’)~ ) • (4. 13)

Substi tuting (4. 12) and (4. 3) imlto (3. 14) and (3. 15) g ives

a~~ . = - 

1 
{ B~ 1 ( I  4 v~ ) + p B’ . 

~~

- [11p5 (1 ~i ) 
~ ~~~~ 

I a~ (~~ ~h~’-~ )~ ~ (4. l4~

and

- —

~~~~~~~~~~ 
{ [ 1 3 . ( 1 - i  y . )  y . p i 3~ a.

u!’ ~~~~~ 
- 

- 
I U~5 ( 1 + 

~~~~~~ 
4 

~~ ‘~~S a~ 
( ( 1 )  ( - i . I 5 l

~~~~ 172
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~‘here . -

(1 - y) (T)~
p B  - = - (T - (T)

(TY p
p

The general results for the coating-layer stress are

~~~~ = aPPId + appj a (4. 16)

-S

and

= ~~~~~ + a
~~ j a (4 . 17)

where a
PP~d aØ~~1d ‘ a

~~ j a and a
~~ ia are given by (4. 1) , (4 .2 ) ,  (4. 14) ,

and (4. 15).

a For the l imit ing case of p ~ 0 , we have

2 i i n 13’ = (4 . 18)
p-, 1) p

Lirn (T ‘- = T(0 , 0)
p-’ O O p

and
2 +2

~ ini  
~~

T)
p

)
L~~

= 

~~ 2/ 

F 
dz T(0 , z)

and the rather involved general results (4. 1) , (4.2), (4. 12) — (4.  15),  reduc e to

the- s imp le result

~~~~~ ~T (0 , z )  - ~~~~~~~~~~~~ 
~~~ T)~~ 

(4 . 19)

where

173 
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Bos = +( 1÷~~s
) + ~~~( 1-  y~~) ~~

T
~ R

)
2 /(TO ).

In (4 . 18) it was assui ll ed that 5 1  / ~p = 0 at p = 0 .

This result (4. 19) has a number of inte resting l imit ing  values :

a00 ~ ~~~~ a~~ = a~ ~

a~~E . T
T = T =coilst .  

- —
i ‘ 0 (a - a~~) (4. 19a)

• 0 1 - v i

T( o ) 
- -

~~~~ 
~~~~ (~~0 

- 
S B0~~) , (4 . l9b)

a~~~a5~ =
~~~~~ 

- +a 1 E 1
(T -  < T S R ) ( 4 . l Q c )

T(z ) 
- 

1
a

~
i
~

E

: 
(T 0 

- ( T b
) 

‘ (4 . lQd)

T ( z ) ,  a. =a 5 
- - (T

0 
< 1  ‘ (4 . 19e)

— - 

a. F . T
0

pulse ( ( 1~~ 0 )  . (4 . 1 1)

For the Ii ill it ing  c ase- ot 0 -- R , wt - have

?~~ i~~

p~~ () 
- 

~~ 
I (I ~~~~~~~ 

— N h ~~~, z ) I

F

f lm  p I l ’  - ( I  - y ) (  I - l ( R , v) /  ( h~~1~ )

- - r n —~~~~~~~----
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Sec. C-tV

and

£ i m B = 1 ,
p - R

and the results (4. 1), (4.2),  (4 . 14) , and (4.15) become

0’
~pid = o • (4. 20)

= a1 E. { (T O
)

R 
- T(R , 0 ) ]  , (4. 21)

a
~~ ia = - 

~~~~~ 
~ [2 - ( l - v . ) T ( R , O)/ ( T O

)R ]a .  (T
O

)
R

- {2 +v ~~ v S - ( l - v S ) T ( R , 0)/ (T O
) R ]a S ( ( T ) R )L , (4.22)

and

- [ ( l + v i ) + v i ( l - v S ) ( l - T ( R , O ) / ( T O
)R j a S~~~

T) R )
LS (4.23)

It is possible that the coating could fracture near the rim of the reflector

rather than at the center. For example, if a. aS and = 
~~~~~~~ 

and

T � f (z) , the attachment stresses are zero. For a Gaussian temperature

distribution (2. 1) truncated at lie 2 , the values of (T) R and T(R)  arc

(T) R = 0. 432 T ( R )  = 0. 135 , (4.24)

and (4 .1) and (4.2) give

Lim = 0 ( 4 . 2 5 )
p -~~R

£im ~~~~ = 0.297 
~~~

. F. T0 (4.26)
p - ’ R

Ii ~~~~~~~~~~~~~~~~~~
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= 2im ci = -0.284 a. E. T0 . (4. 27)
~~~

‘ p-~O ~~~~~ 
‘ 1

The magnitudes of the cy~~ at the cente r and rim are approximatel y equal,

but the rim, being in tension, is expected to fail first .

In general, however, the properties of the coating layers and substrate are

sufficiently different that the failure occurs in the center of the coating (p = 0).

Furthermore, the temperature distrthution that is peaked near z 0 at the end

of single pulse causes failure at the center of the coat ing, and in typical repeated-

pulse systems the requirement for small optical distortion dictates that the

peaked single -pulse temperature essentially determines the fracture threshold.

Thus, in most cases, the center of the coating (p = 0) is expected to fracture

fi rst , and the stresses are given by the simple result (4. 19).

Consider the following application5 as an example. The 45-layer MgO/MgF2
coati ng designed 7 for use at 250nm has a theoretical surface-temperature

Sincrease of

T ( 0 , 0 ) = 4 7 Kp

for a single pulse with It
o

> l0J/cm 2 and t~, = io 6 s and a molybdenum sub-

st rate. For h = 0. 1 W/ cm 2/ K , (2. 6) and (2 . 10) give

(T(0 , z ) )L = T5~ 
= 50K (4. 28)

S

fo r the average substrate temperature in repeated-pulse operation. Thus, the

L 

temperature of the center of the coating surface (p = z = 0) in repeated-pulse

operation is

T0 T(0 , 0) = 97K (4. 29)

at the end of a pulse.

176
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For the f ir s t  case of a single pulse , the stress s at the center of the coating

in an \h~
) lay er  near the surface a re, fro m (4. 19) with = = 0. 3

E NIg() ~~ 1 \ 10~’ i s i , a Mgo = 10 .5 x 10~~ K 1 , T ( 0 , 0)  = T ( 0 , 0) = 47K ,

= (1 (negligible substrate heating for a single pulse since 2 ~< 2
S I

according to (2 .5))

a a~ = - 2.55 x l0~ psi . (4. 29)

The negative sign denotes compression. Physically, the unheated substrate, which

doe s not expan d, constrains the coating, thus causing compressive stresses.

Since the tensile strength of Mg O is ~ 2 x ~~~ psi and compressive strength

of a brittle material typically is approximately eight times greater than the tensile

strength, the MgO layers are not expected to fail.

For repeated-pulse operation, with T(0 , 0) = 97K from (4. 29), (T0 )2 = 50K
S

from (2 .6) and (2. 10), and a~ 
= 5 x 10 K for molybdenum , (2.8) gives

~
( T) R ) /( T) = 0. 432

S I  S

and the value of B05 defined under (4. 19) is

B05 = 0. 80 1

With these results, (4. 19) gives

= = - 4 . 2 2  x 1O4 psi . (4.30)

The surface temperature 97 K is approximately twice as great as single-pulse

value of 47 K , but the magnitude of stresses is not twice as great. The reason

is th at the additional temperature of 50 K extends across the substrate, and the

expansion of the substrate makes the relative expansions of the coating and

L .
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substrate less than that of the single pulse , for wh ich the substrate is not

neutral.

• Next consider the stresses at p = R. From (2.8) and (2 .9), fo r a single

pulse

T ( R , 0)/ (T O )R = 0. 135/0. 432 = 0.313 ,

< T O )R = 0.432 (47) = 20 .3K

and

( ( T ) R ) = 0 ,
S

and (4. 22) and (4.23) give

P. appj a = -1.51 x 10~ psi , (4.31)

4
= -1 .22 x 10 psi . (4. 32)

The stresses at p = R are smaller in magnitude than those at the center , and all

four stresses are compressive, thus illustrating the fact that coatings tend to fail

at the center (p = 0).

For the repeated-pulse case, we have

T(R , O ) / ( T o )R = 0.313

= 0. 432 (97) = 41. 9

and

‘ 
( (T)  ) = 0.432 (50) = 21.6 ,R 2 5

and (4.22 ) and (4. 23) give
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Sec. C-IV

= -2 . 35 x 10~ psi (4. 33)

and

= -1.90 x 10 psi • (4 34)

L • The stress values in (4. 33) and (4. 34), being smaller in magnitude and having the
- same signs as those of (4.30), again illustrate the failure at the center of the

coating.

I -~~ - 
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V. THERMA L EXPANSION

The expansion of a reflector along the z axis, in particular the change in

this z-axis  expansion as a function of p, gives rise to optical distortion that

can become greater than the tolerable limit of a practical system. The angular

bending of a ray is3

e = ~d2op d /dP

where the optical-path difference is5

2 = 2A 2opd

where ~~L is the thickness change of the reflector . It is assumed that the rear

surface (z  = + 2~~) of the reflector remains in a plane so that all the thick-

ness change ~ L appears at the front surface of the reflector . The reflector is

operated in air; thus , n - 1 is negligible.

In addition to the usual expansion

~~2 = f d za T

for the stress-free case, st resses generally give rise to additional expansion

(which can be either positive or negative in general). A simple example is a

cube of mate rial having volume L3 that has its tempe rature inc reased by T.

For unconstrained expansion , the change in the length of an edge is aTL. if

the cube is not allowed to expand in the x direction , the expansions along the

y and z axes are a( 1+ V)TL. The extra factor of vTL can be un&rstood by

conside ring the compression of the unconstrained cube along the x axis hr a

F distance aTL which increases the lengths along y and z by va TL according

to the def in i t io n of the Poisson ratio v. 
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Sec. C-V

An important point to be made concerning the expansion of thin reflectors

is that the detached stresses tend to cause greater thickness changes than do the

attachment stresses. For an uncoated metallic reflector , the thickness change

f rom the attachment stresses is zero . For a thin ( L F << ~~
) multilayer dielec -

tric coating on a thin substrate (~ s<< Ds), the attachment stresses in the

substrate can be eliminated from the expression for the thickness change , and

the contributions from the layers i of the coat ing are proportional to (v
~/E~ 

-

which is small for similar materials (v 1/E~ 
n~ v’5/E 5). Neglecting the attachment-

stress contribution to the thickness change ~ L greatly simplifies the calculation

and affords an approximation that is often adequate.

Unfo rtunately, there are cases in which the errors in ~ 2 resulting from

neglecting the attachment stress can be non-negligible, an error in ~ L of approx-

imately thirt y percent being possible. For a temperature distribution that is not
¶ peaked in the coating, the erro rs are small since most of ~ L arises in the sub-

• st rate , for which the error is zero. For a thermally thin coating (2~~<~ ~ h ~
Fig. 1) the errors are small for the same reason. The greatest errors are

likel y to occur in a thermally thick coating 
~

2th ~ 
with TSC ~~ T in

(2 .2) and dissimilar materials (great magnitudes of v~/E. - Vs/E s).

The stress in the detached reflector contributes

2 F +

~
2d = J dz Ezzd (5. 1)

to the expansion , where E is the strain component for expansion along z, and

d denotes the detached system. From Hooke ’s law, with = 0 for the th in

reflector ,

= _ v E ’ (a~~d + t7Ø~d ) + a T . (5. 2)
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From (4.1) and (4.2) the sum of the detached stress components is

— 

a,~,ld + = -a 1 E1T (5. 3)

where i = 1, 2 , or S, and a constant F . < T) R was dropped since it does not
contribute to optical distortion, being independent of p. Fro m (5. 1) to (5. 3)

I.

2 + 2

~ 2d =f 
F 

d z a ( 1+ v) T

= ( l + v F) a F 2F (T) +~~~ ( 1÷ V ~~~2 (T\  , (5 .4)

where

(l + V F)a F E [ 2 1 a1 (1~~~ 1) +  22 a2 (1~~~2 ) 1 /(2 1+ £2~~ (5.5)

• The attachment contribution 
~

2a to ~~L is given by

2 +

~ j  F 
d Z V E ~~~(~~~~~+ a )  

‘ (5.6)

which follows from (5.2) with d replaced by a and T by zero. The attachment
condition is

f
2 F+2 S f

2F~~
2SJ dz ~~~ = J dZPøøa = (1 , (5. 7)0 0

.

from which it follows

f  dzVs ES’(appa +a ~~i ) = () . (5 .8)0

L.

j  
- - -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Substractin g (5.8) from (5.6) gives the general result

d F i
= -f dz(v ’ E - ris Es ~~~~~a~~~ØØa~ 

. (5.9)

The ~ tegra1 vanishes on the interval 2F < Z < + since pE 1 
-

~ I 
V5E5 

- VsEs = 0.

From (4. 14) and (4. 15), the p dependent terms are

+ = - ~~~ ~a. [(1+v. ) (T>~~- (1 - i .~) 
~~~~ 

T]

-a S [ ( 1+ V 5) ( < T
~~

)
~~ 

- ( 1- v 5) ( ( T) )
S 

~
T)

L 1  
. 5. 10

Subtracting the value of (5. 10) at p = R from the value at p = 0 gives

(a~~j a + a~øj a )
0 

- 

~~~~~~~~ ~~Øia~ g 
=

= - I - v .  {a i ~ (1+v . )T(0 , a) - 2  (T) R + (1- v 1) T (R , z)]

- a~ [( 1 + Vs) (T0
)
2 

- 2 
~ 

(T) R ~~~ 
+ (1 - I)~ ) (T (R) )2 i } . (5. 11)

From (5. 9) and (5.11)

~
2a0 

- 

~
2aR = 

~7+22 1 1  
-

x ~a. [ (1+~~.) (T - 2 ( (T) R ) + (1- i.’)  (T ) I

-a~~[ 
(l +~~5) (T 0)2 - 2 ~~

T) R )
25

+ (1 vs) <T R
)
25

1 ~ , (5. 12)
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and from (5.4)

2 2
~ LdO~ ~

2dR 
F

+ a5(1+~ 5) 2~ ( (T0 >Ls 
- (T R )L ) . (5. 13)

These expressions (5. 12) and (5. 13) are the general results for the difference

between the center and rim values of the thickness change.

For = = 0. 3, 1 - v~ E ./v 1 Es = 0.5, L i ~ £2 a 1 a2 — (Y 3 ,

(T) 2 << (T) 2 , and equal contributions of the F and S terms to (5. 13), the
S F

attachment term (5. 12) is five percent of the detached term (5. 13). For the
I’

single-pulse expansion of the MgO/MgF2 : Mo reflecto r, the attachment term is

3.7 pe rcent of the detached term, according to (5. 12) and (5. 13). For (T)2 of
S

the orde r of (T) 2 , as for the case of T independent of z for example, the
F

attachment term is negligible, being of the order 2 F / L~
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•\ITE NI)IN. 1_JSEFIJI. ‘f l I E R M A L — S i RES S RESULTS

• ‘lI ie  books Lw lk)leV and Wein er and by jo lrns on the theory of thermal stress

are useful. Most of the results below are from Bolcy and We iner. First conside r

some general results for rectil inear coordinate systems . The linear thcrn io—

• electric stress-strain relations arc

a.. = Aô. . E +2 p e . .  - ( 3 A + 2 ~~) O 1~aT , (A. 1)

where 6 .  is the Kronecker delta , the dilatation is

i~~1 ~~ 
(A .2)

Lam(”s constants are

I 

= 
y E  

(A.3)( 1-i- t i ) ( l — 2v )

= E / 2 ( l + y )  , (A .4)

and

3X + 2M = E/( 1 - 2y) = 3 R  , (A .5)

A + 2~ 
E ( 1 - v)  

, (A.6)( 1 +y ) ( l - 2 y )

x E (A. 7)2 ( l + v ) ( l - 2 v )

A 
- Li A 8X + ~~~ 1 - v

and

• 
~~~~~~ 

2~j 
= 

I ~ (A. 9)
X + 2 ~ i - LI

-j

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- Sec. C-Appendix

I Young’s modulus is
- 

- E = 
( 3 A + 2 M ) M  

(A. I0)

- - 
The Poisson ratio is

r • 

= 2 ( X +~~) (A. l1)

The bulk modulus is

k = E/3 (1 - 2v) , (A. 12)

and the shear modulus is

I G = E/2( 1 + v) . (A.13)

The strain-displacement relations are as follows: In Cartesian coordinates,

• — x - EExx — 

~x ‘ yy 
— 

‘ zz

I 1 1 /~~u ~v \  1 1 I~~v ~w\
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~yz ’yz~~~~~~~~~~~~~~ J ’

= + ‘ (A . 14)

where u, v, and w are the components of the disp lacement vector in the x , v,

and z directions , respectively.

- In circular-cylindri cal coo rdinates ,

— 
~u 

— ~w 
— ~~~~~~~ 

l~~~v~
• 

E~~~— ,
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Sec . C-Appendix

€ = ± ± ~~~~~~~~~~~~~~~~-~~~~~\ Epcb 2 \ P  o~ ~p p / ‘ pz 2 \ ~z

= 

~~ 
(
~ 

+ -
~

- 4~•)  , (A. l5)

where u , v , and w represent here the components of the displacement vector

in the p , Ø, and z directions , respectively.

In spherical coordinates

~rr 
= cee =~~ r ÷ 1~~~ . , € =  ~~~+~~~~c ot 9 +

1 ( l
~~~

r ~v8 v9\ i I  ~ ~w
~rO~~~~~~~~~~ aW~~~~~r r ,/ ’ ~rø =

1 ( 1  ~w cot e 1
= - r w + 

~~~~~~~~~~~~ ~~ 
, (A. 16)

where u , v, and w represent here the components of the displacement vector

in the r , 0 , and 0 directions, respectively.

In circula r cylindrical coordinates ,

~zz 
= - l~~ v ~~pp + + a T  , (A . l7)

= - -
~~~~ (a + cr~~) + ~~T , (A. 18)

E ( €  + v 0) 
_ _ _ _ _ _ _ _ _= 

1~~~v
2 

0 + E a T  (1 -y ~~ 1 - 2 v )  ‘ (A . l 9 )

E ( €  + v €  )
+ EaT ( 1  - v ~~( I  - 2z1 ) (A .2 0)

187



• Sec. C-Appendix

and for =

a = a
00 = + EaT  (1 - v ) ( 1  - 2 v )  (•\.21)

For the case of plane st ress:

a = 0 , e = a T ,
ZZ ZZ

= = € = E = ~~T , (A .22)Do 0I~I XX Yy

€ = €  = (  = €  = E  = E  = 0
00 ~~ Øz xy xz yz

and for the case of plane strain:

€ = 0 , a = - a E Tzz zz

= 

~00 
= 

~xx = 

~yy 
= (1  + Li) aT 

~ (A .23)

€ = €  € = €  € 0 .p0 oz Øz  xy xz yz

For a thin plate (thickness £ 2 1i along z much less tha n L , where L is

the shortest dimension in the x -y  plane) with no surface traction and with the

temperature a function of z onl y, the plane-stress conditions appl y, and

a 0 
= a~~ = a = a = aE 

[- T +  (T) 2 + ~~~ (Tz ’)
2]

a = a = a - = a = a = a = a = (1 , (A .24)zz O z p z  Øp xy yz zx

where z ’ z - -
~
- £
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(T)2 
~~~~~ / 

d z T  , (A.25)

and

KTz ’)
2 

~~~~J 

d z ( z  -~~ 2)  T = 2f ~ / dz ’ z’T . (A .26)

The strain components and displa c ement components are

~pp = = = = a 
(~

T~2 + 
12Z 

(Tz ’)
2)

I’ 
~~~~ 

= - ~~~~~~ ( - r 2 + (Tz t)
2 )  

, (A.27)

~p 0 — E
p~~ = € 0z 

= €
yZ 

= € zx = 0

u = ax ((T~~ + J~~~ (Tz ’))

v
~ 

= ay ( ( T) 2 + ~ ~Tz ’)2 ) , (A.28)

r u = ap (< T 
~2 + (T z ’ 

~ 
)

w = - ô ap 2 z 2 
~Tz ’) 2 + a ( 1  - L I)~~~ [( 1 + L I ) z ’ 

~~~~~ 
- 2~~z ’(T )2

- 
l2v z (Tz ’)L ]

wher e ( - j  / , I dz ’T
,• J o

p >
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It was shown in Sec . III tha t the stress-component form containing “ Tz ’

in (A.24) is related to torques on the plate and to bowing of the plate. In par-

ticular , if the bowing is prevented , the (Tz ’ 
~L term in (A.24)  is absent , and

the torque resulting from the attachment stress is zero.

For a rectangular beam of depth £ 2 h (z ax i s) ,  width b( y ax i s ) ,  and

length L (x  a x i s) ,  with b << L and 2 h << L , and tempera ture varying along

z onl y, the plane-stress conditions appl y (since the beam is thick) . The stress

components are , with all coordinates (x ,v , z )  measured from the center of the

bea m ,

a aE  ( -  T + (T)
1 + ~~~~ 

(Tz ’)2 )

a = a  = a  = a  = 0 .  (A.29)
yy zz xy zy

The st rain components are

= a ( (T)
2 

+ 
l2Z (Tz ’~2 ) ,

= -a~ ((T~~ + -‘
~~~~ 

(T Z ’)
~ 

) + aT , (A.3t1 )

( = 0 .xz

The displacement components are (aside from rigid-body mot ions)

= ~ + 
~~~~~~~~~ 

~~
-
~~‘ 2 )

w = - O ( T z ’)
L ( x/ ~ ) 2 

- a v ( z ’ (T )
2 + ~ (z ’/fl 2

~~l •~‘\

- - ~ + ( 1  + v )  (1~~~.
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For a thin circula r disc with thi ckness £ much less than ra diu s R , with no

su rface traction and with the temperature a function of p onl y, the plane-stress
• conditions a ppl y (since £ ~ < R ) .  The nonz ero stress components are

a = -
~
- aE ( (T)R - (T)

0
)

a
00 —} c x E ( ( T )

R + (T)  - 2T)  , (A.32)

where
• rR

(T) R ~~ I dppT (A. 33)R i o

and

(T 
~~ 

dppT . (A. 34)

The radia l displacem ent is

u
~ 

= ap  [(1 - v)  <T)
0 

+ (1 -~~) <T)
R] (A.35)

For p~~ 0 , if there is no heat source at p = 0 ,

Lim (T) = T (0) (A. 36)p - . 0 0

.
and

Lim a = £im a = - ~- a E  {T(0) - (T)~~] . (A. 37)p — O  ~~ p — U  ~~
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TRANS PARENT MATE Rli\ LS

- V C. J. Duthler

Non ics , Incorporated , Santa Monica , California 90401

(1) Var ious  fa i lu re  mechanisms have been studied for repetitively pulsed and

for singly pulsed lasers operating in the near-ultraviolet spectral region. The

following failure thresholds , in j / cm2 /pulse (or MW/cm2 during the pulse), are

calculated fo~- one-centimeter-thick windows for use at 350 nm wavelen~~h , 1 usec

pulse duration , ~~~ Hz repetition rate , 60 sec operating time , and allowed optical

distortion X /40 in the optical path differenc e (values in parentheses are for

single-pulse operation):
ft

Thermal optical distortion , two-photon 2. 4 x io -2 (2 9)’~
Thermal optical distortion , extrinsic ~~ = 10~~ cm~~ 3.3 x io -2 (2 x103) 1!
Fracture , two-photon 0.22 (14)

Fract ure , incl usion or clusters ~~2 to~~ 500 (same)

Free-carrier optical distort ion , two-photon 2 .2  (same)

Fracture , extrinsic fi = 10~~ cm~~ 3.3 (2 x 10~~)

Thermal optical distortion , three-p hoton 28 (440)

Fracture , three-photon 89 (1. 4 x l0~~)

Free-carrier optical distortion , extrinsic 13= 10 4 cm 1 140 (same)

Free-carr ier  optical d i s to r t ion , three-p hoton 1.8 x ~~~ (same)

Nonlinear  r e f rac t ive  index optical distort ion 3. 1 x 103 (sa me)

In view of the approx imat ions made in the calculations , fai lure  thresholds for 2SOnm

wavelength ope rat ion are expected to he essen t ia l ly  the same as those listed above.H
193
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The majo r difference between the two wavelength regions is that  m any  mate r ia l s

that are li mited by three -photon absorption at 350nm become two -photon absorbing

at 250 nm. (2) It is conceivable that an adaptive optical system [with a typ ical

t ime constant of ~~~~ sec for low-power re flectors extrapolated to l0~~ sec for

high-powe r (greater mass) reflectors I could be used in the repetitive pulse to

attain the single-pulse optical distortion values , as marked * above. In th i s  case ,

by using materials out of the two-photon region , the overall (lowest) thresholds

are ~~2 to ~~500 J/c m2 /pulse for inclusion or cluster damage, and 3. 3 J/c m2/pulse

for thermal fracture from extrinsic absorption . The l imit ing threshold without

adaptive optics is much lower . 3. 3 x io 2 
J/cm

2 /pulse , for thermal optical distor-

tion from extrinsic absorption (even assuming that the absorption coefficient can

be reduced to ~~~~ cm 1). (3) For the repetitivel y pulsed system , at a fixed

repetition rate, the thermal-distortion and thermal-fracture pulse- in tens i ty

• thresholds inc rease with decreasing pulse durations as t 1 for extr insic absorption —

and as t 1
~
’2 for two-photon and three-photon absorption. The average - intens i ty

threshold is independent of the pulse duration for extrinsic absorption and varies

as t
1
~
’2 for two-photon and three-photon absorption. At a fixed pulse duration ,

the pulse-intensity thresholds for thermal distortion and thermal  f racture  increase

with dec reasing numbers of pulses (product of repetition rate and total operating

time) as q 1 for extrinsic absorption , q~~
”2 for two-photon absorption , and q~~

’4

for three-photon absorption . if the repetition rate is constant and the operating

period is changed , the dependence of the average intensity on the numbe r of pulses

is the same as the above dependence of the pu l se - intens i ty  on the n u m b e r  of pulses.

If the operating period is constan t and the rc~ etit ion rate is change d , the average

intensity varies with the number of pulses as independent of q for extrinsic 

--_- —-~~~~~ -~~~~~~- - ~~ —~~~~~~~ •

1

~~~~~-_- - -~- - - ~~ - - - - -~~~~~~~~~~
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absorption , q~
”2 for two-p hoton absorption , and q3”4 for three-p hoton absorption.

(4) For single-pulse operation , the nonlinear index threshold is independent of

the pulse duration and becomes relativel y more importan t with shorte r durations .

The other thresholds increase with decreasing pulse durations , with free-carriei-

optical distortion having the dependences t 1 for extrinsic absorption , t 1”2 for -

two-photon absorption , and t 1”3 for three-p hoton absorption. The thermal dis-

tortion and thermal fracture thresholds are proportional to t
1 for ex t r ins ic

absorption , t
213 for two-photon absorption at pulse durations less than io

_ 8 
see ,

for two-photon absorption at pulse durations greater than io 8 see , and

for three-photon absorption. The inclusion threshold is proportional to t 1.

(5) In a comparison of our previous theoretical estii~iates of the two-p hoton absorp-

tion coefficient with eigh t experimental values , the absorption co eff ic ient  in a lkal i

iodides and alkali bromides is typicall y underestimated by a factor  of two. This

agreement is better than that previousl y predicted for the c rude est in ia t c .  The

absorption coefficient for ZnO is overestimated by a factor of 20 , which is the

greatest disagreement. (6) Reasonable materials  that do not suffer  two-photon

absorption for use at 350 nm are LiF , MgF2 , CaF 2 , BcO , Nal , SrF 2 , lla F2

Al203,  Si02 (fused and crystalline), and MgO. Of these mater ia ls , LiE , MgF7 ,

and perhaps CaF2 and BeO , do not suffer two-photon absorption at 250nm. Tech-

nical considerations , such as the positions of F-bands and other factors that l im i t

the achievable extrinsic absorption coefficients , are more important  than are

figure s of merit in choosing candidate materials. Sapp hire  is noteworthy because

the fracture temperature is estimated to be a factor of 10 greater than that  for

other materials. Alkaline-earth fluorides tend to be less susceptable to thermal

distort ion than other materials.

195
k .  ~~~~~~~~- - - -  - - - •___ _ _ _ _ _ _ _ _  



I

Sec. D-I

I. INTRO DUC~1ON

- - Recently, interest has focused on high-power lasers operatin g in the near-

ult raviolet spectral region, particularl y near 350nm wavelength. Although the

• laser system has not yet been selected , xenon fluoride is a prime candidate. Some

desired properties of the laser system are:

• wavelength: X = 350nm (fi w = 3.5 eV).

• laser pulse duration : 1 usec .

• repetition rate: 100 Hz (100 pps) to 1000 Hz (1000 pps).

• total operating time: 60 sec.

• energy density: ~~t~~= 10 J/c m2 -pulse. 

2
• irradiance (during pulse) : I~ = 10 W/cm

• irradiance (averaged over 60 see) : 1av = ~o3 W/cm2 
.

• pressure: two atmospheres nominal; four atmospheres during pulse.

• pulse shape: rectangular with no spikes.

• optical tolerance: 1/40 wavelength per element.

In this  report , the irradiance thresholds of various fa i lure  modes of transparent

optical elements are examined for a repetitively pulsed laser operating in the near-

ultraviolet spectral region. The wavelength of 350 nm is used for calculation

purposes throughout this report. In view of the approximations required in the

calculation s, thresholds for 250nm operation are expected to be essentiall y the

same as those calculated for 350nm. The major difference between material s  for

these wavelengths is that some materials  that are l imited by three-photon absorp-

tion at 350nm suffe r two-photon absorption at 250 nm.

‘V.
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Transparent materials used as laser windows must survive each individual pulse V

V and overall heating from repeated pulses. Important failure mechanisms during a

- - single pulse are localized fracture from absorbing inc lusions , optical distortion from

mobile electrons ltherated by the absorbed radiat ion , thermal distortion , and ther-

mal fracture. With repeated pulses the thermally-induced effects become relativel y

more important since cooling during the operating period is generally not effective

and heating by individual pulses integrates.

The two mechanisms of free-carrier optical distortion and thermal distortion are

not completel y independent. Free-carrier optical distortion results from radiation

scattering by mobile conduction-band electrons and valence-band holes tha t were

crea t ed by the absorption. These excited electrons contribute to the heating both by

contributing directl y to the absorption and by converting their excitation energy into

heat.

Another mechanism , that initiall y appears to be independent of absorption , is

optical distortion from the nonlinear refractive index . However , this mec hanism is

int imate ly  related to two-photon absorption wit h the nonlinear refractive index being

associated with the rea l part of the third-order susceptibility and with two-p hoton

absorption being associated with the imaginary part. It has been shown that a res-

onance enhancement of the nonlinear index may occur at frequencies nea r one-half

the ha nd gap, hut outside the two-photon absorption region.

There are other nonlinea r mechanisms for optical distortion that are not con-

sidered explicitl y in this report since , with the long pulse durations of current

inte rest , they occur at greater intensities than those given a bove. One such mech-

anism is enhanced , stimulated Raman scattering which results in optical distortion

sinc e the radiation fre quency is shif t ed , a nd heating because it is an inelastic
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process~ Other unusual types of “optical distortion ” are frequency doubling or

frequency tr ip ling, where allowed by symmetry and index matching.

Several candidate materials are listed in Table I along with their  optical

absorption edge. This list is not exhaustive , and some listed materials may not

be viable candidates except in th in- f i lm app lications. Three-photon absorption of

350nm wavelength radiation will not occur if the absorption edge is less than l l 7 n m

(greater than 10.6 cV). Materials satisfying this condition are LiF and MgF2 .

Materials having an absorption edge greater than 7. 1 eV , so that two-photon absorp-

tion does not occur , but less than 10. 6 eV , so that three-photon absorption does

occur , include NaF , CaF2 , SrF2 , A12 03 , Si02 , BeO and perhaps \lgO .

For 250nm wavelength operation , materials having an absorption edge greate r

than 9.9 eV are required to avoid two-photon absorpt i on. Such mater ia ls  are L i P ,

MgF2 , and perhaps CaF2 and BeO. The glass BeF2 is unde r consideration as a

window material. Its absorption edge is at small wavelength. (A va lue of 83nm

appearing in unpublished works surely is incorrect; compare 105 nm for L i F . )

However , BCF2 is hygroscopic , and difficulties have been encountered in manufac-

turing good glass. Solutions to the manufacturing problems and protective coating

problems should render Bc1 2 glass a good window-material  candidate.

Besides having large absorption edges , fluoride mate r ia l s  may  hav e desirab le V

chemical  properties for use with lasers , such ~s XeF , that conta in f luorine.

Oxides tend to have good mechanical properties , but may suffe r excessive absorp-

tion and may not be compatible with fluorine.

- V • - - — -- V - - ~~~~~~~~~~~ -_ _
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Table I. Candidate transparent materials  for use

with a 350nm wavelength laser .

Matcrial E (CV) Material  Ea(eV) Material  E ( e \ )

•• LiF 11.8 KF 9.0 Na 3A~~F6

•. MgF2 11.0 LiC2 7.4 ThF4 4. 96

• CaF2 10.0 NaC2 6.8 Si 203

• BeO 10 KC~ 6.9 Th02 5.8

• NaF 9. 7 PbF2 6.7 Zr02 4.6

• SrF2 9.6 A L F 3 F1f02 5.2

• BaF~ 9.1 CeF3 Y203 — 6

• A 12O3 8.8 • LaF 3 9.2 •• BCF 2 14.9
glass

• SiO 8.4 BN 6.2

• S b :  (fused) 7 .8 si 3N 4

• MgO 7.1

•• reasonable material with no 3-photon absorption at 350nm

P • • reasonable material with no 2-p hoton absorption at 350nm 
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II. ABSORPTION COEFFICIENTS

In the near-ultraviolet and vacuum-ul t raviole t  spectra l region s , the optical trans-

mission of transparent materials is limited by either intrinsic or extrinsic electronic

V 
t ransit ions.  Two-photon absorption is the dominant intr insic absorption mechanism

in materials having an absorption-ed ge energy greater than the photon energy , but

less than twice the photon energy. Three or more photons are  required for band -to-

hand transitions in materials having an absorption-edge energy two or more times

greater than the ph oton energy. Extrinsic absorption is expected to be dominant at

low intensities in materials whose intrinsic absorption is limited by rnultiphoton ab-

sorption. 
V

1. Extrinsic Absorption.

V Currently, many uv transparent materials have absorption coefficients in the

range from 10 ’cm ~ to 10cm
1
. These large absorption coefficients are thoug ht to

arise from donor levels in the band gap with the absorption of a photon excit ing the

electron to the conduction band. Oth er possibilities are t ransi t ions  between donor

levels in the gap or transi t ions from the valence hand to acceptor lcvcls .  It  m a y  he

expected that materials  improvem ent programs will result in much lower extrinsic

absorption coefficients , perhaps to the current state-of-the-a rt level of approx ima te l y

lO 4
cm ’ that is being achieved with infrared materials.

V 
At hi gh intensities the absorption may he dominated by in t r ins ic  mult ip l ioton ab-

sorption , since the ruult ip hoton absorption increases w i t h  increasing in t cns i t \ . Also

at h igh intensities or with long irradiation times, hr donor levels may become do-

plet ed (or the acceptor levels filled). The extrinsic absorption coefficient can be

wri t te n

~~~ 200 
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~ 
d re the  cone ent r a t i on  and a t ) Sor pt i On  c- ross 5c’ctiOIl , respectivel y,

• o f t h e  ~th a hsorh ing species. 1)ep lction of st rong l y a b sorbing species will  be most

l ik e ly  because of both the larger cross section and smaller numbe r for a given ab-

sorpt ion coeff ici ent . An overa ll absorption coefficient of 10 
4

cm
_ 1 

requires a con-

centr ation of iO Lcm ~ strong ly absorbing impurit ies having a cross section of V

iO
th

cm
_

, or 10 16cn1 ~ weakl y absorbing impurities with a cross section of 10 20cm ~~.

Upon depletion of the donor levels , the absorption coefficient will either increase or

decrease, depending on the relative magaitudes of the impurity cross section and the

free-carr ier  cross section. This is discussed further in the following section. ç

2. Two-Photon Absorption. 
V

There have been no measurem ents of multiphoton absorption coefficients in

ul t raviole t - t ransmit t ing materials.  Theoretical estimates are diff icul t  to make for -

nearly  all materials  because of incomplete knowled ge in most materials of the band F

structure , oscillator str engths , importance of many-bod y effects , etc. The ori-

gin of the linea r absorption edge in a material as simple as LiP is still being

debated. 
V 

-

Using perturbation theory ,  the  two-photon absorption coefficient for t ransi t ions

from an ini t ial  state denoted by i t o  a fina l state denoted by f can be written 3’
~

= ~~~~~ (~~) 
~~~ E f~~~E~~- f 1 W  H 

(2 . 2 )  

-

~

_ _ _ _ _ _ _  
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where € is the dielectric constant , n L is the density of laser photons , w is the laser

fr equency, ô(E)  is an energy-conserving delta function with E = E - E - 2f1 w,

and 3(f i  are transition matrix element s between the subscripted states. The transi-

tion matrix elements are summed over all possible intermediate states duiotcd by h.

It is expected tha t transitions involving one particula r in termedia te  state will be

dominant . For simplicity, the three-level hand structure shown in Fi g. 1 is used.

This model system , which may appl y to alkali halides , has a filled valence hand do-

noted by v , an unfilled conduction band denoted by c and an upper unfilled conduction

band denoted by c 2~ 
The minimum band gap occurs at the zone center and has a mag-

nitude gr eater than the photon en ergy . An energy difference between the conduction

and valence bands equal to twice the photon energy occurs at a nonzero k value. In

the terminology of perturbation theory, virtual transitions take place between the

valenc e ba nd on the upper conduction band , and between the upper conduction band

and the lower conduction band.

Some other possibilities for the intermediate state are shown in F i g. 2 , where

the dashed line below the conduction band denotes cxc iton levels. In the diagra m

labeled 1, the exciton level is the intermediate state. In the second diagram , an

electron from a lower valence band is first excited to th e conduction ha nd , and then

the hole in the lower conduction hand is filled by an electron from th e upper conduc-

tion ba nd . In the third dia g ra m , an electron is f i rs t  excited to the conduction band ,

and then an intraconduct io n ba nd transit ion,  with the s imul taneous  creation of a pho-

non , t a k VV~ place. Other t ransi t ions are possible, and in mater ia ls  wi th  large band

g-aps, the  c ’xciton level may  be the fina l state. Present theoretica l knowledge is

t i n su f f i c i en t to f rc-di~ t which  is dominant.

202
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Fig. 1. V t V ~vo_ p I1oton absorpt i on e x c i t i n g  an ( V l c V c t r o n  f ro m t t i c  ~V ;~ lc~ncc
band to th ’-  conduction band with an upp er - conduc t ion  hand se rv ing  as

V 
the in te rmedia te  state .
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F ig. 2 . Other intermediate states for two-photon absorption.
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Using the band structure in Fig. 1, the band energies as a function of k are

assumed to be parabolic and are written:

V 

~~,

, 

Vf12 k
2

E~ .T~~~
a V~ 

(2 .3)

- 2 2
E = E +~~—~— a , (2.4)

- c 1 g 2 m

and

E 
c2 

= E 
c2 v 

+ ~~~k a c~~ 
(2. 5)

where the a ’s are the inverse effective mass ratios , a = m/m * = (m /~
2) (d2E/dk

2).

Using n~~~~I€ ~~~2/ct~~c and

2
-

V 
~~~~ J

2 
= = 3i~e E f (2.6)

* ft c 1c2 m w V  c 1c2 c1c2
— - yields

18\ 2 ire4 f f ( 2 - f i w -  E ) 1/2 E E I
I = 

c2 V c 2 c 1 g c 2 v c 2 c
1

~~2 c2m ”2 (a~~± a
~~

) 3/2 ( f l ) 3 
F (a ~ 

- 2 (2.7)

C
2

V ía  -f a \ (2 fl w -  E g )~~f l W
k~~~~~ 

c i)

In view of the crudeness of the model , it is further approximated that the two con-

duction hands have the same mass a a a . The inverse effective mass of
V • 

c 1 c 2
V 

V the valence band s is less than the error in the effective masses of the conduction

hand s, and hence , is taken to be zero. Approximating, E = 2 E , and evalu-c 2 v

at ing the constants in Eq. (2. 7) yields

V

_ _  V V
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~ 2 = ( 1 . 6 x 10 43 erg 312 sec cm) ~c 2 v ~c 2 c 1 1
V (a) 3

~
’2 (h w ) 3

( 2 1 i w - E  ) l/2 E E Ig c2 v c 2c 1
X 2 (2 . 8)

- 
- 

~~~~~~~~~~~~~~~~~~~~~~~

* 
We wish to write 

~~2 in the form

~ 2 Ia o ) (1cm~~~) ,  (2 .9)

where 10 is the characteristic intensity at which 
~ 2 equals 1cm ’. The expression

for 10 obtained from Eq. (2.8) is not convenient. Rather , it is useful to have an

expression in which explicit dependenc e of l o on each of the pa rame ters is clear. To

derive such an expression , Eq. (2.8)  was evaluated for h w  3.54 cV, E g 
= I~ 91i~c~

a = I , f c = 1, and f = 1. Each of these pa rameters was then varied m dc-c 2 ~ 
c2

p endentl y, and the dependence of 10 on each parameter was fit to a power law:

I
~ 

(0. 174) (f 
~ 

) 1 ( f lw / 3 .5 e~’) 2
~

5 (a)~~~
5 ( Y/ 0 .1)~~~ GW /cm 2 , (2.10)c 2 c 2 c 1

• where V is a measure of the distanc e of the fina l state above the hand g-ap, obtained

from Eg = (2 ~Y) h w .  It was noticed from graphical plot s that the power-law depen-

dence was a good fit to 10 from Eq. (2. 8), even when th e  parameters were varied by

a facto r of ten and when two pa rameters were varied at the same t ime.

Subject to all the limitations of the model , Eq. (2. 10) ir e d i ct s  an exp licit 2 .5-

powe r dependence of 10 on the fr equ enc y w. That is , if two di f f e rent frequ encies and

two diffe rent materials are used such tha t the f -numbers , e f(ect iv l. masses and

t i

_ _ _ _  V V V V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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densities of states are constant , the ratio of the  I 0 s will  equal th e- ratio of the fr e-

V 
quencies raised to the 2.5 power. With large frequency changes , such as going from

- -
. the infrared to the ultraviolet , one generall y expects materials suffering two-photon

absorption in the ultraviolet to have a la rger characteristic intensity I ü than infrared

V materials.

With small frequency changes in a given material , imp licit frequency dependence-s

of 10 in the density-of-states , in the effective masses , and in the f-numbers are V

equally as important as the explicit 2. 5-power depend ence on frequency. For fre-

quencies very nea r the two-photon absorption edge, the density-of-states term y 0
~ ~

is dominant , neglecting possible rapid changes in the f-numbers. Exciton effects ,

which have been neglected in the above ana lysis , may be important nea r the two-

photon absorption ed ge, depending on the particular crystal under stu dy.

In the following sections , Eq. (2. 10) is used as an order-of-magnitude estimate

for 10 with f-numbers equal to unity,  the effective mass equal to unity,  and y = 0. 1.

The- resulting 174 MW /cm 2 characteristic intensity can be considerabl y in error for

materials suffering two-photon absorption at 1mw 3.5eV. Each of the f-numbers

could be in error by a factor of 10. Smaller var~~tions are expected from the ef-

fect~vc mass and from t h e density of states throughy. Most of the changes antici-

pated in these parameters are expected to yield large r values for 1
~~

, hence less

efficient two-photon absorption .

- . 5-l()
Values of I~ from Eq. 2. 10 arc compared with experimental values in

Table II . In the cxpc-rim(-ntal references , two-photon absorption spcVctra were ob-

ta m ed by the simultaneous absorption of an ultraviolet photon from a broad -band uv

source plus a photon from a rub y laser.  The characteristic intensity values are

com pared at a single frequency value  (at~ iw  E a ) on a smooth portion of the expe-

— rimental  curve a bove the band gap (E~~ where t he value of y was approximatel y p .05.

The experimenta l 1
~ is the rub y las e r in t en s it y divided by the two-photon absorption 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
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Table II. Comparison of experimental and theoretical values
of the characteristic two-photon absorption intensity.

10(exp) 10 (Eq. (2. 10))
V Material Ref. Ea (CV) Eg (eV) E 

(MW/cm2) (MW/cm2)

KI 5,6 6.5 6.0 0.15 130 120

RbI 7 6.2 6.1 0.048 94 190

V 
KBr 7 7.6 7.3 0. 092 94 230

RbBr 7 7.4 7.2 0.057 190 260

)
CsI 8 6.2 6. 0 0. 077 47 150

CsBr 8 7.3 7.2 0.027 94 370

ZnO 9, 10 3.45 3.43 0. 011 950

~~V i  

-- -

~~~~~

- - -

208

- - -V  — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V~~~~~~ _ _ V  —



V V ~~~~ - - -

Sec. 1 ) — I l

coeff icient  at  th e  chosen fr~~itienc r valu e .  Vi hu e s  from Eq. (2 . 10) W (V r (.  obtained us ing

lu es f~~ 
•t

V a tRi Ii = E ~ 12 from the chosen point on th e  curve  a long with the assumed

V JILIc ’S of f = 1 and a = 1. The values for a lkal i  halides are in good agreement with

lie ~-a iit~ for I from Eq. (2. 10), being approximately a factor of two greater than the

exI)erimc~nta 1 values. \\V it hi ZoO , the experimental spectrum is complicated by nearb y

e~xciton lines , and the agreement is less good , with the experimental 10 value being

approximate l y 20 times greater than the theoretical value. This less efficient two-

photon absorption could be due to smaller f-numbers than the values of unity used in

Eq. (2. 10).

In each alkali  halide , the fr equency depend ence of the two-photon absorption co-

efficient was in good quali tat ive agreement with the- predicted depend ence from y in

Eq. (2. 10).

3. Three-Photon Absorption.

Three-photon absorption is the dominant , intrinsic absorption mechanism in ma-

terials having an absorption edge greater than twice the photon energy but less than

three times the photon energy. The perturbation-theory expression for the three-

photon absorption coefficient is simila r to that for tile two-photon absorption coefficient

except that til e two-photon Eq.(2. 7) is multiplied by an additional factor 4

3~~f V e 2 E .  .1
F = 2 , (2. 11)

E den

where f. V is the f-number for the additiona l intermediate state transition , E. V is the V

ii ii

energy difference between intermediate states , and Eden is an additiona l energy

denominator. This factor can be written in the form

F = ‘~‘F (2. 12)

V 209 
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where I~~ = 8 x ~~~ W/cm 2 for f = 1, ~~w = 3.5eV , and E ij /E 2
defl 

= 1/ 13.6ev.

Combining this result with the estimate for two-photon absorption yields the three-

V V 
- photon absorption coefficient

i2 1
= 

~~~~~~~~ (1cm ), (2. 13)

03

where 103 
= 370 GW /cm2 . The numerical value for the characteristic intensity 103 is

subject to the same uncertainties as the characteristic intensity 10 for two-photon ab-

sorption and should be regarded as an order-of-magnitude estimate.

With four-photon or greater absorption , one can estimate the absorption coefficient

by the inclusion of additional F -factors.

‘I.
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ill. F R F E  CARRIER CREATION AND RECOMBINATION

Both intrinsic inult ip hoton absorption and extrinsic impurity absorption genera lly

result in the creation of mobile carriers such as electrons in the conduction band and

holes in the valenc e band . With intrinsic band-to-band absorption , equal numbers of

electrons in the conduction band and holes in the valenc e band are cr eated. If the final

state for the electron is an exciton state rather than the conduction ba nd , the electron

and hole are bound together and will not respond independently to an applied electric 
V

field . In this case , the dc conductivity may be zero , but the optical susceptibility of

the pair will be nonzero although different from unbound pairs. With donor impi rities ,

onl y mobile electrons in the conduction band are crea ted. Acceptor impurities yield

mobile holes in the valence ba nd . Transitions between two bound impurity levels do

not yield free carriers.

Most insulating, transparent solid s have valence bands that are fla t compared to

the conduction bands. Hence, the hole-effectivi masses are greater than those of

the electrons . Consequentl y, optical effects from the electrons are dominant over

those from the holes because of til e lesser mobilities of the holes which are inverse-h

proportiona l to the effective masses. When the term free elec tron is used in the

following discussion of intrinsic absorption , it is understood to be an electron-hole

pair. (The effective mass of a conduction-band electron is approximately equal to

the free-electron mass , and the effective mass of the valence-band hole is approx-

imatel y infinite.) With impurity absorption , the effects of donor impurit ies that yield

electrons are dominant over acceptor impurities tha t yield holes.

First consider til e creation of conduction-hand electrons from donor inl purit ies.

The rate-of-change in the concentration N F of free electrons is given by
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dN N
(3 1)d t  thw T

R
’

where ~ is the instantaneous absorption coefficient which may decrease with time due

to dep letion of the donor levels and TR is the time constant for the loss of free elec-

trons from the conduction band . In writing the first term in Eq. (3. 1) for the rate of

creation of free electrons, it has been assumed that each photon absorbed creates an

electron. For simplicity, TR is assumed to be the time constant for the recombi-

nation of the electrons with the impu rities , althou gh other proc esses that trap, or

immobil ize, the electrons may shorten this time. It is further assumed for simplicity

that the instantaneous , extrinsic absorption coefficien t can be written

$ ~~~~~~~ (3.2) 
V 

-

where N b is the instantaneou s concentration of bound electrons at impurity sites and

is absorption cross section of an impurity . Actuall y, a sum over different types

of impurities is needed in Eq. (3. 2). The additiona l creation of conduction electrons

by electrons already in the conduction band has been neglected in Eq. (3. 1). The

• neglect of the electron ava lanche proces s is justified by the fact that we are primarily

interested in the lower threshold processe s of optical distortion and thermal  fracture ,

rather than intense local heating.

Setting the conc entration N 0 of impuri ty  Site- s equal to the sum of tile concentra-

tions of bound and free electrons

N O N b + N F, (3.3)

212
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E q. (3. 1) can be wri t ten  in the form

N
~~~

a b I 
- N

F (~~ 
+ 

~~
) . (3.4)

The second term in Eq. (3. 4) suggests the definition of an effective time constant

for recombination:

1 _ 1 1
— — +  —n- , (3.5)T

R 
T

R 
TR

where

T ’j~~-~--~-r. (3. 6)

The t ime constant rj ~ is a manifestation of depletion of the impuri ty level s with V

decreasing values of at hi gh intensities and with la rge absorption cros s sections

• being indicative of more rapid depletion under these conditions. Values of as a

function of intensity are plotted in Fi g. 3 for tile two impurity absorption cross see -

tions 10 ~~
6cm 2 (strong l y absorbing) and 10 20cm 2 (wea kl y absorbing) . Significant

dep letion of the impurity levels occurs at t imes greater than T~~ when the intensity

is great enough that r~~ Accurate  values of the intrinsic recombination t ime

‘rR in mater ia ls  of interest at room temperature are  not known. Values of T R in the

range from i f )  2 sec to 10 4 sec have been observed in room temperature samples of

germanium.  If  such large values of TR occur in materials of interest , tile ef-

fective t ime  constant  will  he dominan t  for intensit ies greater than approximatel y

V IO~ W/cm 2 , depending on and dep letion will  occur if the laser pulse duration is

greate r tha n

213 
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[is ing the  f a c t  t h a t  the ini t ial , l o w — i n t e n s i t y  extr insic a b sorpt ion coef f ic ien t  is

given by

= N 0 ~ b (3 .7)

V 

and using Eq. (3.  5), Eq. (3.4) can be written

d N F 5() I NF
c i t  

= - (3 .  8)

I
F o r  zero concentration of free electrons at zero time , Eq. (3. 8) has the solution

/ t/T~~~\
N F = -~— r1~ ( I - c  ) - ( 3 . 9 )

Concentrations N F of free electrons are plotted as a function of time in Fi g. 4 for five

laser intensities.  The laser intensit ies are expressed in units of a characterist ic in-

tensity I where r ~ equals  TR :

• I = . (3. 10) 1
C a

b
T

R

V V \t shor t  t imes I << T1~
, E q. (3. 9) becomes

su it
N = , t << . ( 3 .  11)

In t i l L  sh ort — t i m e  l imit , no deple t ion  or rc -combin at ion occurs , a nd according to

T~ J .  (3. 11), one free  electron is cr eated for each photon absorbed . Tile cOncentra-

tion of ftcc V I c V t rons is linea r in I and in in th i s  l i Fi l it.

V
I _

c
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I’ 

r 1 0 i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V 

/

• rn—3 rn —2 io~
1 100

Pulse  d u r a t i o n , t

I

Fig. 4. F r e -e-carr ier  concentration as a func t ion  of t i m e  at f ive in tens i t ies
for  ma te r i a l s  i in l i t e d  1w ( lonor- impur ity  absorption. No is the concentra t ion
of donor in lpur i t i e s , T R is the in t r ins ic  re -combinat ion  t u ne, flfl ( 1 is the
charac ter i s t ic  i n t e n s i t y  for dep letion.
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p I ( f ~ i l i l ~r i t I l f l  is a t t a i n e d  in t he  long- t im e  l i m i t  wi le re t >~~ r 1~. In t i l i s  l i m it Eq.

(3 . 0) I ) \ OIl l ~~5

N = -r-— t >> T~~. (3. 12)

I h i s  eq u a t i o n , e l f e c t i ve lv ,  s ta tes  that  one free electron is created by each photon ab—

so rb ed for an  in i t i a l  period of time - r 1’~, with subsequent absorption mainta ining t h e-

e qu i l i b r i u m  conc en t ra t ion .  Out of necessi ty , the  equ i l ib r ium concentration of free

electrons in Eq. (3. 12) must  be’ less than tile initia l concentration of bou nd electrons

N 1) . At low intensi t ies  I < < I  , the t ime constant is equal to tile re -combinat ion

ti me T R~ 
and tile equi l ibr ium number is less than  N 1~ and proportional to I . At hi gh

intensi t ies  I > >  I
C ’ the  equi l ibr ium number of free e lectrons in E q. (3. 12) is pre-

vented  from exceeding N 0 by decreasing va lue- s of with increas ing in t e ns i ty .  Iii

t h i s  l imi t , ti le t ime Constant  is approximate l y equal to r and s u b s t i t u t i o n  of

Eq. ( 3 . 6 )  into (3. 12) yields N F ~ N 0. At the charac ter i s t ic  i n t e n s i ty  I ,  e y t r ap _

olation of the s h o r t — t i m e  slope of N F from Eq. (3. 11) to a t im e  y i e ld s  N 1 V = N

However , at  this in tens i ty ,  = T~ /2 and the equ i l i b r i um c o n cen t r a t i o n  from Eq.

(3. 12) is N
F 

= N~ / 2 .

Tile above ana lysis shows tha t  satu ration occurs when the  in tens i ty  is ~ r e -ater

tha n the charac ter i s t i c  intensi ty I and when the t ime  is gr c J IL V r  than the t ime  c o n—

stant  -r~~. In pract ical  s i tua t ions , the reconlbination t ime  T
R 

m ay  be much  greater

than the laser pulse du ration , a nd henc c , in tensi t ies  tha t  are m i-ge conlparcd to

are requir ed for  dep letion to occur wh i l e  t h e  laser is on. For a r c conlhul la t i on  t ime
-2 V V V -li~i 2 -i of 10 sec and an i m p u r i t t -  c 1V 0 5 5  s (V c t  ion of i t )  cm . t h e  va lue -  of I isR V C

n p p r o x i n i a t e l v  1 \V/ c nl 2 . 

-
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Sec. D-IiI

In order for depletion to occur during the laser pulse duration of 10 6 sec or less, it

is necessary that the intensity be greater than 10~ Tc or ~~~ W/ cm 2 . This is still a

small intensity, and dep letion will occur in many practical situations unless the im-

purity cross section is very small or the laser pulse durat ion is very short.

The creation of electron-hole pairs by intrinsic multiphon on a bsorption can be

ana lyzed in a similar manner , subject to certain modifications and approximations.

Analogou s tO Eq. (3. 1), the rate of change of the concentration of electron -hole pairs

N F due to two-photon absorption is written

d N F $2 1 N F

~~~~ 
= - .:

~:— 
(3. 13)

where the factor of two in the denominator arises fro m the fact that the absorption of

two photons is r€~ uired to create a pair. The absorption coefficient for two-photon

absorption 
~ 2 is proportional to the intensity and is written in Eq. (2.9) as

~ 2 W10 ) ( 1cm ’). (3. 14)

At very high intensities, dep letion of the intrinsic valance electrons may occu r , and

to analyze this effect , it is usefu l to define a two-photon absorption cross section 
~ 2

per unit cell of the crystal:

a 2 I/I a N 0 , (3. 15)

where N 0 is the number (I f unit  cells per uni t  volume. The definit ion of a two-photon

cross section is used in a loose sense because , besides being intensity dependent ,

218
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In order for depletion to occur during the laser pulse duration of l() sec or less , it

is necessary that the intensity be gr eater than 104 I
~ 

or 10~ W/ cm 2 . This is still a

V small intensity, and depletion will occur in many practical situations unless the im-

purity cross section is very small or the laser pulse duration is very short.

The creation of electron-hole pairs by intrinsic multip honon absorption can he-

anal yzed in a similar manner , subject to certain modifications and approximations.

Analogou s to Eq. (3. 1), the rate of change of the concentration of e lectron-hole pairs

N F due to two-photon absorption is written

d N F ~ 2 ’ N F
= - — , (3. 13)

where the factor of two in the denominator arises from the fact that the absorption of

two photons is r€~ uired to create a pair. The absorption coefficient for two-photon

absorption 
~2 is proportiona l to the intensity and is written in Eq. (2.9) as

$2 UIb o ) ( 1cm ’). (3.14)

At very high intensities, depletion of the intrinsic valance electrons may occur , and

to analyz e this effect , it is usefu l to define a two-photon absorption cross section a 2

per unit cell of the crystal:

a 2 = I/10 N 0, 
(3. 15)

where N 0 is the number of unit cells per unit volume. Tile definit ion of a two-photon

cross section is used in a loose sense because , besides being in tens i ty  dependent ,

218 
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the cross section per unit cell may change if significant dep letion occurs. The changes

in the cross section upon depletion may involve such many-bod y effects as a change in

the crysta l band gap when sufficient numbers of valence ba nd electrons are excited to

the conduction band .

Using Eq. (3. 15) in Eq. (3. 13), an equation for the rate of change of the pair con-

centration similar to Eq. (3.4) is obtained:

d N F N 0 a 2 1 a 2 I
-

~~

-

~

— = _ _ _ _ _  - N F~~~
_- + ‘ (3. 16)

where now the second term in the effective time constant is inversel y proportional to

the square of the intensity:

I
2 N  I 1~it ~- 2fi w — 0 0T R a 2 1 — 

12 (3.17)

Assuming that Eq. (3. 15) is valid , the solution of Eq. (3. 16) is

12 - t/ r ~ V

N F 2 I~~~~~ 
TR e 

) 

, (3. 18)

V 
where rR 

= T
R 

+ T
R

V As before , one can define a characteristic intensity I for depletion as the inten-
c

sity where the time constant rj ~ equals the intrinsic recombination tin-i c TR. Setting

rj ~ in Eq. (3. 17) equal to and solving for tile intensity yields

1 ( 2 N 0 I o fl w/ TR ) h/2 . (3. 10)

~I-.
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Sec. D-III

Using I = 1. 7 ~ 10
8 W/cm 2 from Eq. (2. 10) as a typical value at 350nm wavelengt h

V and using N 0 1022cm 3 and = 10 2 sec , the value oI l  from Eq. (3. 19) is

1.4 x ~~~ W/ cm 2 . This value will increase if tile intrinsic r ecombrnation time- in ma-

terials of interest is shorter than i0 2 sec. For an intensi ty equal to I the two -

photon absorption coefficient is equa l to 0.08cm ’.

In many practical situations , the laser pulse durat ion is much less than the -

in t r ins ic  recomb ination time. Hence , inteasities greater t h a i  1c ( c o n s e q u e n t ly ,

large r two-p hoton absorption coefficients) are- required for d?p let ion to occur.

The concentration N F of electron-hole pairs is p lotted as a function of t ime  in
V -6Fig. 5 for seve ral laser intensities. For pulse durations less than 10 se-c ,

laser intensities greater than the characteristic two-p hoton absorption intensi ty

10 are required to approach saturation . With an intensity 10 l o ,  One percent of

the valence electrons are excited after an irradiation t ime of io 8 sec onds .

This time decreases to 10- 10 seconds for an intensitj equal to 100 10 . Althoug h

Fig. 5 is p lotted in terms of the characteristic intensity 10 ,  the t imes at wh ich

saturation takes place will vary due to the dependence of yr on 10. In mate--

ials with small values of 10 (strong two-p hoton absorbers), the - t imes  for

saturation will dec rease from those in Fig. 5.

— Bc-sides neglecting many-bod y effects which may change the two-photon cross 
V

section , the possibili ty of the additional creation of free carriers at high intensit ies
V by the electron-avalanche process has also been neglected. In spite of the diffi-

culties near saturation , many fai lure thresholds occur in the low-intensity,  short-

t ime regime where estimates of the pair  concentration are thought to be reliable.

The l imi t ing  form for Eq. (3. 18) in th is  region is

N E 2 I~~~ 
N F << N 0 . (3. 20)

220 A
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I I I

io 22 - -

m o20 -

I

a io 12 io~~ 1 o V 1 0  io 9 io_ 8  icr 7 io 6
Pu h se d u ra t ion  t ( sec )

J ig. 5. l-1e -ctron -ilolc pa i r  concentration as a function of t ime at five laser 
V

i n t e n s i t i e s  for m a t e r i a l s  l im i t ed  by in t r ins ic  two-p hoton absorption. 1~ is
the charac te r i s t i c  in tens i ty  where the two-p hoton absorption coefficient
equals 1 cm~~~. 

V
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Sec. D-I II

Similarl y, for materials suffering three-photon absorption at the laser fr equenc y

and having an absorption coefficient

2 2 -1
$ = (1 /1 03

) (1cm ), (3.21)

the rate of change of the electron-hole pair concentration is given by

d N F 
_ _ _ _ _  

N F
— 

3I ü~~ l e *  
- ‘ ( 3 . 2 2 )

where

~~~~ = i... + 
13

2 . (3.23)
7
~R TR 3N 0 I 03 h w

Equation (3. 22) has the solution

N F = TR 
(

~~~~~~~~~) 
‘ (3.24)

subject  to the same limitations nea r saturation as discussed above for tWo pIio t On

absorption. Additionally near the character is t ic  intensi ty I~~3 for thre e -photon  ab-

sorption , the value of the intensity is suff ic ient ly  la rge that  electron - iv a lanch e  w i l l

occur. A typical value o I l  03 equal to 3 7 11) 11 \ \V/ cm 2 
wa-s der ived in the previous

section.

V 
Neglecting electron ava lanche , v a l u e s  of N as a f u n c t i o n  (~i t i me a r e  plot t ed in

Fi g. ( using 
~ 

= 1(122 cm ~ and I = 3. 7 -\ ~~~~ 
1 

\~V / C 1 U
_ 

at ~i = 3 . 5 cV . T h e

V ) V )  
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1o22
~~~~~~~~~::

icr 12 io~~ io~~° io~ icr8 icr7 icr6

• PuIs i du ra t  ion , t ( sec)

b ig. ~~~. Elc-ct ron-ho lc pa i r  concentrat ion as a function of t i m e  at four laser
in tens i t i es  for  ma te r i a l s  l imit ed  by i n t r i n s i c  three—p hoton absorption . 103
is the  character is t ic  in t ens i t y  where the th ree --photon absorption coeff ic ient
equals I cni l .
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sc~ ond t e rm in the e-ffective t ime constant decreases with increasing intensity as I

and results in rapidl y decreasing saturation times for intensities greater than I~)3 .

V V In the shor t-t ime , low-intensity limit , the pair concentration is given by

3
N 1. = 

3L ~~~~~ f lw  
‘ NF << N 0 - 

( 3 . 2 5 )

In this limit , the pair concentration is proportional to the cube of the - intensity.

• 
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1 re - c- c ar r i er s  c re -at c’d b \V  e i th - r i n t r i n s i c  mu lt ip i i oton a l) sorp t ion  or e X t  r in sic  al) -

- V~ so rption can 1)0th ul)S011) su bse-qu eil t r ad ia t ion  and r e-sult in a changV e~ of the r efract ive

l l k l c \  ~v i t i i  r e s u l t i n g  optica l d is tor t ion.  Both of these  ffects  arc connected by the corn —

ple\ die lectr ic  cons tan t .  If we assume that  the  e f fec ts  of depletion of the  bound electrons

and ti - ic effects  of free carriers on the optical properties arc additive , the complex di -

electric constant  of a c ry stal containin g a density N F of free carriers can be written

V 2N F p- 2 -0 ~ + i w/-r ( 4. 1) V

\ \ Vj t i - i

V 2 
= ~ ~~~N 1 

e~ /m , (4.2)

\vhe re is the  unperturbed dielectric constant , N 0 is the initia l density of bound

electrons , Tc is the collisiona l relaxation t ime  of the free carr iers , 
~ 

is the plasma

frequency of tile fr -e carriers , e is tile electronic charge,  and ni is til e ef fect ive  mass

of tile f ree c a r r ie i s .  With donor impur i t i e s , m is tile effective mass of a conduction

electron in which typicall y is approximately equal to tile free electron mass. \Vj t h

acceptor impur i t i e s , in is the effect ive mass rn 1 of a hole which typica ll y is much

larger than  the - f r ee -  electron m ass.  \\ ith in t r ins ic  absorption , nl is equal to the re-

duced e ffect iv e - mass  of an electron and a hole which is approx imate l y  equal  to tile

elec t ron  m a ss  because of t u e  large 1 f l e I i v e  mass of the hole. Optical e ffects of

hole- s are-  neg ligible in comparison to electrons he-cause- d)f t he i r  large effective mass ,

henc e- , smal l  m o b i l i t y .  Sucil C f  t e c t s  are neg l e ct e d  in the- fo llowing, a nd the mass  Ill

is a1~v ays  taken to he L~ ua l to tile- l r ( V C V e lectron mas s .

I- 
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The second term in Eq. (4. 1) is the decrease in the dielectric constant due t o  a

decrease in the number of bound electrons. In writ ing this term it has been assumed

that each bound electron contributes equall y to the dielectric constant and that  the

change in the dielectric constant is linea r in the number of liberated electrons. This

assumption should be valid for small changes in the numbe r of intrinsic , hound elec-

trons. With impurit y electrons , there is an additiona l difficulty that the polarizability

of the impurities are generall y not known. The use of the unperturbed dielectric

constant in the second term of Eq. (4. 1) assumes that the polarizability of a

bound , impurity electron is the same as a bou nd , intrinsic electron.

The thi rd term in Eq. (4. 1) gives the contribution of the free carriers to the di-

electric constant as derived from the Drude theory of the fr ee electron gas. 
12 This

term is negative, as is the second term , avoiding the possible ana lytical difficulty of

a cancellation between the second and third terms. Hence, the net effect is a decrease

in the dielectric constant.

In the fr equency range of interest , the conditions w>> w and w >  are

satisfi ed . These conditions allow the dielectric constant to be writ ten in the form

2 2N cii cii
E E~~ ~~~~~~~~~~~ ( E 0 - 1)  - _~P2_— + i . (4.3)

a 0 W C i iTc

To obtain the rea l part of the refractive index n , the relation n = is used to

obta in

2
N cc

n o 
- 

2 n  N ( n 0
h - 1) - 2 (4.4)

0 0 2 n 0~c

where we have also used a 0
2 

= and ( - ~~~~l/2 1/2 - ~~f / 2 E 0~~
2 .
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Sec . D-IV

Tile assumption that  each bound electron contributes equall y to the dielectric constant

is onl y approximate in view of the Clausius-Mossotti  relation. Henc e, one can make

a similar approximation for the refractive - index y ielding a simpler form for Eq. (4.4):

N cc 2
n o 

- 
~~~~~ (a 0 

- 1) - . (4 . 5)
0 2 n ~~cc’

a. Free Ca rrier Absorption

The effect of tile creation of freç~. carriers on the absorption coefficien t is obtained

using $ = ~~ w / n 0 c, wher e is til e imaginary part of c and c is the velocity of light.

Assuming that the absorption by the hound electrons is proportiona l to tile density of

V bound electrons , we obtain

2
N r wp

$ — 

~ fl~~ 0 + 2 (4 .6)0 n c w r
o

It is usefu l to define an absorption cross section for tile free carriers. Substitu t-

ing Eq. (4. 2) into the second term of Eq. (4.6) yield s

2
~~~ 4 i r e

~ F L
~

I
F 2n 0 m c c c  1 e-

V and using ~ F N F ~F yield s

V 

24 y r e
2 - ( 4 . t ~)

n~~r n c c c  T~

Using u 5.4 \ i0 h
~~sec 

1 
~ A 35(1 fi l l ) ,  in equal to the free e- lectron mass , and

10 14 se-c, y ield s a
~ 

= 2.4 -. 10 18 cn) 2 .

—-
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In the case of a materia l limited by donor impurit y absorption , the overall absorp-

tion coefficient of the materia l is written

$ N b ab + N F aF~ (4. 9) —-

where N b and N F are  the concentrations of bound and ir ce  electrons , r espect ively .

Using N 0 
= N b + N F yields

+ N F ~~~ 
- a1) , (4 . 10)

where = N O ab is t he initial , unperturbed absorption coefficient.  The densi ty  N 1.

of free electrons under various conditiof t s was derived in the previous sec t ion  with tile

results presented in Eq. (3.9) and in J i g. 4. VV\s  the -  ~oncentratinn of hound electrons
V be-conies dep leted , the overall absorption coefficient in Eq. (4. 10) will either increase

or dec r ease , depending on the relative magnitudes of a1) and Tile va lu e

2.4 ~ 10
18 cm 2 for derived above falls midway in the range of expected impur i ty

absorption cross sections.

Assuming an initial , unperturbed absorption coefficient of 10 4crn ~, the -  overall

a absorpt ion coefficient is plotted as a function of t ime unde - r various conditions in

r ig. 7. For Gb 
= GF~ 

the absorption coefficient is constant for all t imes and all

i f l te f l s it i cs , neg lecting til e temperature dependence- of $~ 
I V O r  weakl y absorbing j il l-

pur it ie .s  with G 1) IO 2 GFa the overall a bsorption coefficient increases wi th  t i l l l e as

is shown for three - d i f ferent  intensities ~fl tile upper portion of t i le figure. These in-

tc~n sUi I s ar c  e-xpre-sse-d in units  of the  charac -te r i st ic  intensi ty for depletion define -cl

in ~~i• ( V 3
• 1(1). S i m i l a r l y ,  decreasing absorption coef f ic ien ts  a r c -  iiown in the lower

port ion of t i l e  figu r c- for t h r ee  ( l i f f e r e n t  m t  (V T] s i t  ic-s iflC i ( le flt  on a m a t e r i a l  conta in i ng
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strong ly absorbing impur i ti es  wi th  Gb = io 2 GF •

Recall Irom tile - previou s -section that  for an intensi ty  equal to I~~ the  bound elec-

tron concentration is reduced to ha l f  its initia l value for t imes greater  than T R . \ \e

notice two d i f f e r ences  betw een strongl y absorbing and w e ak l y  a b s o r b i n g  i m p u r i t i e s

V 
f r o m  the fi gure. First  at  an intensi ty e-qua l to the appropr ia te  I , t t i c  p er c e n t a g e

change in the absorption coefficient is greater for wea kl y absorbing im p u r i t i e s  t h a n  for

st r ong lv absorbing impu rities. This follows from the fact tha t  $ is dominated by thc -

larger of tile two cross sections, with relativel y few free electrons being re quired to

dominate the absorption in mater ia ls  with weakl y absorbing impur i t i es ;  but si g n i f c a nt

depletion is required to change the absorption coefficien t with strong ly absorbing im-

pur i t ies .  The second difference between strong ly and weakl y abso r bi n g i lnp u r i t i e s  is

tilat it is easier to deplete strongly absorbing impu rities than we akly  absorbin g im-

puri t ies .  The f igure is somc~vhat  misleading because the value of I~ is inversel y

proportiona l to the absorption cross section. With  tile two cross sections used, the

two values of I differ by a factor of IO~ SO t i lat  the  two case-s 1(1(11 - a nd ( 1 .01 1c c2 c l

have - the  same in t e -n si ty .

VV\ctua l m a t e r i a l s  are -  expected to have a distri bution of impur i t i e s  cross sections.

W i c i n  such a mater ia l is i r radia ted , tile overa ll absorption coe-fficient m a y  f i r s t  d c —

crease- as t u e  s t rong ly absorbing impuri t ies  l)e ’Coflle d epicte-et , and later  inc re-a se~ upon

depletion of t he- w e ak l y a I V S I  r h i n g  leve- Is .

I or mate  n a  Is t im ite- d by t w o — p hotol l a hso rp t i on , t u e  ( )V er a 11 a l s r p t  lOl l c o e f f i c i en t

can he w r i t t e n

= ( I / I a ) (1cm 1 ) N 1. 
~°i 

- a2 ) ,  ~4. I t )

2 10
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wher e  the f i r s t  term is t i l e -  m t  r ins ie - twO— p i loton absorp t ion  fr o i l l  Eq. (2 .  9) a nd t h e

second Ic-n il iS t u e  cont r ibut ion from c-l ectron— ii o l e -  pairs. i\s d iscussed above , t i l e

e lect ron - i o i e-p a i r  cross section is approximatel y e q u a l  to t u e  f ree-electron cross

se-ct iOn a1 used for donor impuri t ies .  ‘Ihe  two—photon absorption cross section

a2 = I /N
0 

I~ , dc-fin ed in Eq. (3. 15) , is proportional to tile in tens i ty  and is ge-ne-ra lI~

much smaller than unless  the intensity is ve- xy large. 1-or N o 1022 cm 3 , ti le -

two-photon cross section is approximately  equa l  to 10 4 GF for an intensity equal to l~~.

A very la rge in tens i ty  10 t o is required for a2 to equal a1.  Hence , for all practical

cases , the overall  absorption coefficient will increase witi l  t ime  as free pairs are gen-

e-rated.

Using tile results from Eq. (3. 18) and Fi g. 5 for the pair concentrat ion , the overa ll

absorption coefficient is plotted as a function of t ime- in Fi g. S for five d i f fe r en t  lase r

intensities. At times less than the  effective recombination t ime  when sa tura t ion

has not y e t  occurred, E q. (3. 20) can be used for tile pair concentration , yielding

= ( I/ I a ) ( l cn l ~~~) + 2~~~~ 
(a

1 
- a2), t << . (4. 12)

.\ t  short  time- s in tile- f igure ,  the  second term in Ecj . (4. 12) is neg li gible conlpare-ei to

tile - i n t r i n s i c  absorp t ion  in tile f i rs t  t e r m .  In this reg ion the- absorption coefficient is

t ime--indep c-ndent and prop ortiona l to the in tens i ty .  .\t  l a t e r  t imes  as t h e  f r e -c- ca rrier

ter m he-comes dominant , th e  ab sorp t ion  incre-asc- s linearl y with t ime and is p ropor t ion—

a ! to  th e- squa re of t h e  i n t ens i ty .  Sa tura t ion  ecu rs at long time-s in t h e- f i gu re - fo r the

two Ia r ge  i i itensi t i es  10) 1 (1 and 1( 1( 11

S i m i l a r l y ,  ~v i t h r  a mat~ cia I l i m ited by t h r e .V—p h ot o n a h surp t ion , t h e- vve l V a II a i ) —

sorpt ion c o e f f i c h - t i t  is

~~~~~~~~~V V~~~~~~~~~~~~~~~ ~~~~V V_ 
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3 ( 1 2 . 1 
~~~~~ 

( 1c m 
- I ) I N 1 ( a 1. - a1 ), (4. 13)

crc th e  first t c r am is t i l e  iilt n i l lsic t i m e  ce -- photon a bsorption e~ ) e f ficicflt and the- second

!~-rll l  is th e  e l e -e t ron - imo l e -  pa i r  cont r ibut ion .  ~l i le - pair  conc en t r a t i On  is give-n in Eq. (.3. 24),

Juel ill t u e  short  — t i i l l c - l i m i t ,  t h e  ab sorption coeff ici ent  i) e - cO il les

) ~ —1 1 3 t 
- 

V

$ ( 1 ~~~ ) (1cm ) + 2 
— a3

), t << . (4. 14)
.3 103 l~l LI.

Resul t s similar to those- b r  two—photon absorption ar e  plotte-el in Fig. 9 for three —

photon absorption. .V\t short  t imes in tile - figu re , tile overall absorption coeff ic ients

approa cii the  m t  i-in sic three—photon va lues which are t ime  —independent and proportion—

a 1 to t u e  s q u a r e  of the in tens i ty .  V \ 5  the  pa i r  contribution become- s don l in ant , the ove r—

all absorpt ion coefficient increases l inear ly  with t ime- anti is p ropor t iona l  to t ime cube

of th e  in tens i ty .  Saturation occurs on ti le  t iiii e scale- of tile- fi gure at in tens i t ie s  gre-ate-r

than 103.

b. Free Carr ier  Optical Distortion.
V 

V

p Free ca r r i e r  optical d is tor t ion  is p r i m a r i ly  a single - pu lse- e-ffect s ince the free

carr ie-rs liberated dur ing tile pUlSe tend to re -combine between pulses.  Si gnifica nt re-

conl bination occurs if the rcN -t ition rate - is less tilan the inverse of ti ie intr insic
V 

r e-corn binat ion t u l l e  T
R

. In t h e  fol lowing,  it is assumed that  t h i s  is t ru e- , althou gh for

r ecom~mhi na t ion  t i T h e s  of 1( 1 se-c t u e  re-p etit iOn r at ~ V is 1011 ite-el to 100 l i z  or less.

Optical  d i s to r t ion  r c- sults from til e- fact  t h a t  the laser  i n t e n s i t y , hence - t i i ~ f r ee

V car r i er  conc e n t ra t i on , is nonuniform in going fro m t h e  cL-ll t e-r to the ed ge of the op —

ie~ i I e l em ent  be ing irradiate-e l . \\ l i i i  l i l t  r in s  ic mu It ip ii onon a i i sor p t  ion , t h e  ea  erie - c

cone flt ~d t1Oil is more i l o n o f l i fu r l l l  I an t u e  lot ~~V f l s it  \V , sinc e t i l e  ( le -i ls i t \  of f r e - c a r r ie r s

- V V  VV - .~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V
L

~~~~~~~~~~~~~



V 
~~~~~ Z~~~~~~~~~ V V

Sec. D-lV

i r~5 _______________________________________________________
I U  I I I

io~ - -

/

//
io2 - V

0

C

0

~~~1 o -  V

oo

2- io 1 . - 

V

io 2 V

~~ç~b

-V)

10~-~~• V

io~~ -

10-12 10 11 io~~
0 io 9 io 8 io~ io~

Pulse du ra t i on , t ( s e c )

Fi g. 9.  Overall absorption coeff ic ient , includ ing fm-ce-ca r r i e r  absorption ,
as a function of t ime  at four in t ens i t i e s  for a mate r ia l  l i r m i t c d  hs- i n t r i n s i c
th ree-photon absorption.
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is proportional to the squa re of the intensity for two-photon absorption and to the cuix-

of the intensity for three-photon absorption. Neg lecting edge effects , the limit on the
V change- in the optical path through the center of the optical element can be expressed in

fractions of a wavelength:

O n - L  = 
~ / y ,  (4.15)

whe re On is the change in the refractive index , £- is the thickness of the element and

y is an integer typically in the range from 10 to 100. Since the change in the optical

path is linea r in the tllickness , onl y a thickness of 1cm will be- considered in tile fo l-

lowing threshold calculations.

Substituting the change n-n
0 from Eq. (4.5) into (4. 15) and usin g Eq. (4. 2) , we

obtain

- N  2 I T N
On = 

~~ 

F ( - 1) - F ~~ (4 .h i)  V
N 0 r n w

Notice that the change in the refractive index is negative , impl ying that  the distortion

effect will be a defocusing of the beam. E quation (4. 16) is linear in the fr ee- carrier

concentration , so that a l imit on N F can easil y be obtained:

2 .4  ~ l0~~~cm 3, (4. 17)

for A = l5Onm , y = 40) , and n 0 = I .  5.

In tensi ty  thresholds for distortion are rea d i l y obtained from Eq. (-4 . 17) using the-

re-suits of Se-c . 111 for the frc~ carr ier  concentra t ion ,  In rn at e-ni a ls  l imited by donor

impuri t ies , there may not be enough donor electrons a vii ila hI t- to cause- d i s t o r t  ion.
— .  a V
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For an extrinsic absorpt i in coefficient of IO~~ cm ’, th~- concentration of donor

impurities ranges from l0 ’2 cm 3 to 1016 cm 3 for absorption cross sections
V - ranging from 10 16 cm 2 to 10 20 cm 2 . For conlp arison to the thresholds  obtained

for intrinsic mult-iphonon absorption,  it is as sumed that  the - c ross section is suf-

f ic ient ly  small that  there are ample donor electrons ava i lable for d i s to r t i on .  It is

f u r t h e r  assumed tha t  the shor t-t im e l imit  t < rj ~ app lies so that  the  concen t r a t i on

of free electrons can he writ ten V

I$0 t
N F -ri 

t < T
1~ - (4. l~ )

The v a l i d i t y  of the shor t - t ime limit can readi l y  be- checked by reference to 1 - i~ . 3 .

Hence - , the  distortion threshold becom e-s

a I~~~ , (4.19)
O t

a 

I = 1. 4  x iO 2 t ~ W/ cm 2 
, impurity ($ = 10~~ cm 1 ) (4. 20)

for t expressed in seconds.

W i th  intrinsic , multiphoton absorption , the shor t - t ime  linl it always applies

since the value of N1 in Eq. (4. 17) is much less than the concentra t ion of valence

electrons.  Using Eq. (3. 20) for N F in materials l imited by two-photon absorption ,

the  threshold  for optical distortion is obtained:

/ 2 N  I ~ \ 1/2  V

~ F ( )  
(4.21)

or using Eq. (4. 17) for N1 and Eq. (2. 10) for 10

I ~ 2 .2  / IO~ t
1” 2  

, two-photon (4 .22)

V 236
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for t expressed in seconds. S i m i l a r ly ,  for three -piloton absorption , the threshold V

is obtained using Eq. (3.25) for N 1 V :

2 1/3
fIN 1 103 ~~ ) , (4.23)

- 11 2or using l~ 3 
= 3.7 X 10 \V /cm

I 1. 8 x l0~ t ”3 \V/c m 2 
- three-photon (4. 24)

The thresholds for distortion in Eqs. (4. 19) - (4. 24) have different  depen-

dences of the absorption coefficients on intensity . The thr esi lold for donor ii~ipur-  -

ities decreases with decreasing t as t ’, while the intrinsic two-photon and

three-photon thresholds decrease as ~-l/2 and t~
1I3 , respect ively .  i-lence,

optical distortion from impurity absorption is relativel y more important , compared

to the intrinsic absorption , with long pulse durations.  With t h e  parameters used

abov e , the impur i ty  threshold intensity equals the two-photon threshold intensity

for a pulse duration of 4 x sec . The impur ity  and three-photon thresholds

are  equa l with a pulse duration of 2 x io
_ 8 

sec .

Similar l y, the  various thresholds have different dependence-s on other param-

et ers. If the optical tolerance in Eq. (4. 15) is relaxed by decreasing the valu e of

y ,  the impuri ty  threshold increases by the same factor that y decreases, while

the  two-photon and three-photon thresholds have the lesser dependence-s and

respectivel y. The two -photon threshold intensity in Eq. (4.21) is propor-

tiona l t o I - lie-nec, if the value of is onl y known to wi th in  a factor of 10 ,

the threshold  in tens i ty  can s t i l l  be calculated within a factor of approximatel y

iii re-c .
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V. THERMAL DISTORTION AND THERMAL FRACT UR E

V The fa i lure  modes of t he rma l  dis tor t ion and the rmal  f r ac tu r e  occur p r imar i l y

in repea ted-pu l se  sy s t e m s .  Be-sick-s having gr e-ater s ing l e -p u l s e - i n t e n s i ty  th resh-

olds than other f a i l u r e  modes such as f ree-carr ier  optical d i s t o r t iu n , thermal  V

dis tor t io n m a y  f l It  c c ur  dur ing the pulse  and f r act e ir e  may t O t  occur  un t i l  af ter  the

pulse ha s bee-ri t r a n s  nli t t e-ci . In tile a bsorpt ion process , t i m e  energy absorh ~~l clii ring

t h e  f i r s t  part  of the pulse goes p r i m a r i l y  into e 1~ it  irlg f r ee  c a rr i e r s .  This energy

is not conv erted i n t o  h e-at einti l the  fre e ca r r ie r s  re-com bine in a t i m e  as l°nc as

to Se-c . Til e eV n er ~~~ absorbed by the free carr iers  degrades rapi d ly into

hea t in a time compara ble t o t i le e lec t ron-coll i s ion  t ime  of app rox ima te ly  io 14

sec . Even a f te r  the- absorbed energy is degraded into heat , th erm a l distor tio n and

thermal  f r ac tu r e  do not occur immediately .  In order for these ef fec ts  to take

place , it is necessary for the materia l to expand, which takes a t i m e  conlparable to

t h e  t u lle - for sound to t raverse  the  sample , i. e., of the order of 10~~ sec/cm .

Cooling window materials is generall y not effective in reducing t i le rmal  effects ,

since for reasonably la rge windows,  the t he rma l  t ime constant  is greater than the

total operating tu lle of tile laser. With edge cooling , the t h e r m a l  t i m e  cons tant  is

= C ( 1 / 2 D ) 2 / 4 K  ‘ (5 .1)  V

where C is lie -at capaci ty,  K is t i le  t he rmal  conduct iv i ty ,  a nd 0 is tile win e i o~

dianletcr. Using the typ ical  values of C 2 j / c m 3 K and K = 0. 1 \V/cm 2 K

is equal to 125 sec for a 10 cm window diameter .  \Vi th face cooling, t h e

thermal  t ime constant  is

l i Z  -T 1. = — ( 1  1 TR
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where 2 is the- window th ickness  and Ii is ti le -  surface- h e a t - t r a n s f e r coeff ici ent .

V Using Ii = 10 2 W/cm 2 K and 2 = 1 cm , the valu e of the t i m e  con s t an t  is 207 Se e .

l i e -n ec, for operating periods less tha n these t ime constants , the absorbed energy

integrates , and time tota l te lllperatUr e rise is the sum of increases for each m di-

vidual pulse.

Optical distortion results from the optical path for a ray t ransversing the

center of the -  window being different from that for a ray nea r the edge of the  window .

This results from greater laser intensities , hence gr eater tempera tures , nea r ~he

center of the window ’.3 With uniform intensities and uniform heat ing,  there may

be an equal change in the optical path for all rays, hut no distortion. Est imates

for the- optical-distortion intensity threshold are made from the change in the

optical path through the center of the window:

2~~~~~ T ‘~~n~I 
X / y  , (5.3)

wher e y is typically an integer in tile range from 10 to 100 and 
~nT ~

(~~n / ~~T)~~ + a ( 1 + v ) ( n  - 1 )  + S  , (5 .4)

where  t i l e  d e r iva t ive  is taken at  constant  stress , a IS the l inear  ex pansion coeffi-

a cient , 1) is tile Poisson ratio , and S is a sma ll s t ress-optic  term. The first  term

is t h e  exp licit change in tile- re- fractive index w i t h  temperature , a n d th e second

term results from bul ging at the center of t u e  window due to nonuni form i lea t ing .

Taking the window ti lickness equal to 1 cm , Eq. (5.3) is r e a d i l y  solved for

the  optical d i s to r t ion  temperature- r i s e :

I = X / ~
‘ 

~nT 
(5. 5)

- 

- 

lie - t e imip e ra tu re  r i s e -  fo r  f r ac t u r e -  is gle ’ e f l  ~ \
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~~T f 
= 2~~/ a E S F  , (5.6)

wile-re ~ is the  f rac ture  strength , E is the Young ’s modulus , and SF is the safety

factor usuall y equa l to 4. Values of ~~T0 and ~~~T f 
are given in Table- III for

several materials  using y = 40. Alkal ine-ear th  fluorides generall y have small

va lues of a n T ’  and hence , large values of ~ T0 . Depending on the value of LI

which changes with crysta l orientation , the first and second terms in Eq. (5.4) for

alkaline-eart h fluorides may cancel. This possible cancellation is shown as a

function of wavelength for Ca F2 in Fig. 10. 14 
Oxides tend to have a/F ratios

a nd large f rac ture  temperatures. However , oxides may suffer two-photon absorp-

tio n , and this advantage may be lost to a larger absorption coefficient. It is

cautioned that  one of the major differences between materials is the achieva ble

absorption coefficient. In the following calculation of intensity thresholds , the

values ~~T0 
= 0. 1 K and ~~~T f 

= 10 K are used as typical values .

The temperature rise upon irradiation is given by

~~~~ V J V  = ( I / C )f $( t )  d t  , (5.7)

where expressions for ~ ( t )  under variou s condi t ions  have bee-n derived in the-

previous section. For a material  limited by extrinsic absorption , the expression

for $ ( t )  from Eq. (4. 10) is readil y integrated to give

I$ 0 t I 2
~~o 2 2 - t/ r j ~

= —~~~~~~ + cmw (a r. - a b ) [ r j ~ t - + r~~_ c ] , i m p u r i ty .

( V S . h)

At  short t imes ,  the absorption coeff icient  equals ~~ and til e t em p e r a t u r e  r i se  is

linea r in I and t . At  later t imes as tile i m p u r i ty  levels become dep leted , the

V t en lp cra ture  increases at a faster  or slower rate ,  tie -pending on whe ther  til e free-

carrier  cross section is greater  than or less than  the  bo un d- t i e -c t  ron cross se -ct  ion .
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Fig. 10. \Vave le-ngtll dependence of terms in the t h e r m a l  dis tor t ion
expression for CaF2 d e m o n s t r a t i ng  a poss i i l lc cancel la t ion in the
visible - and ne -ar  uv spectral regions. (From M i l e s , Re f  14)
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- - -4 -1 7 2Tilis is ill 1st rated in 1 1g. 11 using $~ = 10 cm and I = 10 W /cm . I- or

= 0•
F ’  tile sccQnd term in Eq. (5. 8) is zero , and the tempera ture-  increases

- V linearl y with pulse duration reaching 5 x ,~~ 4 K for t = lO 6 sec . For a b 
= l o a F ,

t il e bound electrons becom e dep leted after approximatel y IO~~ se-c . Subsequent ly ,

the absorption coefficient decreases and the temperature again increases l inear ly

in t ime at a different slope. With  the sme l le r  cross section a b 
= l o a F ,

depletion does not occur unt i l  10 6 sec at this intensi ty.

In the case wile-re a F = 0 b’  threshold in tens i t i es  for optical  distort ion or

thermal  f racture  are easil y obtained from Eq. (5. 8):

I = C ~~T/ $ 0 t a~~ = a
b , impur i ty .  (5 . 9)

For a pulse duration of 11) 6 sec and an optical distort ion temperature  rise of

0. 1 K , the single-pulse threshold  in tens i ty  is 2.0 IO~ W/c m 2 , using

C 2 j / cm 3 K and $() = ~~~ cm ’. For a repetitively pulsed sy s t e -mu  having a

total operating time les s than the therma l time ’ constant of t i le -  window , t h e  t cmii —

perature rise is linea r in the number of pul ses , and the threshold i n t e n s i t y

decreases by tile same factor.  Wi th  a system pulsed at 10 3 lIz for 60 se-c

(6  X l0~ p u l s e s ) ,  the optical distortion threshold decreases to 3.3 X ~() 4 \V/ cm 2 . 
V

The tcnlpera ture  rise of 1 ( 1 K for ti lerma l f rac ture  is 10(1 t im e-s greater  tha n

~~T0 ,  and t h e  t i t r e s h o l d s  for a sing-ic pulse and repeated pulse-s become-

2.0 X 1( 1
11 \V/cm and - 1.3 X 10 6 W/ crn 2 , respectivel y.

Lower th resholds  wil l  be obtained if > ab , and g r e at e r t h i e sh o l d s  v~ il l

be obtained if a < a
1 at the same init ial  ab sorp t ion  coeff ici c-nt  10 cm 

-

Cases involving other  init ial  values of or d i f fe ren t  pulse durat ions  w im i l  a 1 =

can be simp l y obtained from Eq. (5. 9) .

P V ~~
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V F ig.  11. Temperature- rise as a funct ion  of t i m e  in ma te r ia l s  l i n l i t e d
by d o n o r — i m p u r i t y  absorption Il aving an i n i t i a l  absorption co e -ff ic ie n t

r •~~ of i0 4 cm~~ and va r ious  i m p u r i t y — a b s o r p t i o n  c ross S (V ct  10115 .
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For all  practical  cases involving two -photon absorption , deplet ion of t im e Ix )und

electrons does not occur , and the shor t - t ime  l imit  for ~ in Eq. (4. 12) can be used.

Integration yield s

= + ~~~~~~~~~~ (a~ - a
2

) , I << T~~ , two-photon , (5. 1(1)

Temperature  increases are plotted as a function of t ime for four laser intensities

in Fig. 12. At short tinies in tile f igure , the temperature rise is due to the

creat ion of electron-hole pairs , and ~~T is linea r in t ime and proportional to i2 .

At  l o n g e r  t iflles depending on the intensi ty ,  free-carriers dominate  the absorption ,

- 2 3and ~~T is proportional to t and I

At  in tens i t ies  nea r the single-pulse threshold intensities , the tw o  terms in

Eq. (5. 1(1) t end to make comparable contributions to the temperature rise. \Vith

long puls e - dura t ions  comparabl e to io 6 se-c , the second ternl  from fr ee- ca r r ie rs

tends to be dominant , yielding the threshold

‘ / 4 I ~ C~~~ ~~ I \
l/ 3 

—
— ) , two— photon , sing le- p u l s e , t > 10 se-c. (5 . 11)

t a 1. /
I ] si ng ~ = 1. 7 - 1( 1 8 

\V/ c m 2 and a J V  
= 2 . 4  - io~~

8 cm , t i l C  opt ical  d is tor t ion

tempera ture  of ( 1. 1 K occurs at  an in t ens i t y  2. 9 -- 106 \V/ cn i 2 w i t h  a pulse dura t ion
-6

of 1(1 sec.  The sing i e — p ( I i s V - t her il la l  f r a c t u r e  ~~~~~~~~~~~~~~~~~~~~~~~~~

1.4  / lt ) 7 \V/cm 2 us ing ~~Ff = I I )  K .

Wi th  repeated pulses or with a sing le s i m o r t — d u r a t i o n  pulse , t ime f i r s t  term in

I (
~ . 10) f rom time free—car ric- r re-a t ion tends to clonm m a t  e t me - t cmii perature  rise.

V In these- ca ses , thre si lo ld i n t e n s i t i e s  a re  obtained from 

- ~~~ V ~~~~~~~~~~~~~~~±~~~i_V VV
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~~
- --  , t w o -p hoton , r e p e a t ed_ p u l s e , (5 . 12)

where  q is the nunl ber ( i f  puls e-s. I - o r  6 ‘ p U lSe V .s of 10 6 sec du ra t ion , the  V

optical-distort ion threshold i n t e n s i t y  is 2. 4 / l0~ \V / c tm l 2 , and t lie t h erma l  - f rac ture-

threshold in tens i ty  is 2 .2  X iO~ W/ c mn 2. Re-cause of t h e  square-root dependence on

t ime th reshold  for f rac tu re  is a factor  of onl y 10 greater tha n t h e  o p t i c a l —

disto rtion threshol d , eve-n t 1100gb tile two teill peratures differ by a factor  of 1( 1( 1 .

-i iliS fractional-power dependence - results  in the threshold i n t e n s i t i e s  hc-ing sonic-

what  insens i t ive -  to time value of L~ . An order of magnitude change- in I()  results in

a change of approximately 3 in time threshold. V

~itimi la clv, using t he  sh ort  — t i m e -  limit for the  t i l r e e— pho ton  a b sorpt ion coeffi-

c ient  from Eq. (4.  14) , t ime t emperature  rise in th i s  case is

:3 4 2
= ~4_

t 
- + ~~~~~~~~~~ (a

1
. - a 3 ) , ti l ree-p iloton , t . (5 . 13)

10 C 61 1 Ctl W

V ic-mperature rises are plotted as a funct ion of tim e in Fig. 13 for four intensit ic-s.

-\t  sh ort t im c-s in time figure, t h e  tc -mperature increases l inear l y  w i t h  t i m e  and is

proportional t o  I~ . At later t i m e s  where th e free-carrier con t r ibu t ion  domina te -s

the  a hsorp t ion , the  t empe ra tu r e  rise is proportiona l to t 2 
and

In cont rast  to the  resul t s for two-photon absorpt ion , tile second , f r ee-ca r r i e -c ,

t e rn~ in Eq. (5 . 13) dominates  the  temperature  rise for al l  thr e-s i lolds  of present

i nterest  and  \ ields

-) ~ l/4
/ 61() V 3 C I m w  z’T \

= 
V 

2 ) t i m r e e — p h o t o n  , (5 . 14) V

\ q t a
J~ /

r~~ . a
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r e  q I s  t i m e  I m tli m mimci ( I f  iM iSes . I u N  1 t ( I i m i i i m a l l C c - o f  t h i e  f r e e — c a r r i e r  a b sorp l ion

I~~ -c i r r s  he -~-~l1i~~e I.I I ge i i i i m m i i e r s  of e h e c t r o i m iiole pairs a re- e-r ea  t e c h  a l  t i l e  la rge -

V 

i i i t c l t s i t i c —  s~ l m e -r e  t i m e  i n t r i n s i c  t i i r e e — p !mot i~)ii a b so r p t i on  c o e f f i c i e n t  h as  m ode-rate-

- V  l l V /  2 - -6
\ J  hlieS. 1. siim g ‘( 1 - ~ 11) \\ - e - !mm a i m el  a p u l s e -  e l i i r a t io i i  of 10 se’c , tim e -

sin gic --pulse t l m re -s lm oie!s for op t i c a l  di~~i I - r i i o m i  and t im e-r im lal fracture are

8 1)
4. 4 \ ~~ \ \V  e lm l ar i d  1 .4  10 \V/~-t i l  , re - spe -c t iv e lv .  \ V i t h m  a r e p e a t e d — p u l s e -  sy s—

( eMi l h a v i n g  0 ‘- IO~ jsm isc~ , t i me - se - t i l C e - S i m O l e i s  decre-ase to  2. ~ - l0~ W/ cnl
2 

and

7 -)
(1 ‘ i t t  \V ,/ c t i l  — 

, r e-Spec ii \‘ ci V .

\ —  w i t h  t w o — p h o t o n  a b~-u r p t i o n , ti me ’ l i -ac t i o n a l — h M I w e - i -  el e-pe neie -nce - ( if  t i l e  t h r e - s h m —

(l ie1 iil t e n s i t  \ l i l a k - s  it i i l S c n s i t  iv e~ to  111am eif t h e ’ p~ ramet ers . I n c r e a s i ng  the

nuimi h c-r of pu ls e - s by a f a c t o r  l I f  IO~ decrea Se s  time thm re-sl lol d s liv o n l y  a f ac to r  of

10. On time-  othe - r ha nd , if time- e ffective t iic -r nm a l time c o n s t a n t  is dec r eased , perhaps

by a factor of trO , u s i n g  e- i t lm er  ada ptive ’  op t i c s  or a r o t a t i n g  window , the  thre- e- —

photon tlie riima I — d i s t o r t  ion t h m r e - s l i o i e l  I n c  cease-s by a factor Of 0111 y 2. . ~l he

t h resh old for  a mat c-n a I him iteel 1w lv  o — p h o t o n  a h sorpt  ion would mere-a se- by 1i

f a c t o r  I I I  ~~~ under  th -se c o i me h i t  ions , and  t i l e  t h i r e - s h m o l d  for extrinsic absorption

w ou Id inc r c-a se by a ta c t or ( I f  60.

.
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Sec. D-VI

VI. NONLINEAR REFRACTIVE I N D I - X

Optical distortion from the nonlinear refract ive index r e su l t s  from i n t e n s i t y

dependence of the contribution of bound electrons to the-  r e f r a c t i v e  i n d e x .  In con-

trast  to optical distortion from free carr iers  wh ic i l  a l so  involves  an i n t e n s i t \  -

dependent refractive index , change s in the  r e-fract ive index due to the nonlinea r

index occur instantaneousl y. The two mechanisms arc- not con lple -tc lv independent .

The imag inary part of the nonlinear susceptibil i ty is responsib le for i n t r in s i c  mul t i -

phonon absorption which may give r ise to free carr iers .  A ddi t i on a l l~’ , at  f r c~ u en-

cies nea r half the band gap of a material where  two-photon absorpt ion occur s , a

resonant enhancement of the nonlinea r index is expected. Tile value  of t ime two-

photon enhanc ement is estimated to be approximate l y th ree  in Li ~

The change in the refractive index is generall y wri t ten as

on = “2 ~ F
2 ) , (6. 1)

where n 2 is the nonlinear refract ive index and / F2 ) is the  rms electr ic  field

strength. Using I cn 0 ~ F
2 )/  4 IT where- c is time velocity of lig ht and n0 is time

linear refract ive  index , time change in the  optical  path throug h a mater ia l of t i mic k-

ness 2 is typicall y ry str icted to h e s s  t h a n  a f rac t ion  of a w a v e l e n g t h :  V

4 I T n J2 2 ~~
- -

~~
- , ( 6 . 2 )

cn 0 y

where  y is t y p ic - a l l y  an integer in time range from 10 to 19( 1 . For a mater ia l

thickness  of 1 cm , the in tensi ty  threshold  for d i s to r t ion  is

fl
0 

C X
= 

4 i r y n 2 
(6. 3)

L V ’
— . a
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I N c-g I e -ct i i t :  the-  enha nce-ni  cO t  i~~~ n 2 and  u s ing  tim e t vp ica 1 low -fre~ ue1lcy value  of
-13 - - - - 9~~~ 2= 11) e-s u , th e  Ifi ty- ri s U \ t h resho ld  is 3. 1 10 \~ / cm at V3~~~() nm wavelengt h

- - - vvi t h  = 49 aimci fl
0 

= 1 . 5

a’-
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VII. A BSORBING INCLUSIONS

Localized f r ac tu re  from absorbing inc lus ions  is p r i m a r i ly  a sing le -pu l se

phenomenon because the  energy abs -~rbed h~ t he inclusions tends t o  reach t h c - r t i m a l

equi l ibr ium between pulses in repeated-pulse s v s t e - nmis .  The- mos t  t roublesonm e size

and type of inclusion a re  identified in the fo l lowing a n a l ys i s  for i nc lu s ions  locatc -d

in t ime bu lk  ma te r ia l .  15 For inc lus ions  locate-d near  the  s u r f a ce  or ne-a r defects ,

s imi la r  most troublesome sizes are  expected , a l t h o u g h time d a m a g e -  t h r e s h o l d s  wi l l

he- lowe- r than for bulk  inclusions.

i -o r  wa velengths and pulse  dura t ions  of i n t e r e s t , t ime  i m u s l — t r o u b l c s o i m i e - s i z c-

inclusion has a radius given by

a eq 
= ( 2 K

1V f
t / C

j
)~~~~~

2 (7 .1)

where  K H is the therma l conduct ivi ty  of the  Im ost mater ia l , C1 is the heat ca pac i t y

of tim e inclusion mater ia l , and t is the pulse dura t ion. E qua t ion  (7. 1) is a pproxi-

matel y valid for both absorbing dielectric and metal l ic  inc lusions in a t ransparent

host mater ia l .  This most-troublesome-size inclusion is the largest size inclusion

that  is in the rmal  equil ibrium at t ime  t , i . e . ,  heat is being conducted away from

the inclus ion as rapidl y as it is absorbed . Using the typical  va lues  K 11 
= 10

1 
\V/cm K

a nd C1 
= 2 J / c m 3 K in Eq. (7. 1) yields

a~~ = 0 .4 t ~~~
2 

, (7.2)

where u n i t s  of a arc cent imeters  for t in seconds. Values of a range from
eq eq

1) . h ~ m to 4 ~ m for t rang ing from 1 ns to I ~ s .

‘l ime abso rpt ion cross s( - ct i on s  a for m eta lli c - and d i e l e c t r i c  inc lus ions  inabs 
-

t i l l s  Size- range a r ( -  given by h a 2 (1 - I {) and 413I IT a 3
/ 3 , r e- spe- cti v e l y ,  where- K

:VVV V V  VV ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~ V ~~~~~~~~~~ V V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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is the metallic re f lec t iv i ty  and 
~ l is the absorption coe ff icient  of t h e  dielectric

inc lus ion  mate r ia l .  The lowe -st  damage tl resholds a re- obtained for strong ly

absorbing die lect r ic  inc lus ions  because- of the i r  g r e a t e r  absorpt ion cross s e - c t i o t m s .

The tempera ture  at  the center of a d ie- l ec t r ic  inclusion is given by

3a Iabs
— 

~ iT a K ‘ -
eff -

V

where K 0~ ( 2  K H
1 

+ K1
1 )/3 K 11

1 . U sing Eq. (7. 1) and the absorption

cross section y i e l d s the temperature  of time most troublesome size inclusion ,

T = ($
1

/ C
1

) t t  (7 .4)

A s s u m i n g  t ima t f a i lu re  occurs at  a t empera tu re  rise ‘l F the energy dens i t y  for

fai lure  is

I F t = ( C 1 /$1 )T j : (7.5)

U~ itig 1 = 100(1 K and  
~

‘ I = 2 J  /cm K , a f a i l u r e  energy density of k-ss Oman

2 1 /c m 2 is obtained for 
~ i greater O man l t Y 3 cm 1 

. Lower fa i lu re  energy densi-

ties can occur for more s t rong ly ab sorbm n g i n c l u s i o n s  or for inclusions located

ne-a r t h e  su r face  or ne-a r defects.

Timis ana l ysis indicate -s tima t absorbing inclusion s are potentiall y troub lesonl e-

a t  t ime energy dens i t  ic -s of in t e r e s t .  l I m e  w o r s t — c a s e -  damage- thr eshmold s  calculated

abo ve are  com pa rable 1° those t i m a t  imave- lie-en ca lcula ted  prev ious ly  for infrared

a lm s orpt io n and  t o  th os  - oh ) se - rv u ~i c x p e n i t m m e m i t a  II v in inf r a  red n ma te - r i a  Is containing

suc h i nc lu  sions. I howe ver , s - - \ p e i  ic- nec- w i t h m  h u g h —powe r infra  red mate- n a is has

V 
dc- rnon st  ra t e d , c- a r e  in i r a )  c-cia Is pee-pa r a t  ion cli ml c-I i l l l i n a t e  a t  h (-a si tho se- a i m s o r h —

big Inc h i S i ( > f l S  in t hc r m m o s t — t  r i n lb l e so me -  — s i z e -  ra nge- .

- - 
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VIII. SUMMARY OF SINGLE -PULS E ThRESHOLDS

Sin gle-pulse intensi ty thresholds , for various failure- mechanisms calculated

in the previous sections , a re  presented as a funct ion of pulse dura t ion  in F i g .  14.

The curves are labeled using a scheme where the f i rs t  two cim aracters  denote - the

number of pimotons involved in the absorption and the following characters  denote time

failure mode. For examp le , 2 F F  C O D  denotes two-photon free--carrier  optical

distort ion.  Two of the curves do not fit this  scheme. Tim e one la beled Inc . denotes

localized f rac ture  fronm absorbing inclusions , and time one labe led N LI  de - t io te s

dis tor t ion from tim e nonlinea r ref rac t ive  indc-x.

V 
Thlose mechan i sn ms  a r i s ing  f ro imi extr insic absorpti omm arc-  p res ented  as dasimed

curves .  In ca lcula t ing  the- t lmresh olds , an extr ins ic  absorpt ion coef f ic ien t  of

10 4 cm 1 was u sed , and it was assunmed t h mat  the i m m m p u r i t v  a b s o r p t i o n  cross section

equaled the free-electron absorption cross section of 2 .4  -~ 10 cnl . \\ itlm this

cross section assumpt ion , t h e  e x t r i n s i c  t imr e sho l ds  invo lv ing  t h m e - n m m m a l  m m i e c h a m m m i s m m m s

are inversely proportiona l to t ime absorpt ion coeff ic ient  and , hence - , decrease

according ly for larger absorption coeff ic ients .  At  tim e sa nme va lue -  of t ime absorpt ion

coeff icien t , the  tl m r es h mo l e i s will  dec rease  if t ime ’  i i mm ptm r i t y  a hsorp t io m m cross s e c t i o n

a is less tha n the fr ee- -le- c tron cross section.  l Im e e-xtn insic f ree- -car r ier  opt ica l

distortion curve assumes t h m a t t ime-re a re  suf f ic ien t  electrons ava i l ab le  to cause

d i s to r t i on .  Tb is may not he- valid for St roug h y a imso rh i im g im pu rOle- s wi m icim may  not

y ield enough electrons c-ye -n whmen the  impur i ty  le v e l s  a cc- c om im p l et e ly  dep lete -d . .\

- 2 - Vfai lure  energy dens ity  of 2 J /cm has been used for local ized f r a c t i m  cc- t room a b s orh —

ing inc lu sions. 1 Ii is t hi reshmolci shoti Id l ime-cease v it h i h a t  c-n a I liii pro\’c-nlme -nt

programs.

L . V ~~ V~~~~~~~ VV ~~~~~~~~~~~~~~~~~~~~~~~~
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*

Tim e threshold curves for mechanisms involving intrinsic two-photon and three -

V 

photon absorption are  drawn as solid curves. In calculating these threshold s, the

character is t ic  int ensities 10 = 1 . 7  x 108 W/crn 2 and I~ 3 3.7 X 10~~~W/cm 2 ,

whmere the absorption coe-fficients equal 1 cm , were used for materials limited

by two -photon and three-photon absorption , respectivel y. V

With the exception of the threshold for the nonlin ea r refractive ind ex which

is independent of the pulse durat ion , all the intensity thres lmolds increase with

decreasing pulse durations. Tim e cxtrinsic intensi ty tlmres lmold s are inversely pro-

portional to time pulse - duration wit h m the result that these t imres lmo l ds oc cur at a

constant  energy density . Tim e intrinsic nmultiphoton intensity thres imold s increase

as a fractional power of the decr easing pulse duration . Hence , energy densi ty

for the mult iphoton mechanisms decreases with decreasing pulse dura t ions .

These pulse durat ion dependenc e-s result in ext r ins ic  absorption hieing re1ativel~’

more- importa nt at long pulse durat ions.  
V

a Most of th e intrinsic multiphoton th resholds hm ave a s imp le power- law

V dependence on tim e pulse du rat ion.  The free--ca rrier optical distor t io mm thres lmo lds
- 1/2 -1/3 h

are proportiona l to t and t for two—photon and t i m ree- — plmo t on absorption ,

r e s p e c t i v e l y .  In time regions wimer e the heating is dominated by f r e e-c a r r ic -r

-71 -1/2 -

-

absorption , the  t h ermal tim re-sho lds are  proportiona l to t and t for

two-pimoton at m d th mre - e -p imoton absorption , respect ivel y .  ‘ l i m i s  occurs for all pulse

dura t ions  in time figu re- for three-photon absorption and for pulse durat ions

grea t er than a p p r o x i i m m a t e - l v  io
_ 8 

se-c for two-photon absorption . At pulse  el u ra-

I i o m m s  less t h u - i n  io 8 sec , t he two- pi moto n absorpt ion is donm inated  by t i m e  c rea t ion

it the free carriers , and the tim r e sh io l e l s  are p r o p o r t i o m m a l  ~ 
- 1/2 

V
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I t  ‘-l i ~ i i h e l  la e ~~i u i j i i i i e d t li ~i i \ \i ti ) _ i  s in g le - h~i 1 l se , t i m e r i m i a l  c l i s t o r t i o i m  a m m O

l I t e ~i I t t . i  1 t U a c t u l  i~e~ iui a~ no t  n c111 n ot  il a I t  e -i ~ t h h e  pu lse-  h a  s P~~ ~~-d I I m eo u g im t i i e

—~a u u m p h e .  I lu~ is he - c a n - -Ic - t i m e  absorbed ci~~rg~ t h a t  Wi l i t  o tt o  e- r e - a t i n g  t ime  free V

c . i r rK rs is lOt c o n v e r t e d  iw o  h eat u i m t i i  a f t e r  t i m e  f r -e c a r r i e -cs r ecomb in e - . 
V

~~~~ t h e m  it is  st ill l i c -c c s sa rv Ion t h e  hit tie - c- to e x p a n d  for the  r e f r a c t i v e  im m de x

t o  eha use— or fo r  f m - ac t i l l - c to oe- cu r —

‘ l i m e  in t e- l i s i t y  t h i r e s ! n - l d ~ a t  a I mdiI ~ c- du r a t i o n  of 10 6 sec a re  sun m i mlar ize d  iii

1 i s .  I ~~. l i m e -  l ime - c l i l l n i  5 1 1  l i a \ - i f lg  t i le-  l o w e — I t i n t e - i m s i t \  th u  r c -s lmo l d is localize -el frac —

to Ye- f r oi mm a b sorb i img in c lu  s inu s  at  t h e- thre -slmo ld i-a hue of 2 ‘ \\ / c m mm . \V i t h

c~i i e ’ i i m na t  c-n ial s pre -pa ra t i n im  , I ti s cx trins ic t h r e s h old m ay  he a ble to be

- ~~~~~~ V 
-
~ - V  - -lmmcr e-a se-d to it) \\ /cmmm . \la te cia I ~ s ti lt en n e  tn t  r in s ic  two  —p h oton a t ms orp t  iou

1111 ye  th e- rimresh olds of 2 . 2  ~ 10 1’ W / c l m l , 2. ~) -\ 10 6 \V / c i m t 2 and 1 .4  ~- Ib 7 \ \ ( cm

for f ree  — e l i  cr i e r  pt ica 1 distort bu m , t hi c-ri mma l ch istortio im , and  t i mer imma  I u- ac- t i Ire ,

n c-sp e - c t i v - ly .  - l Ilese values  are -  some- what  i i l5C - f l s i t  i c e  Ic) the value- cisc - el  for 10

with ti m e - free- -Ca r r ier  optical  c l i s m o r t i o m m  th rc- s lmold  b e ing pr olmo r t i omla l  t 1) 
/2 a imel

cc i t l i  t he t imer i m i a l  t iu re s l mo l ds  b eing proportiona l to I~ 
/ 3

Time low e - st  e x t r i n s i c  t h r e s h o l d  for ~ = 
~~~~~~~~~ cm m m - 1 

is i I ~e fr c - c - -ca rn ic -r

o p t i c a l  d i st  u - l ion thrc-s lmo l d  of 1.4 - l0~~W / c i m m 2 
. Th~is va lue - is 5 c C -a l ec t h a n  t i m e

i m m t r i t m s i c  t c v n — p l m o t o n  a b s n i - p t i u u m  t l i u i - s i n i l c l s , and  suchm low levels  of i m m l p t i r i t y

a a ~~~- I~~~~~I m u  will not be a h um itation for s imm gl e pci lscs in t w o — p h o t o n  l imO ed

i l m a t c - r i a  is. 1 tue - re -  u m m a v  imot be eimo iie~t t  e lec t rons avai lable  to cause -  ( p t  le ~~l (his—

to r t i nli . To acim i c-ve- t h e  n u m b e r  2 . 4  10 16 e lcc t rons  required for  d i s t o r t i o n ,

—2 1 -)

time- i ll mp t i n it v a h i s o r p t  ion c ross  s e-e l ion i h i u C t  lie- l e s s  t lma n 4 .2  -‘ 10 cm at

-4 -l
= 1 ( 1  Clll

_  
_ _  -
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Sec. D -V ll I

Sing le-pulse thresholds
second pulse durat ion

I Inclusions , localized fracture

I Two-photon free-carrier optical distortion

iTwo-photon thermal distortion

iTwo-photon thermal fracture

~1 Extrinsic (1O~~ cm 1) free carrier optical distortion

lThree- photon thermal distortion

I Three-p hoton thermal fracture

I Three-photon free carrier optical distort ion

]Ext rinsic (lO g 
cm 1) thermal distortion

j Nonlinear index

I Extrinsic ~iO~~ cm 1) thermal fracture

I I I

io~ io6 io8 1010 io 12 io 14

I n t e n s i t y  (~ — c uui 2 l

Fi g. 15. Summary of sing le - -pulse -  t lmre - s i mo lds  t a 10 6 sec d u r — I t i ) n
pu lse.
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For  a immater ia l  l i mmm ited by in t r i lmsic  t l m r c e - — phmoton absorption and not a f fec ted

by e x t r i n s i c  f r e e - -carrier optical dis tor t ion , time - single-pc il sc- t lmre - sho l ds  for

thermal  distort ion , therimmal f r ac tu re - , and frec--carri e- r optical dis tor t i o im are

4 .4  x iü 8 W/cm 2 , 1.4 < l0~ \V / c mm m 2 , and 1. 5 x 10~ W/ cm 2
, e-c - spe -c t ive - ly .

With this  intrinsic abs orption nm e c lm ani sm , ti m e t im ernm al  t lmres imolds occu r at  lower

intensiti c- s timan the free-carrier distortion in tens i ty ,  as opposed to two-pimoton

and extrinsic absorption which occur in time opposite- order. Th is arise- s because

of the intense heating of t ime  free carriers that  occurs a t  time i mi gil int ensit ies

a ssociated wit im t lmree -photon absorption.

Time sing k-—pcil se intensi ty  t lmrc-s lm ol ds for th ermal distortion and t i mer i mia l
-4 -1 9 V)

fracture witim an extrinsic absorption coefficient (if 1(1 cm are 2 C 10 \\ /cm

mmd 2 10’1W/cm 2 
, respectivel y. Time-se va lues are -  derived a s s u i l m i m m g  equal

impur i ty  and free-carrier absorptio mm cross sections and will  increase- or decrease- ,

depending on the ac tua l  value of tim e- im pur i ty  cross sectio im.

The non h ine-a r refractive index yields an optical distortion threshmold  of
9 2 - - -3. 1 X 10 \V /cm . I his thre -simold is greater t lman otimer previousl y  considered

thresholds  at a pulse dura t ion  of 10 6 
sec . -\ t shorter pulse dura t ions  t h is

V i m mt c - n s i t v  t lmre slm o ld re-mains c o n s t a n t  and he -co mmie s re lat ively im ior e i m m l p o r t a m m t  in

comparison to the ot lmer t lmres lmolds Wilhel m incrc-ase with dc-creasing - pulse - dora —

t ions .  At i n t e n s i t ie s  gre-at er than 1( 1~ W/ cnm , otimcr no mm i l ime-l i  r e f f e -et  ~ t h a t  huave ’

Ilot been considered e’xp h ic i t l y  i l la y  occur. Sum ci i  cffc- c ; s inc luth- opt ica l  cbs —

to m -l ion ’’ from f n e q u e - m m c - y elou hh i i i ~~, fr eqeie - im e -y t r i p l i n g  or R a m m i an  s l mi ft ing of t I m e -

f r e quc -n c . Sinc e R anman  scat t c-r in g is an i nc-last  ic p r o c e s s , e n h a n c e -el —

s t i m u l a t e d  R a i t m a i m  sca t t e -r i m m g -  ea i m t ( s ii l t iii i n t en s e  h ea t ing  w i t h  t h e  a s soc i at c -d

dii ’ r in a I efk -ct s.

- -
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Sec . D-IX

IX. SUMMARY OF REPEATED -PULSE THRESHOLDS

Pulse-intensity thresholds arc - presented as a funct ion of time - pulse du ratio im

in Fig. 16 for systems ha ving 6 x I04 pulse -s w it l m i m m time t Jm c r u m m a l t ime c o u m s t a u m t ~

of the materials .  An example is a laser pulsed at ~~~ I- hz for a total operating

period of 60 sec incident on a 10 cm diameter windocv whose t ime -  cons t an t  for

ed ge- cooling is 125 sec. The- average intensity is tim e single-puls e  int cnsit ~

multip lied by the pulse durat ion and tim e repetition rate- . \\ ‘it bi a repc-tition ra te

of ~~~ Hz and a pulse duration of io 6 se-c, tim e average- in t en s it \  is it) ’3 ti mes

the single .-pulse in tens i ty .

Certain failure mec imanisms attain equilibrium between pul se-s  and imave time
V 

same intensity threshold values for single or repeated pulses . Sucim mechanisms

are the nonlinear index , absorbing inclusions , and free-carrier optical distortio im

which have the same threshold values in Figs. 14 and 16. The e qui l ibr iu mmm

assumption is well satisfied for the n onlinear ind ex whic lm reaches equil ibr ium at

optical frequencies , and absorbing inclusions which reach equi l ibr ium at t imes

comparable to the pulse durat ion.  1-lowe-ver, with l free-carrier optical distort ion ,

free carriers from one pulse may persist unt i l  the nex t pulse , depending on the-

— 
a 

re -combination time which may be as long as 10 2 se-c .

For operating t imes  less than the  thermal  Umi m e- cons tan t  of the mate-ria l , t ime

hea t induced by the individual pulses integrates , and the- th e -nmn al  d i s to r t ion  and

thermal fracture thr esholds are- r educed according l y .  lii mat e r ia l s  h i mi i i t ed  by

two-photon absorption , the  dominant  h ea t i ng  m e c i m a n m s n m  ‘Os fro .im f ree- -car r ie r

absorption t o tim e two-photon absorpt ion in going fro m a s ugk- puke -  to  repeated

pt I i s ( - s .  I - r e - c— c a r r i e r  absorpt ion rem a ins  ti m e doni inant  h e a t i n g  m ec h ani s tm m w i t h  

-

~~~~~~~~~~~~~~~~~~~~~

-

~~~~~
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Repeated-pulse thresholds
6 x -ion pulses (10~ Hz, 60 sec)

10 ~~~ -

io 12 
~~~~~~~ 

“
~~~~ -

~~~ 1p

~
,. 0

ion - -

10L~~ -

100 I I I I I

io - 12 10 fl 10 b 0  io~~ io 8 io~~ io G

PiiI- ,i - u h u r d t n ) r m  ( s - c ).

1 - 1 g. 16. S u m m a ry  of r epc at e -d—pu ls c-  t i m reshiolds for fa i l u  no as a func t ion
of pulse  du ra t ion  for a sy st e-rn pulsed at ~~~ Liz  for 60 sec . i h e  average
m n t c - n s i t  los for  failure arc- c-qua 1 t O )  t ime - pu lse  i n t e n s i ty  ill UltiplR-d by time-
product  of i J ~ - b iul se oh u rat  ion and t i m e  nep (- t  it ion rat e - .
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Sec . D-IX

three -photon absorpt ion.  The re la t ive  contribution of f ree c a r r i e r s  to the- hea t -

ing in extrinsic materials depends on the impurity absorption cross section.

Cc -ne-rall y the pulse energy dens i t y ,  hence the average in tens i t y ,  dee re-a Se -5

with decreasing pulse durat ions.  Witim the extrinsic absorption m mmc c h an i sms

shown as dashed lines in t h e  figure , tim e pulse enc-rg-v density k constant .  l i e -

in tensi ty  th resholds for the mult iphoton absorption mne - chanismm m s h a v e  a f rac t ional -

power dependence on t lme pulse duration , and the ene r~ y densities decrease fas te r

than the dasimed , c o n s t a n t - en e r g y  contours in the figure.

1 lie pulse- intensi ty thresholds for a i0 6 se-c pulse - dura t ion  arc- summariz ed

in Fig. 17. The lowest threshold is time two-photon t her m mma l  d is tor t ion thres imold

at a pulse intensity of 2 .4  \ 10~ W/ cm 2 (average intensi ty  of ‘av = 24 \ V / c m u i ) .

Other two -p imoton absorption thresholds are th ermm m a l f r ac tu re  at  2 . 2  ~ l0~~\\ / cm mm

~~av = 220 \V/cm 2 ) and f ree-carr ier  optica l distortion at 2 . 2  - lt ) 6 \V/ cnm 2 .

the repetition rate used , the material  wil l  have f ractured by time timmmc - t ime fre- e-

carrier distortion threstmold is reached . These two mechanism u m s I ma v e -  t i m e sam li e

threshold for 60() pul ses.

l im e- intr insic -a bsorption th re-simolds are la rger for mater ia l s  l imited b~

three -photon absorption. The thres h olds for tl mer mll a l distortion , r l t e -r mna l fra c-

t ure , and free-carrier distortion occur a t  the  c losel y- space-c l  va lue- s of

7 2 4 2 7 -)  4 - )

2.8  1(1 ~V/ cm 
~‘av = 2 . 8  ~ 10 \V/ cm ) , ‘) X 10 \V / cr m m~ ( I  = ~~. ~) \ fl) \ \ i ~e lt1

and 1.4 io 8 
~V/c m 2 

~~av = - 10~~W/ c i n 2 ) ,  r -spective -lv .

A potent ial l y sc- I - IOu S e h i f f h - u l t  v is posed by th e  Low t hl r c-S t uOl e hs  t h i a t  c1c C U  r

w i th  extr insic  a ims or p t io n . W i t i i  an e x t r i n s i c  absorption co -tf i - icm m t of IO~~ cm 
-

t he tim resholds for th i  - r ml l a  I di — i t i t  ion a ri d h i e n u i m a  I fra clii m~e - a t-
~~~

- less t han t hose-

-
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Repeated-pulse thresholds
io 6 sec puls e duration
6 x io~ pulses (10~ Hz , 60 sec )

I Two-photon thern ial distortion

I Extrinsic (10~~ crn 1) thermal distortion

I Two -photon t hern la l fr acture

I In clusions , localized fractur e

I Two-photon free-car r ier optical distort i o n

~~~l Extr ins ic ( i0 — ~ cm ~) t hermal fracture

I Th ree-photon thermal distort ion

I Th~ ee - photon thermal fra cture

I Extr ins ic  ( i0~~ Cil l ~) free-carrier optical d istort ion

I Three-photon free-carr ier optical distort ion

I Non l ine ar retract ive index
)

I I I I

io2 io4 io6 io~ 10 10

a - t - i t  y (V~ cm 2 l

I ig. 17 . Sum imi; i ny of r epe ated- puls e -  t I m  r e - s imo l d s  f o r  sec ( i u r a t i o m m
pulses i - c -pe a t  d at I 0.1 I hz for 60 si-c. Time- ave rage- i nte-nsi t ic-s arc ICY-3
ti fl l e- s th e  P ul se -  i n m t e - i m s i t  e s .
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Sec . D-lX

f(ir thre e-photon absorption and Imave time - values 3.3 x 10~ W/c m 2 
~~ 

= :33\ \ / c m m m 2 )

a mid 3.. 3 ~ 10~ W/cm 2 
~~ 

= 3.3 -~ l0~ \V/ c m 2
) ,  respectively . 1 h o se - thr e - s imolds

wi l l  imicrease or decrease , depending on ti m e -  relative size- of time i m m m p u r i t v  and

free— carr ier  a hm sorp t io m m thresholds .  In order for the extr insic -  t b e - r t m m a l — e h i s t o r t i e n

tb r e-s imol d to equal tim e- t lm rc- e - — phmoton th cr im m a 1—distor t ion t h r e sH i f  J , t I ~c - xt r io ~ic

a hso rpt ion coe ff ic ient  m i mus t  bet reduce-d to 1. 2 X l0~~ cm m m 
— I 

~~ t he I m r e- ~ cnt

r c-p e -ti t io im ra te .  i lmis is a very small  value- th a t  n m a v  mm o t b~- ae~i i ie - y t h h

Clmang ing time- re-peti t ion r a t  - - , ime -nc c- t ime nummmb e - r  of pu l s e -s . xvi i I ha m i j e- t ime

ti mer n ma l l y  in du c e- e l  th rc - shmo lds and tim e re la t i~;c: ii u m por t a mmce  of l i m e  i h m r c s l m  i l ls be--

cause - tim e t h mreshmo l ds  fr ommi t ime various a bserpt ion n m echmanisn m s hmav e J i f f c r e m m t

Je pe i m t e t t e e s  on time flemmber of pulses q . \V i t i m e-xt r immsic a I ms o r pm i - n , l i m e  1 1  -~~ei~ —

disto rtion and  rl t ern ma l — f r a c t u r e  pulse —in tens i t y  t lmr es liclck arc- p~ p .- — i t i u n a  1 to
— 

- \V ith in t r iu msic  mul t ip l i ommo i m a bsofl~t ion , t ime - s e th r e s i- o l  ek a no r -p er t  1 )n~ I

1 ( 1  q~ 
1/2 and q~~~/4 for two -pho ton  and t l m r e e - p lm o t omm , re-s pec I 1 \ - e h .  I l I e  l esse-r

a s e n s i t i v i t y  of I Im e - molt  ip lm oi mon i tm c - e - lm a imi s nm s on q a r i s e -s f ront time- n ot m l inc-a r

c lep em ider mc e of t ime t c -rnpe -ra ru ie- on t i m e -  m t  c - mm si t v  in t h e s e  , mm e c I m a n i - ~ iii , w i t l  simma ii

cha i m n ---i in I p roduc ing  large  e-Iman gc- s in T . \\ i t im d - c rc -as i nc -  Vi~~~ei i 1 i o m m  r at c~~,

a t ime m m mii I t ip imonon nm c-cima nisnm s becom e- mmmore iimm imorta nt t l m a n t i e -  c x r ime- i ic iii echia —

m mis imm . ‘File- pulse- — i f l t c f l  ‘01 \ t lm r es l m ol ds  for t h e r m m m a  I e i i s t o i - t i on  fromm i ext la n t- ic

- i h~ i t - pt ion ( l0~~ cm 
- I and  fron m t imree-p lmot on a bso rption a re- c r l u a l a t  q = 71

0. g. , 1. 2 lI z for m ( ) see . A I th i oug i m t ime pu ls e - j n t  em i s i tv  t l mr c - s l m ole l s  ( Iee E eLi 50 W i

increasing repeti t ion rat  es , t i m e  ave- rage-  i n t e n s i t y  g c - n c -n ;i  l i v  inc re -asc -s , h i V i n g

i ne l e -pe -n etc -nt of q for in t r ins ic  a lmsorpt iou a t md ha ~- i ng t h e- ek-pene ic- nccs ci 1/2 and

q
/4 for two -pho ton  and t h m r e - -— p hm oton  ab so rp t ion , r e-spc -ct i  ii

264
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I i c  - f I - t - t u ~ c i i i i m m i ~~- m ( i f  pu l s e s  m u m  he eiiaumgcsl h i ~ m~~d u u c i m u g  t i l e  e f f e c t i v e

t i m e - r i t u a l  t m lc - c i u m s t a i t t  to _ i v a l ue  less t i t a n time-  iO t Lu I ~p e- l - a t iu m g l i m e  o!~ t I m e  laser

~ u t b u  t im - u S e ’ o f  a e i a p t i \ c op t i c -s 01 L is imm g r o t a u i u m p  wii m clows. I f  t i l e -  e f f ec t i ve -  t h i c - r m m m a l

t i m - c e m s u a m m m  is i ck t i i ce - e l  to  I se-c for a la se r pu lse d  at  10~ l i z  f o r  (if ) se-c , t h e

e - f f e -c2 h e  mmii  u mbe r of pulses  is re c ltmc -eI from 6 -~ 
~~ to  I( 1~ . I sing time-  above-

e i e p e i m oie ih e S  out q ,  t i me - c \ l  ri mm m- i ic  111t h sc —immt emm s it  t i m r e - simo l d for t h me - r i u mal  d i s tor t ion

is mncr c-asee l  by a factor  e) f (10. 1 lmis  ml mr c- s hm o l e l  is im mcr e~ase-el by tim e- lesser factors

of 7 . S a m m c l 2.  ~ for t’cv e o — p im ot omm and tim re-c - — pi moto u m a b sorption , re-s Imective ’l y.  ( ~v c -iT

t I l e  (1( 1 sec cip er at ing perio d , t i m e  ave-rage immt en s i t  j e s  are- im mcre - a  se’d imv t ime- sammm c-

f a c t O rs .  I t  t ime  t lm e- rm mma l t i u mmm e con sta mmt is decret a sed by usimm g a rotat in g wi mm cl ow ,

t h e -  m l i c - r m i m a l - f r a c t u r e -  t imres i iolds wi l l  increase -  liv t h e  sa u mm e f ac to r s.  In t ime case-

\ V i t c I e  t l i e -  t l t e - r in a l  eh i s to r t i omm is eTOli m }i etm Sat cd by adap t ive  opt ic s , t im e - r i -u m i i  f r ac t u re -

ma \ h e - commm e t ime  l i m i t i n g  f a i h t m  re ti m c-d ma u m i s n i  . I - na e l  ore ~‘iIl riot occur w i t h  t i m e

f a c t o r  of (Il l elecrc-ase in time- e f f e c t  j~~
V e V (i p e ra t imm g period f i r  t h erm im a l  d is tor t ion j im 

V

t I m e  e -xa im ip l e ,  S l f l C e  time- r e s u l t i m m g  f ac to r  of 6(1 t e m p e r a t u r e  inc r e -a se -  is l e s s  (ha rm

t i me-  r a t io  of time- thl e r m m m a l  — f r a c t u r e -  te m mmpera ture to  t ime-  r im c - rmmma 1 — d i s t o r t  i ot m

t em m mp c- rat u rc- .

~ I

H

I~IlilI~~I~L1 _ _ _ ~~~~~~~~~~ . 



Sec. D-References

REFERENCES

1. C. J. Duthler in Theoretical Studies of FIi~~ -Powe r Ultravi olet  and Infra red

Mater ials, X o t i i e s , Inc. 1” ift hm l c-chnica l Report , 30 jun e- 1975 , wider Con-

tract  No. DAHC 15-73-C-( 1127 .

2. M. Sparks , 1. App I. I ’hmys. 46 , 2 14 (1975) .

3. R. Braunst ein , Ph ys. Rev. 125 , 475 ( 1962) .

4. N-I . Sparks in Thmeoretica l  Studies of Hig h-Power Lit  r e v i u l e t  and Infrared
Materials ,  Xonics, Inc. Timi rd 1 c- ch imica ] Report , 30 ju ime 1974 , under
Contract No . DAI IC 15-73-C-0l2 7 .

5 . K. Park aj ud R. C. Stafford , Ph m y s . Rev . Lette rs ~~ V) 1426 (1969) .

6. J .  J .  I - lopfi e-Ie l , J. NI .  Worlock and K. l a c k , P lm \ s. R e -c . l i t  t o r ~ 11 , 414 (1963).

7. D. Fröh l ic im and B. Staginnu~ , P i mys .  R ev.  l . - t t e - r s  19 , 49 6 (1°67).

8. D. Fröhlich , fl . ~t aginnu s and Y . Onode-ra , P~l\  s . Star.  S d .  49 , 547 (1979).

c,~ R. D i n i ~cs , D. 1: r C h l u c f , B. Stag imm nus  and \V - Siande - , Pl m~-s. R ev . Letters

25 , ~122 (P 179).

l i t . B. Staginnus , I). f-röhlich and ‘I . Caps, Re-v. -~e 1. lu st . 3~) , 1129 ( 19~~ ).

1 1. C. K i t t e - l . In t roduc t ion  to Solid S t a t e -  i T h y s i e s  ( W i l e -v ,  N w  York , 1~ 9 7) ,  pp ~2 2 .

12. C. Kittel , ibid . pp. 227.

I I .  N I . S1~a rk s  , . ;\ pp l. Phy s .  42 , -5029 ( 1~ 7l) ;  N I . L9ma rks an d i f .  C. Ch ow ,

I .  \ p p i .  P l m y s .  45 , 15 10 (1974) .

1 C P. \ I j l c s  in Proc. d i n e s  ~ HR I m m f r a r c-d Las -i \\ i ido w \ i L i t e r i a l s  \ I c -i - t i ~ g,

c o m m m l m i l e - d  b~ C. R . A u m dr ews  a nil C. C. St iT t  -c kc- r (~~ -P t . I 9Th) p . 27.

I ~ . \I Sparks  and  ( .  f .  D u t l m l e r , V I•  App i .  P h v s .  44 , h t ~~5 ( 1~~7 
~
) .

—~~~~~~~~ - - 



- —-- 

—

r

Sec. F

1-; . LASFR - INI ) I i CEI )  ELECTRON AVA LANCHES IN
INSULATING SOL~~S

T. I). I-holstein
Departmmment of P lmysic s

Universi ty of California
Los Angeles, Cal i forn ia  90024

and

Xou mic s, Incorporated
Santa Monica , Ca l i fo r u mia  90401

lim t im i s fi rst i ihm a sc of iumv e- stiga t ion of c- l ec t ro n— av alanc hm e breakdown , time

classical  transport equatio um to lie u se -el is cle-rive-d fromm u t h e  B o lt zimmann c-qu at ion .

A quasi-isotropy ajm p r o x t u mm at i o n  and the Fokk er-Planck expansion are U SC V eI , and

a Current  densi ty ,  a conduct ivi t y  ten so r , and relaxation rates are introduce -d .

The transport  equation i s  used to derive an c-xpression for t h e- ave-ra ge - electron-

• nmu lt i pl icat iomm 1-ate- A . Time e lectron — p Imonon imi te rac tio im pa ramm m e -te ’ u _ s apimea ring

in ~ are e-va luua tc -cI . April icat io um s to specific case-s of interest will he - inc limde- d

a in a fu tur e  re-port.

.
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I . LINT RODUCTI ON

T u e  p re -l imina m -v the-o ry of electron — avalanche h ron keh c- m m p re -s e -mite-cl in H.

Fifth Techmnica l Report (30 Jun e 1975) e-xp l ai im c e l  exp e r i m en t a l  r e - su i t s  ~~ ir i s fac -

to n i l v  for the t~i rst t i n m - - . I h occ - e -ve - r , addit io m mal work is ne-c-dc-el to  d o lL  ni m m im me- t i l e

v a l i d i t y  of the  theo ry . Time- results be-low I -c -p r e sen t  t i m e  i~c -~~i t1 t ~ to d~ t eum 1 5

inve sti gation in cvt uc im the e l e c t r on _ ava la n c ime  mro c -eSS i s  con s ide  red m o t h  fi  r~ t

pr inc p l c s . Tlmc- p r e v i ou s  t echm ica l  re-port co n tai u me - d p red i m m i i n a  r~ re~ uI ts  or

time -  t r anspor t  Operat ion.

In t i m c -  p r e - -mI t t  re-port we- dc-sc u - i b e -  a the -oretica l ap pr o a c h  to  l i m e  e - n i m p e i t  i l  ion

V of laser - induced electron mul t i p lication insu la t ing  so l id s  w i t h  sp e c i a l  r c - t c - r e - i m c e -s

to a l ka l i —ima l  ide c rys ta l s . Ih ot im t i ie p im y s i ca l  c on t e nt ~
— and t i m e -  n m a t l m c - i m m a t i c a l  st ruc —

t urc correspond to t imos e- contained in t r c-a t u mm ci mt s 1 of time- analogous 1m ro hi e -m mm in

gases. As in that  case , time basic immechar i ism of Im m Lil t ip l i eat ion i s  t ime -  non-

rad ia t ive  exci ta t ion  of electrons fro nm their  ground state- s to a conducting state- .

In gases this amounts to ionization of ind iv idua l  a toms  (or nmol e-cu lc s) :  h um

i n su la t ing  solids , time- analogue is exci tat ion of c-lectron s fro m mm time ( f i l led) valence -

hand to time ( empty)  conduction b a imd. In e i t l m c  r e a se , time - process rc -qu i re- s a

a m i n i n m J nm ene rgy ( i o n i z a t i o n  ene rgy or band— gap e n e  m -g v);  t imi s energy i s  supp i ied

by the laser he -ant via va r ious  e-lectronic p rocesses. iwo g e-mme -ra I m ui c c i m a mmi su i t s

e xist .  ( 1 )  Time - fr ( -e - electron s gaimm energy f r o m  time- comb in e -c l act ion of time- l a — c r

f R- Id  afl(I coil is louts , that i s , by the- i t t y c  nsc Br c-im n i s s t r a l m lu n g  proce ss . I t i m d e r

ste-ad y — s t a t e  condit  i o mm s, time -re- c x i  st -i a c h a r a c t er i st i c  u t e r g y  di s t t i l i u t i o n  for

to c_-1 (-ctron s. In i i a r t i cu ia  r , t h a t  f rac t ion  of c-I - c t  romms  whose - cm m c -  rgv -xc e -ds

the above- n m mcnt i onc -ol  t h r e shold g ive - s r i s e -  to -- i o n i z i n g ’’ coll is ions (u .

268   
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co l l i s ion s  wl mic i m produce electrons in time - conduction band). Timis is time preva iling

nie-cim a u mi s i mm at i-t u f f ic ie - tm t lv  low laser ir cadi aumc e . As cc-Cl be discussed below time

rmu ajor inh ib i t ing  facto r for th is  rn e chman i sm is the circu im i sta lm ce- t imat , on t ime -j r

upward climb towards the ionizat ion ti mrc - s i m ol d , time free electrons h ave to trans-

verse- the ‘ exciton barr ier ” ( i . e . ,  the- energy region above time t imre - shold for

exciton formmmation).  Time- occuu iC f ld C  of exci ton-forming collisions , analogous to

excitat ion collisions in gases , e n ta i l s  a seve re energy loss by time i mimpacting

e lec t rons , in contrast  to time relatively s immall  energy loss associated wit h electro n-

p honon collisions in time energy region below time exciton t imr e shm old. Thmus most

of t i m e -  laser energy fed to the elect roums ends up in time c re-ation of excition s,

rat imer tha u m in electron u mmu l t i p lica~~on. (2) When time- app lied laser field is suf-

f ic ient l y strong, time possibility of e-x ci t omm p imotoionization in oimc - or two— p imoton

absorption heco immes s ignif icant .  In time- case of time above c ited trea t immeimt of the-

laser-produced ionization of gases 1, it was fo un d t imat , wide r e-xp e-r i u mmen tal

condi t ions , th e- ph motoioni z a t ioum of exc ited ato imus  is so eff ic ient  that it could he-

assumed that c-ve ry excited atonm is ionize -cl es i tc V umt ia l l y iumstanta u meous lv .  Time-

iorn/ ;it  ion rate is tim e-n essent ial l y equal to time- average- rate of excitation

col l i s ions  per e-h-ctron.

in time pn -s c -u i !  wo rk , we- slm all  he-gin by umiakimi g atm analogous assumption for

in s u i ; i t ing so l ids . Na nm el y, we- assume th at c-Very cxc ton wi l l  be- p hoto — ionized

instantaneousl y. Wit im this  simp l i f i e ’ at 0m m , the- t re - at u mme u mt wi l l  focus on time- iLmv c -r ~ c -

Ore -hi m m m s s t  ra im lu n g med ian s i t s pr os e-nt in a typ ica l  i n s u m l a t  or , imm pa r t i c u l a r , how

t hey de-te- rum m in c -  a ste ady — st a t e -  c-ne- rgy d, -4 u i  l ) u t t  ion. S u u h i s c qcu e i t t  lv , we - sh all

i um vc - - t gat e tim e - v a l i d i t y  of i i u i s  t m s s u u m l p t i o u m .  ‘ I b i s  i u l V e - S t i g ; u t u ( i m t  cc - i l l  mu mc - oi v -  ~to

I.
’
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Sec. E-I

r ~

interesting question of the electronic states of the exciton , which , in the case of

alkali halides , is self-trap ped2.

The core of the present treatment is a transport equation for the electron

energy dist ribution function. In its classical form , valid when the laser frequency

is sufficientl y small, it may be derived fro m the nonlinear Boltzrnann equation.

This derivation is presented in Appendix A.

When the exte rnal frequency is sufficiently high-in practice , when the

quantum of electron energy is comparable to the domain in which the electron

energy dist ribution is foun d (usually aposteriori) to undergo appreciable relative

variation — a derivation taking explicit account of the quantal character of the

interaction of electron s with the external electromagnetic field is required. This

derivation will be included in a subsequent report. As may he expected , the

resulting equation reduces to its classical counterpart in the limit of sufficiently

small external frequency.

Armed with our tran sport equation for the energy distribution function , we

proceed (in Sccs. II and III) to an analysis of the steady-state solution , having in

mind the ultimate goal of obtaining the electron multiplication rate as a function

• of the magnitude and frequency of the external field and of the cross sections ,

in particular for the alkali-halide crystals. It should here be mentioned that , in

order to render the prob~cm tractable , it will be necessary to introduce simpli-

fying model-type assumptions concerning these cross sections. Such a procedure

is, in fact , all the more app ropriate in VECW of the lack of even semi—qu anti ta t iv e

info rmation on said cross sections in an energy domain from one to ten electron

• volts , which is far  in excess of conventional electron—tran sport  phenoiliena in

insu l at ing solids.

27(1



~~~~ Sec. E- 1

We are now in a position to apply our results to specific practicaJ cases of

interest and to compare the results with our previous estimates. This will he

- .  ca rried out and the results included in future reports.
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S~~. E-II

II. AVERAGE MULTIP LICATION RATE /3

• In this section an expression is derived for the average multiplication rate /3.

As stated in the Introduction , the basis of the treatment is a transport equation

for the electron-energy distribut ion function f(E) . In Appendix A, a de rivation

of the classical form of this equation is given; the result (cf. (A 20)) is

N(E) = ~~~ ~~~Recy (E ,w)  + N(E) f (E)  (2. 1)

In this equation

• N(E) E ö(E - Ek ) (2. 1)
k

is the density of states at an energy E, the amplitude of the external field

• 
= 

~o coswt), 1/ T ( E )  is the total collision rate due to electron-phonon

• interaction , and ~ (E) is the average energy loss per collision (cf. (A 13)).

The remaining undefined quantity, o (E , w), is the “monoenergetic” conductivity A
given by (cf. (A 19) and (A 16b) )

= 
~ 

ô ( E - E ~ ) e2 Vk 0k~~’~
’3 (2.3)

k

with the solution of the “monoenergetic” vector-transport equation

= + 
~~k’ ~~~ 

w(k , k ’)  ô( Ek 
- Ek e )  (2 .4)

(where w(k , k’ ) ô(Ek 
- Ek .)  is the elastic approximation to the transition rate

between states k and k’ ).

An explicit formula for a(E , w) reads (cf. (A 23 b) )

_ _ _
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N (F) 2 
V (F) r . (F)/3

I I i~.eT (E) 
(2 .5)

where v~ (F ) is an average of v~ over the constant-energy surface, F = Ek
and I !r (F), the ‘ transport ’’ relaxation rate, is gi ven by (cf. (A 25))

r ( E) = N (E) ~ 
a (E Ek ) ö ( E k Ek , ) w (k , k ’ ) ( l v

~~ !k ’ k ~~ 
(2.6)

Although approximate , (2 .5) turns out to be quite useful , since (a) in the limit

W ~~ (E)> ~ 1 it can easily be shown to coincide with the perturbative solution of

• (2 .4) in powers of l/w T ( E ) ,  and (b) at w = 0, it yields a lower bound to the

co r rect a ( E , ~~ in the sense of the variational approach to d.c. transport

theo ry. .-\s is known , this approach is powerful and accurate. The energy-transport

equatio n, obtained by substituting (2 .5) into (2. 1), namely,

N( E ) ~“E) = 

F~~~~~
(

N( E ) C 2 V2 ( E) T (E) ) ~~~~~~~~~ 
~~~~ 

f ( E) )

(2 .7)

will therefore be used exclusively in what follows.

\Ve hasten to rema rk he re that Eqs. (2 .1) and (2.7) arc not complete in that

they do not take account of electron collision s involving the creation of (a) cxc i-

tons or (b) electron-hole pairs. As pointed out in the Introduction , the role pla yed

by the first catego ry depends crucially upon the magnitude of the contribution of

• multiphoton ionization of the resultant cxc itons, as compared with that of the

direct process, (b). In this paper , we are p rovisionally assuming that the

• cxc iton -photoioni zation mechanism contributes donì inantly to electron-hole

formation , and hence to avalanching. As will be s c n , this physical situation

permits a drastic simplific ation of the analysis.

L 
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Initially, however, let us introduce the above-mentioned collision p rocesses

mto our theory in at least a formal sense. The derivation of the appropriate terms

is given in Appendix B. The results (B 1, 4) are, respecti vely,

N E)~~~~ 
v~ [N (E+ Eh ) f ( E + Eh) N(E) f(E) 1 (2 8~ ~~t 1~~ L.i [ T

h
(E +E

h
) T

h
(E) j

and

I ~ f [ N(E+ Eg+ E’) N (E) f (E )
N(E)~~~ ) =j { Tj0~ (E+Eg+E ,E’ 2 r

~0~
(E ,E’) ‘ ( .

where the subscript “h” indexes exciton levels, and where (cf. B 3) dE’/r.0 (E , E ’)

is the probability per unit time for an electron of energy E to undergo an ioniz ing

collision such that one of the resulting two electrons has energy between E’ and

E’ + dE’.

We here note that , for the case where exciton-photoionization plays no role,

Eqs. (2. 1), (2. 8), and (2. 9) contain essentially all the physics of the electron-

avalanche phenomenon. In the case that exciton photoionization is significant ,

an additional piece of physical information is required , namely, the photoioni-

zation efficiency per exciton, 17ex In what follows , we provisionally confine

the disc ussion to this latter case.

For this purpose we “invent” a population-type term which describes the

effect on the distribution function, f(E ,t), of the production of photo-electrons

(via exciton photoionization) . Specifically, we replace (2. 9) by a term of the

form

= D(E , I~
) , (2.10)

1
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where D( E; f ~) is a linear functional of the distribution , f ( E). It must satisfy

the equation

f D ( E ;~ f I ) d E 

~ ~.f [
~ 

dE , (2. 11)

which states that the rate of p roduction of additional electrons is equal to the rate

of exciton formation , multiplied by the exciton-photofonization efficiency.

In this paper , we arc interested in the steady-state solution of (2. 1) (augmented,

of course, by (2 . 8) and (2. 10)) for the case of time-independent amplit ude, e0 , of

impressed laser field . (This condition is an idealization , since , in practice , one is

interested in avalanching caused by pulsed fields. Uowevcr, as will become

• evident later , the readjustment time scale for the electron distribution is much

smaller than the pulse width,)  As in the analogous p roblem in gases4, we assume

• that the ti me dependence of the distribution function is of the form , 2At , The

transport equation then reads:

‘
I / 3 N(E) f ( E )  = 

~
2 

d (N(E) e2 v2 (E) r (E) 
.

~~~~~) 

+ ~ ~~ ~~ 
+ (E))

r

• [N(E~i~Eh) f (E  + Eh) N(E) f(E)
+ 

~~ 
[ Th ( E + E h) 

- + D ( E ; ~f (E)~~. (2. 12)

The quantity of ultimate interest is the average multip lication rate, /3. From

the standpoint of Eq. (2. 12), it is obtained as the solution of an eigenvaluc problem.

It turns out that this formulation is of limitc~~utility since , in practice , the /3 -
• proportional term is much smaller than the individual terms on the right-hand

• side of (2. 12 ) . A more useful approach is to exp ress /3 in the form

• , •  • •-
~~~

•
~~~~~—
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fD (E ; -~f ( E ) 1)  dE fN ( E )  f (E) ( ~~~ l/r h (E) ) dE
= 

0 
= 

~ex 
(2.13)

I N(E) f(E) dE f N (E) f (E ) dE
0 0

(obtained by integrating (2. 10) over all energies). The problem is then reduced

to calculating f(E) .  It will be found that  a solution of sufficient accuracy is

obtainable even under the extreme condition in which the /3-proportional term

of (2 . 12) is neglected entirely.

Let us now outline a “zeroth-order” procedure for solving (2 . 12) for f (E)

• and determining /3 via (2 . 13). We divide the total energy interval into two parts ,

namely, energies above and below the exciton threshold, Eex E 1. For ener-

gies above E 1 we take advantage of the aposteriori result that f (E)  will be

found to be a rap idly falling function of E, and that the energies of photoelectrons

produced by exciton-photoionization will have energies well below E1 (-.. 7 eV in

NaC 1 ), to neglect the population terms on the right -hand side of (2. 12). Said

equation is thereby reduced to an ordinary second-order differential equation ,

the explicit solution of which, 1> (E),  depends upon the detailed energy vari-

ation of the collision rates. At this point we shall not seek an explicit solution

but merely take note of the fact that , to within an arbitrary (normalization) constant ,

it is uniquely determined by the boundary condition at infinity, f (E  —‘ ~
) -~ 0; the

contin uity of its logarithmic derivative , L> I d log 1> (E)/dE E serves as a
I

boundary condition for the solution in the region E < E 1

For energies below E 1 , we write (2. 12) as

2 2  2
d 1e0 ~ N(E) V (E) T (E) 

~~ d ~ E/3 N(E) f(E) - 
ai~ 6 2 2 

r 
~~~~~~~~ 

- -~~~~~
. (N(E) i1E~ ~ (E)) = I C E)

l -i-~~ T (E)r (2. 14)
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N ( E + E h) f > ( E + E h)where ~~(E) 
T ( E + E  ) + D ( E ;  l f > ( E ) I )  . (2. 15)

• h h n

- 

- 

(Note tha t ~~( E) is det ermined by f > (E) , i.e. , by the solution in the upper energy

region , E > E 1. )

At thi s point , we introduce the approximation of dropping the fl-proportiona l

term of (2. 14). The error thereby incu rred will be small provided that /3 is

su fficientl y small compared to the rates associated with the retain ed terms. (In

any event , the approximation may be checked by an iterative perturbation calcu-

lation.) One ma y then carry out a first integration to obtain

- 

e 2 2  N(E) V2 ( E ) r ( E )  ~~ 
- N(E)  41E) 

f(E) = S (E) (2. 16)
l + ~~ ‘r (E) r (  )

• r

F
where 5(F) J €~&(E ’) d E ’ . (2. 17)

0

We may , at least formall y , ca rry out another integration by treating S(E ~
as an ex plicit sourc e term. We introduce the notations

• e2 P (~ N (F) V2 (E) T (E)
G(E)  6 2 2 (2.18a)

I + w  T (E)

• 11 (E) = N(E)  ~~( E ) / r ( E )  . (2.l8b)

Equation (2 . 17) may then be written as

- (‘,(F) - 1-1(E) f = 3(E) 
, (2. 19)

J • 
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the general solution of which is

f(E)  = ~~~~~ [1E
’ 

G ( E ’) 
J (E ’)  d E ’ + const

j 
. (2.20)

The integration constant of (2.20) is determined by the requirement of continuity

• of logarithmic derivatives at F = E 1 • This y ields , f inal l y,

E S ( E  ) ~~E 1)
f ( E )  = ~~~~~ {f I 

~~~~~~~ ~~~~~~ d E ’ +

x (2 .21)
- d j / d E 1

wher e cognizance has been taken of the  fact that L > is in t r ins ical ly  negative.

• Focusing now on the evaluation of ~3 , we note that the integra l in the

numerator of (2. 13) may he transformed by integration of (2. 12) over the domain

E > E1 . As pointed out a bove , in this energy domain ~~ (E) (as given by (2. 15))

may be ignored. Dropping the i3— proportiona l term as well , we have as a suit-

able approximation to (2. 12) in the reg ion E > E 1 ,

0 = 
~~~~~~

- [G(E )  -% ± H (E )  f ( E )  ] - ~~~~~~

which , when substituted into the numerator  of (2. 13), y i e lds

C (E 1) 
~~~~ 

+ I I  (E i~ 
f ( E

= - 
1 

= 
• 

S(E )/f N ( F )  f ( 1~) d E
N ( E )  f (E )  d E  ~~‘ I

()
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L
t he  last equal i t y  holding by virtue of (2. 19) . The determinat ion of the electron-

• mult ipl icat ion rate /3 is thus reduced to the evaluation of (2 .21)  and (2.22).

We now introduce an additiona l approximation which is based on the

aposteriori -justified inequalities ,

J (E1) 1E
1 

~~~~ 
dE >> 1

(2.23)
E1 H(E

1)• - E 1 J ’ (F
1) 

= 
G(E 1) >>

i. e., on the assumption , to be justified later , tha t f (E)  is a rapidl y falling func-

tion of energy. Under these circumstances , the integra l in the square bracket

of (2.21) may be evaluated , viz :

E 1 S(E’) J (E’)  dE’ 
3(E 1) 1 / J ( E 1) 

- 
J ( E )

F 
G(E’) e G(E 1) J’ (E

1) 
\ e e

= f~~J~~~i) - ~~J ( E )
• 1-1(E ) \ /

1

Then , fo r valu es of F not too close to F 1,  (2 .21) may be written as

— F) ~~~~~~ 3(E 1) 
__________________f ( E )  ~ ~ H ( E 1) 1 + 1 L> I / f ’E - 1  

(2.24)

We may remark tha t , due to the extrem e inelasticit y of exciton-pro ducing

collisions , which dominate the energy-loss processes in the region F > E1 , it

turns  out that

L
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H( E 1)• I L> I >> J’(E
1) G(E 1) 

(2.25)

- • 
so tha t the second term of the square brac ket of (2.24) is general l y negligible.

• (A similar situation holds for electron energy distribution in gases.) This means

• that, in effect, the energy distxibution is cut off at the exciton threshold.

Inserting (2. 24) into (2. 22), we have

?7~~~H(E 1)

I N(E) e ~1( 
~dE

Jo

where the square bracket of (2.24) has been replaced by unity (i n accordance

with the preceding remarks) . Introducing Eqs. (2. 18a , b) , we ha ve explicitly

E~~
1
~ i~(E

1)
• — r (E 1) ~~ex

6 
E 1 ( 1 + ~ C2 T 2 (E) )~~~(E)

• • 
exp - 

2 ~ 
— 

2 d E
e
2 6~ J0 r (E) v (F) Tr (E)

x (2.26)

1. 1/2 1 6 
F [1 + ~ 2 T 2 (E’)] ~~(E’) d E’

E 2 2  2 d E

o L e 
~ 0 

T ( E ’ )  r ( E ’ )  v ( E ’)

where it has been assumed that N(E)  ~ E ”2 .

This equation (2.26) is the centra l result for the average multiplication

rate (3. Further progress in the evaluation of (3 requires specific knowled ge of

the collisional functions 1/Tr(E) 
and ~~(E) / T(E) . The evaluation of these

pa rameters for NaCl is the subject matter of Section III.

L _ ‘~

_ 
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l i i . FI •FC ’Ft ~~)\-l’l ~ONON 1~~FERACT 1ON IN ALKA I • l -I IA LIDE S

As is known , to r low energy electron s (— kT), the Coulombic int e ract ioli wit h

• the poth r optical  mod es colistitUtes the dominan t mechanism for electron scattering.

-
• 

- 

I k w ev e r . at the higher energies of interest to us , it is necessary to con sider non

Coulo mbic inte ractions , regardless of whether the interaction is with an optical or

• 
• 

•
- acoustical branch. In what follows , we compute order-of-magnitude expressions

for the non-Coulombic contribution to the transport and energy relaxation times ,

Tr (E) and r (F). The correspon ding expression s for polar scattering will be

developed subsequently.

We start from an elementary cxprcssion for the electron-p honon scattering

rate. The probability P~~~(k  k ’)  for an electron making a transition fro m

k to k , thereby absorbing (emitting) a phonon of wave vector q is given by

the usual golden-rul e expression

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ (N q + ~ ~ 
(3. 1)

in this expression , K =k  - k is the electron -scattering vector , g a rec ip-

rocal-lattice vector , and is the matr ix  clement for clectron-phonon

inte raction per unit disp lacement -amplitude of the vibration mode of wave vector

q ,  a par t icu lar  polarization direction left unspecif ied here , frequency and

phonon population Nq~ We remark that the disp lacement-amplitude parameter ,

is , strictl y speak ing, appropriate to monatomic lattice; however , we

281
• 

• •
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employ it with the proviso that it can always be modified later to take account of

the mass diffe rence of the component ions of an alkali-halide crystal.

For the electron-phonon matrix element we use the simplest possible theory ,

namely, the free-electron diffraction theory described in Ziman’ s elementary

5
- •

• 
book . This type of theory yields for M~~ , the exp ression

M~~, = - i V~ (K) (~ ~~~~ (3.2)

where (with 1
~a 

= atomic density)

Va (K) = na fe ’
~~~~’~ 

U ( r ) d 3r (3.3)

is a Fourier coefficient of the potential , U ( r ) ,  associated with a ~ I r g I e  atomic

site-in , e.g. , NaC1, this is either Na+ :r~Q-. Finall y, in (~ .2) ,  is  the

unit polarization vector of the involved lattice-vibration mode.

We note that (3. 1) assumes the validity of the Born app roximation. In this

approximation , one may relate V a( K )  to the differential atomic-scattering cross

section via the well-known expression (cf. Ziman, b c .  cit. , eq. (6. 89))

= 

~~ ~2 ~~ 2 )~
_-

~
- V (  K )  

2 
(3.4)

Substitut ing (3.2) and (3.4) into (3. 1), we obtain

P~~ (k ~~~~
‘) ~~~(~~~~~ a)+ 

~
a( q)2(2 j N~~

q
) ( N q + ~ 

~

g ±  q 5( E k~~
Ek~

± i~ W q )~ (3.5)

282
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The quantity, P ( k -~k’) , describes the transition rate to a specific final

state , k’. This has to be summed ove r all the k’s contained in a diffe rential

range of energy, dE’, and solid angle , ~~~~~ in k-space. We have , using the

rec ipe

2 V 2

1:1 
~~ (---) = — -  k 2 dk’ dc?~~~ (---) = ~~~~~~~~~ —f 

~~~ 

dC~~~(---)

= V~ ~~~ ( 2
~~~ 2)

2 
dPk . (- - -)  (3.6)

and integrating over the final energy, the result

P~~~(k , 
~~~~~

d
~
)kk. = ‘

~a~
T
k’ k’ ~~~~~ q)2 ( 2 ~~~~

g
) (N g + ~ ~ 

f)
• (3.7)

This equation gives the differential scattering rate into an element of solid angle

d~
)

kk~ , the scatte ring angle being denoted as 
~kk’

So far , all the obtained results rely on the Born approximation . We now

present a hand-waving argument for the utility of (3. 5) and (3.7) beyond the range

of validi ty of the Born approximation. The a rgument goes as follows:

Suppose we augment the Born amplit ude with terms arising f rom repeated

i:iieraction of an electron with a given scattering center. The overall scatter-

ing amp litude is then given by a perturbation-like expression , where , however ,

the matrix element , ~ k I U ( r )  k ) ,  is replaced by the corresponding t

• matrix , ta( k ’
~ k )  (which expresses the amp litude for repeated interaction of an

elect ron with the atomic potential , U ( r ) ,  of a given site). When account is
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taken of the displacements of the scattering centers associated with a given

vibration mode, one obtains the same structure factor as in the Born calculation,

i. e. ,

Mk~k 
= ~~~~~~~~~~~~~~~~~~~~ (3.8)

in analogy with (3.2). However, the same t matrix also determines the atomic

scattering cross section, according to the formula

= f ( 2~~ 12)
2 1 It a (

~’~,~
)I 2 (3.9)

in similar analogy with (3.4). Elimination of the t matrix then yields (3.5) and,

hence, (3. 7).

The deception in this argument, of cour se, is the neglect of those intermediate

interactions which involve the atomic fields of the neighboring atoms. As is known,

the inclusion of this wider class of p rocesses would lead to the situation in which,

if we still wish to formulate a single-site t -matrix theory, we would have to con-

sider the incoming and outgoing waves ~ s Bloch-type, rathe r than plane waves. It

then follows that the obtained t matrix w uld not be identifiable with a bonafide

atomic-type t matrix; in this eventuality, we would not be able to use experimen-

tal atomic cross sections to determine electron-phonon scattering rates from

known atomic cross sections.

At this stage of our work, we are principally interested in order-of-magnitude

estimates, with the view towards determining qualitative features, such as the

magnitude of w’r r relative to unity. Since most of the scattering will involve

transitions between electron states k and k’ which are not too close to zone

-

~

-•--•-- • • • -• - •- - •

~

-

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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boundaries, we simply assume that the Bloch functions in question can be

approximated by their plane-wave counterparts. if this is done , we are led to

- -

• 

(3.5) and hence (3. 7).

Expressions for the transport and energy-loss mean free times , Tr(E) and

r(E), which occur in the theory of Sec. II, will now be obtained. We note that

1/’r (E) is the total scattering rate, with the quantity i~(E) of (2. 1) playing the

role of the average energy loss per collision. Since in our problem most of the

scattering involves essentially all the phonon modes (whose frequencies are con-

cent rated principally in the vicinity of the Debye frequency, W D )
~ we take

•hw D /(2 ND + l) (3. 10)

(the second factor of (3. 10) arising f rom the circumstance that only the difference

between the scattering rates for phonon emission and absorption contributes to

the inelasticity). Assuming that aa( K )  is isotrop ic — this assumption is quali-

tatively acceptable for the case of non-polar scattering — we have , with

K2 
~ 2 k 2(l - cos~~~k~

),

• T(E) = 
~a vk Qa( E ) 2 k  (2 Jw D

) 2 ~~~~
+ 1  (3.11)

IIWD /k T -l
where 

~~~~~ 
is the total atomic cross section and ND = 

(e 
- i)  . For

simp licity we have ignored the polarization — this amounts essentially to summing

- ;  over all polari zations — and have set W q equal to the Debye frequency. (We note

that there are no small-q divergences, since for small g, the concomitant absence

of Umklapp mean s that K = q ) .

LA - 
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The transport relaxation rate , l/T r(E)~ brings in an extra factor (1 - cos

in the angular integration, resulting in an overall angle-dependent factor of

(1 - cos ~~~~)2 
; the angular average of this factor (again with the assumption of

isotropic (Ya( K ) )  gives simply a factor 3/2 . This

Tr(E)  = 2 T~E) = na Vk Qa~~~ 3k (2  M ) ( 2 N D + U

I IW D3 n v(E) 
~~~~~~~~~~~~~ 

-
~~~~~ coth 2 kT (2 . 12)

Before undertaking numerical estimates, we supplement the above treatment

with comparable calculations for polar scattering. The starting point in an

expression for the matrix element of electron-optical-phonon interaction , which

we piece together from Eqs. (5. 11. 14) and (5. 11.2) of Ziman ’s advanced text6

we have

1 i 1/2
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

A 2 1/2
x - ~- q . L 1  3 1 3K 2 V  ç E

where g is a reciprocal lattice vector and , ( are the optical and d.c.
H 

_

dielectric constants. This expression is to be inserted into the formula

I’

P~~~(k -)~~5
’ )= 

~~i ~~~~~ Nq~~ 1 U
~fl~ 

I ~~ ‘~ 1
2 

~~‘ k

x ö( Ek 
- Ek~ ± h~~ ) . (3. 14)q

4
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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One then obtains, upon summing over the final states, k’, within a solid angle

d(2,~, and using the recipe (3.6)

~
(±) (k , 

~kk’~ 
d 

~ k ’ = Vk. f l
2 ~ (~ 

- 

~
) (~~1 ÷ 

~

me~ 
q~~ç c ,  1 1

= vk~ 4~~~2 E + F’ - 2 (EE ’) V2 cos~~~~, 
(N q + 

~ 
. (3. 15)

With the aid of (3. 15) we may now compute the transport and energy-loss

relaxation times. For the transport time, no serious errir will be incurred by

neglecting the inelasticity, i.e. , taking E = E , provided, of course we introduce

a low-energy cutoff at E = (where we have introduced the app roximation

W q ~ W opt (3. 16)

which is customary for the optical branch). One then has

) = 2~ f(l -: ~~~~ 
p(±) ( k ,  

~~~~~~ 
d cos~~~~,

4lT v mc
= 

k 
~~~~~~~~ ~~ 

-

which , upon summing over ± , and expressing Nq explicitly in terms of

temperatur e, yields

= vk (
~~~ 2 ) (~~ 

- ~~) coth (~~~~~ t ) ( ~~~~~t)  (3. 17)
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For the energy loss time, the use of (3. 16) establishes that the average energy

loss, A(E) ,  is simply i~w 0~~ , whereas the corresponding effective collision

rate is given by

= 

TU(E) 
- 

T~~ (E) 
(3. 18)

where is the total scattering rate for the absorption (emission) of an

optical phonon. One ol~ ains

I 1 _ i

1 — v ( E ’) m e2 
~~~opt ( 1  

- 1\ ~ E1”2 + E ”2 ~Nq +~~ ~~~~~~~

— 

~ 2 (EE’) 1/2 ‘~ E~, 
•
~

-
, 

og 
E’~

’2 
- E~1/~~ (3. 19)

where E’ = E ± hW . Inserting this result into (3. 18), one finally obtains

= 
me~ ~~~opt v (E) 12. - I

r(E) ~ 2 E

1 E’~
2 + (E - ~ w )1/2

x 
1 - ~ 0~~AT log 

E - (E - 
~~~

1 E + ( E + l ’iw 0~t)

-
• 

+ 
~~ opt /~~

T - ~ 
og 

E1’12 
- (E +f ~w 0~~

)1”2

The remainder of this section will be devoted to obtaining numerical estimates

of the variou s relaxat ion times , based on above-obtained formulae. We consider

the two cases of non-polar and polar scattering in order. 

- •—~~~~~~~~~~~ -~~~~‘—--
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(a) Non — Polar Scatle ri h g :  l rom (3. 13) it is clear t hat , ha rrin g unusual

l ow— cue rgv behavior  of (~~(l~), the t raiispo rt— relaxation rat e is an inc reasing

- 

. func t ion  o1 energy . 1’ or a relevant es t imate  we talw F = S e\’ and kT = .02 5 eV

(::3(R) K) . Mat erial  parameter s for NaCI are liw 320 K = .027 eV ,
Oj )t

\ 1 = 1~~\l~ , n = 2 .2~~ lO cin 3 , i n / M = 2 . 5 x 1 0 5,
I I  .1

1/2 S• v(l ~) = . (~ ‘~ I t )  (F~~~) cm/sec = I . / ‘< 10 cm/sec. Under these conditions ,

(3. 13) yields

1_— 2 10 13 Q sec~~ (3. 20)
T ( S  V) a

where Q is measured in square Angstroms.

The esti mation of constitutes a major uncerta inty , due to the lack of

direct experimental data and/or reliable theory. In our opinion , the most rel-

evant data is provided by the experimentally observed total cross section for

HO (as cited , e. g., in Massey, Burhop, and Gilbo dy ’ s tonic).’ If , as seems

reason able , most of the scattering is due to Cl , this ion is common to both

NaC1 and HC1. The only other possibly relevant data known to us is for Cl2
( b c  cit , p 709); we reject this on the grounds that Cl2 does not presen t a

closed-shell structure , such as C l .

The cited data for HO gives 
~ a~~

35 A2 . Introducing th i s  number into

(3. 19) yields

I 
= 0. 7 x io 15 sec ’ (3.20)

• T (8cV)

(b) Polar Scattering: Fro m (3. IT )  and (3. 18) it is clear that the critical

behavior takes place at low energies in that l / ( T r ) diverge s as F. - . 0. Actuall y,

L
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caution must be employed in anal yzin g the classical transport theory of Sec. II to

• situations wherein the various parameters possess an energy varia tion which is
• appreciable ove r a range of the order of the optical quantu m energy , hw .  In

this case, the effective transport relaxation rate must be treated quantally. This
• will be done in a subsequent report. Provisionally, we take quantal effects into

account by introduc ing a low-energy cutoff ~ l1w into (3. 17). Specifically, we
take (3. 17) to be valid for E ~ hw; for E < 1iw , we replace (3.17) by
l/(Tr(E =t~w)). Equation (3. 18) on the other hand, is assumed to hold for
arbitrary evergy.

A maximal estimate for l/T r due to polar scattering is, from the above,
attained by inserting the cutoff energy , E ~ 11w with (3.17). Using the data

- = 0.259 (3.21)

(appropriate to NaCl as obtained from the Handbook of Chemistry & Physics),
and 11w appropriat e to w = ~~ cm~~ (1 micron laser light), I. e. , 11w 1.25 eV,
11w = . 027 eV ~ kT , we obtainopt

0. 75 ~ ~~~ sec ’ . (3.22)

Let us now note that , both from (3.22) and (3. 20), the parameter W 2
T

2 is
substantially larger than units for w � 2 x io 15 sec 1 (cor responding to
A � 1 micron). It is thus apparent that the high-f requency limit obtains. We
note also that correctives to this limit arise (a) explicitly from the non-negligible
value of l/~~

2 r 2 obtained f rom the non-polar scattering , and (b) imp licitl y
from the low-energy cutoff for polar scatterin g (E rn i ~~~~~~~~~~~

____ 
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In the next section (to be written at some future date) the results of this

section will be used in conjunction with Eq. (2.26) of Sec. II to obtain the

mu lti plication rates as a fun ct i  uf frequency and laser field.

S 
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APPENDIX A. DEVIATION OF THE CLASSICAL

TRA NSPORT EQUATION

• In this Appendix , we derive the classical transport equation that will be used

in the analysis of electron-avalanche breakdown . We start from the Boltzmann

• transport equation

eé~(t)
grad~ f = 

~~~~coll 
(A. 1)

Here, f = fk(t) is the time-dependent electron distribution in k space,

= ~ coswt  is the impressed laser field, and-~0

= 
~~~ [f k t W ~~~

’
~~~~

) - fk W(k ~~~k ’) ]  , (A. 2)

where W(k  -~k ’)  is the collisional transition probability between states k and k’.

We generally have

W(k  -~ k’) = E w . ( k , k ’) o (E k 
- Ek~ 

- (A. 3)

where the subscript , i, refers to a particular type of collision (e. g. , electron

scattering with emission or absorption of various types of phonons) and where

represents the associated energy loss (or gain).

It may be remarked that , for electron-phonon collisions, ~~~~~~ is relatively

small (~~0.05 eV ), i .e. ,  the collisions are quasi-elastic. This feature will

- I.

—~~~ ~~~~ •- ~~~~~~~~~~ • • •—~~~~~~~~~ -~~ -
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permit substantial simplification of the analysis to be given below, especially

in the energy region below the threshold for exciton formation, which we now

discuss. We rewrite (A. 1) in the form

• ee(t) 
~f

+ . grad~ f - 

~~~~~in coil 
= 

~~~~ eL coil 
(A. 4)

where

(~~~~
f ) = 

~~ 
“~~

‘ 
- fk )

~~~
(k , k’) O ( E k 

- Ek e )  (A .5)
eLcoll

(with w ( k , k’) ~ w ( k , k ’) taken to be symmetrical with respect to inter-

change of k and k’ )l and ( .~L) i s the remainder of the collision term;
~~t in coll

it may be written as

(
~~~LOI1 

= 
k~ i [~~t w ~~~’~ k [ô ( E k~ 

- Ek - ~~kk’~ 
- ö ( E k~ 

- Ek )]

- 

~~w i ( k , k ’ ) [ö ( Ek 
- Ekt - 

~~~~~~~ 
- O ( E k? - Ek ) ]  •

(A .6)

The stage has now been set for introducing the principal assumption of this - -

as well as other derivation s - - of the energy transport equation , namely, the as-

sumption of quasi-isotropy of the distribution function in k space. Strictly speak-

ing, th is ph raseology pertains to the usual case of spherical energy surfaces , for

which it desc ribes the situation in which 
~k depends principally on the magnitude

of k .  In our case, we generalize by writing

= f ( ’h
k ) + f~~) (A.7)
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where f~~) is taken to be small compared to f ( Ek ), and is ultimatel y to be

dete rmined by a suitably prescribed iteration procedure. We incidentally note

that , by definition ,

I.; 
_ _ _ _ _ _ _ _ _f( E ) = (A. 8)

• 
~~~~~~6 ( E - E 1 )

• k

so that the corresponding integral of f~~ vanishes.

Let us integrate (A. 4) over a surface of constant energy , E. This is done by

multiplying by ô ( E - and summing over k .  Introduc ing the density-of-

states function

N ( E ) ~~ ~~ô ( E - E  ) (A.9)
k k

• we have

• N ( E )  ~f ( E ) 
+ ~ e~~( t )  v~~-~~ ô ( E  - Ek ) f1~

l )

=~~~~ó (E- Ek)[f(Ek~
) w i (k~

k’)o(Ekt - Ek 
- 

~ kk’ )

- f ( E k ) w ~( k , k ’) o ( Ek 
- Ek. -

= 

J
[f ( E ’ )K ( E’~ AE)  - f( E ) K ( E ,AE) dAE ] (A.l0)

where E’ = E + ~~E and where

K ( E ,~~ E )  
~~~~~, 

ô ( F - E k ) O ( E  -~~ E - Ek . I ,
~~~~6 ( L k 

- Ek . - A ~~ . 
)

(A.  11)

‘s

‘94 
~~~~ -• - -~~~~~~~~~
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‘ lie Fokker-Planck expansion is now app lied to the right-han d side of (A. J O) ,

- 

- 

• yielding

N( E ) + ~~~(g(t) .j ( E , t ) )  =~~~~~ [N(E)~~~~~ f(E)] 
(A.12)

where

N ( E )  
~~~~ J (~~E )  K ( E ,~~ E )  d E  = L 8 ( E  - E ) w~~ ( k , k ’)
T(E) kk’, i k _

x ~~‘~ (k , k ’) ~ a (E k 
- Ek. - 

~~~~~~ ) 

. (A. 13)

Thus ~~(E) is the average energy loss per collision ( with 1 / T (E) representing the

total collision rate). Also

j ( E , t )  ~ ã ( E  - Ek ) e v k f
~
’
~

( t )  (A .14)

is manifestly the “monoenergetic ” current density (to be evaluated below). Finally,

the braced expression, ( ), is a time average over a period 2 i~ /w of the cx-

ternal laser field. It is thereb y assumed that  the variation of f ( E )  over this time

interval is negligible.2

An explici t  exp ression for J (E, t) has now to be obtained. To achieve this ob-

jectiv e, we consider the equation satisfied by f~~ ( t ) ,  which reads

(1)
—

~~

_ +  c ’ e ( t ) . v k ~E 
= 

~~~~~~~ 

- f~~) w ( k , k ’ ) ô ( E k~~ Ek . )  . (A. l~~)

- 
• 

Equat i on (A . l~ ) is a l inear ized  ver sion of (A . 4),  wherein the “ smal l ’  terms , such

as that  p rop ort ional  to F ( t ) ,  have been app roximated by the rep lacement of 
~k ~~~~

f ( E k ). (From a logical point of view , an additional “dr iving” term of th is  sort ,

Li • • • • •~~~~ ~~~~~~~~~~~~~ • 
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involving the inelastic collision operator, should have been included. However,

as one may readily demonstrate, the resulting contribution to f~~ (t) is even

with respect to reflection of k through the origin , and would hence give no con-

t ribution to

Ignoring the time variation of f ( Ek ) (as discussed in the text subsequent

to (A. 14)), and taking €‘ (t) = R? 0 exp(-iw t), we may rep lace ~/~ t in (A. 15)

by - 1w, thereby obtaining

~
f (E k)

-e~~ ~k ~
Ek 

iwf~ + 

~ 

- w(k , ~~
) ô ( E k 

- Ek e ) ]

the formal solution of which is written as

,• ~f0
= 

~~~~~~ 
. ee -b’— (A. 16a)

k

where ~k (w)  obeys the equation

= 
~~~~ 

+ 
~~~~ ~~k’ 

- 

~k ~ w ( k , k ’ ) ö ( E k 
- Eke) . (A. lóh)

Inserting (A. 16) into (A. 14), we have

J ( E , t )  = ~~
ö ( E - E k ) c 2 vk Øk (w) 0~~.L

- iwt  ~f0• -R ~a (E , w ) . e,0 e

whe re

~ ô ( E  - Ek )e 2 vk øk (w)
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• is the ilionoene ri~et ic conduc t iv i t y  tensor; as is known , for  culi ic crystals, it

reduces to a scala r q u a n t i t y ; i . 1’.,

— I u.~t 
~ f (F )  I

1 ( 1 , t )  — R a (I , ~~) ,~~ 
(A. i S)

\v it !

a ( E ,~c) = ~~~~ ö ( E -  Ek ) 
~~~~~ ~~~~~~ 

• (A. 19)

We now substi tute (A. 18) into (A. 12), obtaining

~~(E)  = R a ( E , ~~ 
~f ( E )  

+ ~~~ [~~(r~)~~~~ f ( E ) ]  . (A. 20)

Let us note that , in the usual spherical approximation - - with Ek dependent

only on the magnitude of k , and with w ( k , k ’) a function of just the magnitudes

of k and k ’ and of the angle ~~~~ between them - - it is always possible to re-

place the collision integral by a r elaxat ion-t ime expression , i. e.,

~~ ~9i’  ~~~k ’ w ( k , k ’)  ô ( E k 
- Ek e )  -, (A . 2 1 )

where

• 
1/ ?  ( E )  ~ w ( k , k ’) ( 1  - cos t. ) ô ( E 1 - E1 , )  (A .22 ~r k’

is the “ t r an spor t ” rel axat ion rate. In t roduc ing  (A. 21 )  into (A. 17), we have

v k T
— 

• (A .  2 3a)
~
‘ I 4 - i~~’ T 1,

whence

_ _ _ _ _  - -- -

~~~~~~~~~~~
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~~~~~97
__ 

-—  - —  

~~~~~~~~~~~~~  

- - -

~~~~~~
~ -



-- - ‘ ~~ e • 
~~~~

‘ 
~~~~~~~~~~~ -. •r~~~ - •:

Sec. E-Appendix A

[~~ o(E - Ek ) e 2 v / 3] T (E)
a(E ,w )  = 

k
1 - 1W1’~.(E)

N(E) ~2 (2(E) > T (E)/ 3

1- iw’ç.(E) (A.23h)

where (v2(E)> denotes an average of v over a surface of constant energy.

Upon substituting (A.23) into (A.20), one has

N( E ) M~~ - ~ (N(E)e
2 (v2 (E))~~(E) 

~f~t - 

~~~~

“ 

?iE 
~ l+ ~~

2r2 (E)

+ fr 
~~~~~~~~~~~~~~~~~~~~~~~~~ 

f (E)
] 

. (A. 24)

It may be remarked that , in the more general case of cubic symmetry, an

expression of the form of (A .24), with l/ T r given by the relation

• :~: — )  = 
~~~~~~~~~~ 

z ö ( E  - Ek ) ô ( E k - Ek e )  w (k ,k’) (l  
~k~~~k’”~k~ 

(A .25)

is still a useful approximat ion ; in particular , it has the following two properties:

(1) In the high-frequency limit w Tr >~~ 1, it coincides with the first non-vanishing

term obtained from a pertu rbation solution of (A. 17) in powers of (wr ) 2 . (2) In

the d.c. limit , variational theory may be used to show that the coefficient of ~f/~ E

in the square bracket of (A. 24) is a lower houn d to the correct a(E , 0), with an er ror

(l uadratic in the deviation of the “trial” function , 
~ k (va r) v k fro m the actual

solution of (A. 16).

_ _ _ _ _  -- - -• - -
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Equation (A.20) and its approximate form (A.24) (with some subsequent

• straightfo rward modification s introduced in the text) consthute the basis of the

classical energy-transport theory used in this paper.

It remains, finally, to carry out some estimate of the validity of the

approximation of generalized quasi-isotropy introduced with Eq. (A. 7). Our task
(1)is to demonstrate the relative smallness of 

~k (as given , e. g., by (A . 16a) and

(A.23a)) compared to f(E). For this purpose it is clearly necessary to know

as a function of primary parameters. As pointed out above , experienc e

has shown that this is feasible only on an aposteriori basis. In what follows, we

give the simplest illustrative example; the state of a f f a i r s  in other cases of

interest will be discussed in due course.

Let us consider the situation in which exciton and electron-hole forming

collision s may b e  ignored. Then, Eq. (A.24), with ~f/ ~ t 0 , app lies . A first

integration can immediately be carried out , yielding

2 2 2e v (E) T (E) 
~~0 = _

~~~~~~ 2 ~ 
+ —~—( f ( E) (A., 26)u 1 + iW T (E) ~E T~E,

where the constant of integration has been set equal to zero, to assure f(E) -~ 0

as E - ~~ . From (A.26) we obtain an explicit expression for ~f/ ~~E in terms of

f(E) and the primary parameters. Introducing this expression into (A.23a) and

(A. 16a), we have, for the component of f~~ in phase with the external field

• f l )(which we denote as ik )

2 2ee v ( E ) T  6( 1 -i- w i• (E) )

~~~~ 
T e0 e v ( E ) r ( E )  T ( E )

• — 6~~(E)
— 

e P - v ( E )~~(E) . ( A .2 ~~)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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To extract some physical meaning from this result , we define an effective

- • 

• energy-dependent electron temperature via the equation

1 
= - 

dlog f( E) 
A 28~ T (E) dE~~~ 

‘ . )

Equation (A. 28) together with (A. 26) yields

e2e~ v2(E) T (E ) T (E )
6 2 2e (1 +~~~j  

.i
~~ ) ~ (E)

or
2 2  1/2

•J~ (E) ) A(E) 1/2ee0 v (E) = r (‘ft T (E)
Tr(E) T (E) e

which , when inserted into (A.27), gives

• ~~1)’ 

= [~~ (E) T~(E) 1 1
1/2

< / ~ (E) \
1/2 

Af( E) ‘T(E) 
~~~~~~~~ ‘?t Te(E ) J  ~~iTe(E))  

( .29)

if we take I• (E) r (E). The parameter contained in square brackets is usually
quite small. In fact, if we consider 4kTe(E) as characterizing the energy spread

of the distribution function , the parameter on the right-hand side of (A. 29) is

known to be small — at least in the energy region below the exciton threshold.
.
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APPEN DIX B. CONT RIBUTION OF ELECTRONI CALLY INELASTIC
- 

- COLLISIONS TO THE TRANSPO RT EQUATION

1. Excitation Collisions. We consider a collision event which leads to the

creation of an exciton in the h th level. Let l/T h(E) be the probability per

unit t im ? for an electron of energy, E , to suffe r a collision event of this type;

• the ene rgy of the scattered electron will be rn E - Eh . We may then write

• N(E) I -
~f ] =  E~~~~

(

(E
h
~~~~~~~

h
~ - 

N (E~~~ E)J , (B. 1)
h

where the sum goes over all the electronically bound states of the exciton.

Equation (B. 1) is easily proved by writing down a general equation of the

same form as that of (A. 10), with

K(E , ~~E )  = E ô(E h -
~~ E)/ ’r h (E)

h

Integration over ~ E then icads directly to (B. 1).

2. Ionizing Collisions. We obtain N(E)[
~
f/
~
t]ion by suitable generalization

of (B. 1). Two steps arc involved: (a) Replacement of Eh by a continuous

variable, Eg + E~~~, where Eg is the minimum energy for the creation of an

electron pair (vertical-gap energy), and E~~ is the energy of the ejected d cc-

tron. (h) We’ must take account of the fact that the ejected electron also

contributes to the electron energy distribution. We thus write
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N(E) = f 
- Eg 

- N(E) f(Ej 4~~ + f 
N(E+E g +E (e) f ( E + E g +E (d) 

dE~~
ion 0 0 T i ( E + E g+E (e) , E~~~)

- ,
‘ N ( E + E ~~~ + E  ) f ( E + E ~~~+ E

- - + J g g dE~~ , (B.2)
0 T~ (E + E’~~ + Eg~ E )

• where E~~ is the energy of the scattered electron . But we now want to incor-

porate the basic indistinguishability between scattered and ejected electrons. We

do this by redefining our ionization rate as

dE’ dE’ dE’
Ti on(E

~ 
E’) = T. ( E , E’) + T ( E ,  E _ E g

_ E ’)  (B. 3)

where dE’/r(E , E’) is seen to represent the probability per unit time that a

primary electron of energy E suffers an ionizing collision such that any one of

I the two emerging electrons has energy between E’ and E’ + dE ’ , and the other

automatically has energy E - Eg~ E’ . We may now write ,

N E  = 
i ~~~Eg N(E)f(E)dE’ 

+ 
j  N(E+Eg+E*)f(E+Fs+E’)~~y.

~ ~t • 2 J T. (E , E ’) J T• (E+E +E’ , E’)ion LOfl 0
- 

(B.4)

whe re the factor 1/2 in front of the “depopulat ion ” t e rm is int roduced to avoid

double counting.

• F inal ly,  we give an ex;~ ression for the ave rage ion iza t ion  rate 8 re sult ing f rom

t h e  above —desc r ibccl elect ron —coil  is i on proCess. It is obta t ned 1w integrati  on of

- 

, (U. 4) over all energies , I ’ , and d i v i d i n g  1w th e total nuin h e r nt electr ons; it reads

L 302
__ 
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C.

( N(E) f ( E )d I
r. (E)

= 
g ion (B.5)
f N ( E ) F ( E ) dE

0

where 

E~~Eg dE ’
r . 0 (E) = r~~~( ,  E ’) • 

(B. 6)

is the total probability per unit time for an electron of evergy E to undergo an

ionizing collision.

a

I
I

~~~~~~~~~~ • • • • • •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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1. This property is certainly valid in the Born approximation, in which it is

possible to treat all electron-phonon collisions.

2. This approximation is valid when energy loss and gain processes are slow,

relative to the external frequency, w; said condition is hereby assumed to

hold once and for all.
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M. Spark s

Xon ic s, Inc ‘i  o rated , Santa Mon ic a , Califo rnia 90401

The use ful f t  .‘quellcy range of n ictall  ic r eflectors extends from
~~0 to 14 eV , and the al)sorptance on th i s  range is great , va rying
f rom app r~~ i l i i a t t ’h ei ght percent at 7.2 eV to app roximately one—h al f
pe rcent at 11) . 6pm . N e i ther  higher operat ing f requencies  nor st~’nifi-
can t lv  lo~~’ - r values of meta l l ic  ahsorptance are expected to be oh—

• ta m ed s ince  these values arc nea r  the int r i n s i c  l i m i t s . The useful
f re qut ’r icv region of tr anspi rent m a t e r i a l s  cxt ends from ~~0 to

i i . ~ eV , and the values of the bulk absorption coefficient on this
range ai~ ’ ext r ins i c , the lowest exper im enta l  values varying from

~~ ~ 10
- 

~~ cm — at 2 - 10 Mm , to iO —6 cm~~ at 1.06 ~m, to l0 1 cnc ~
at 7.2 eV . For f requenc ies  grea ter  than 14 ‘V , graz ing  incidence re-
f lect ion from dense m a t e r i a l s , and in some cases Bragg reflection ,
can be used , hut fundamenta l  l i m i t a t i o n s  preclude’ the development of
hig hly t r ansparen t  mate r ia l s . Nl t i l t i l ay er -d ie l ec t  n c  reflectors have
much lower in t r ins ic  absorptancc thaii d i) metal l ic reflectors. Tech-
nic a l  d i f f i c u l t i e s , including orders of magnitude typ i cal greater  ah-
sorptanci ’ of m a t e r i a l s  in f i lm form than in bulk form , current l y

• l i m i t  ti le ai)sorp t aiice of deposited f i l m s  to a few t imes  i0~
4.

~1ic sh i f t  ot int ~ rest ui the l a s t  10 years  from low-pow e r to h ig h-powe r optical
svsu ins  has had g i t  i t i mp a c t  on opt ica l  n i at e ’r i a l s , p:i r t i c u l a  n v  i n f ra red  m a t e r i a l s .
It appears that wu are now ,lt the b eginn  n i g  of ano ther  pe ri (1 of a sh i f t  in int i ’ re st , th is
ti me from hi gh pows. n at a few i so i ,n t ~ -d f requenc i -s to a range of f re quenc ies  sp read

throug hout t h e  opt ic a l  spect nini  and indeed even to hi gh — p r sources that ar c  t im —

able f rom th~, in f ra  r i d  at 11) ~~~ to the X — ray region at — 0.  1 mu. The in f ra  red region

has of course rece vi d g re i t  a t t ent ion , and Duthier and Sp ark s hav e  recentl y dis-
cussed vacuum - u l t i , v J l e t  m a t e r i a l s .  In the present paper a broad ov c ’i~’iew of the

exj .c ct  d pL ’r f ~ rn~ i ’ -~. ~nd pr ol) l( rns of ma te r i a l s  for use at hig h powe r levels from

the in f r a i t - d  th roug h t h i i  v a c u u m — u l t r a v i o l e t  regions is given.

F i r s t  conside r m e t a l l i c  re flectors.  Here metallic reflector will  mean uncoated
metal and norma l ly  i n c i d en t  r a d i a t i o n . It will be shown that the useful range’ of metal-
lic reflectors extends from near  zero f requency  to app roximatel y 14eV , and that the

absorp t~inc ~ on th i s  range i s  great , va rying fro m approximat e l y ei ght percent at 7.2 e V

31)5

_ _
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to approximately one-half percent at 10. 6j.im. Neither higher operating frequencies
nor sign ificantly lower values of metallic absorptance are expected to be obtained
since these values are near the intrinsic limits.

• Recall that the xenon laser, which operates at 7.2 eV, or 172 nm, was materials

limited from its first operation.2’ ~ The laser-mode pattern was burned into the cav-

ity mirror, which consisted of a thin aluminum film deposited on a magnesium fluoride
substrate. The important fact here is that the failure is a result of the great absorp-

tance of the aluminum. The commerc ially available films had approximately 20 per-

cent absorptance, and H. C. Chow and M. Sparks3 have shown that the intrinsic limit

of the absorptance of aluminum is approximately eight percent. There are no metals

with lower absorptance in the ultraviolet or vacuum-ultraviolet regions. This value of
eight percent is to be compared with a iypical desired value of l0~~ for hi gh-powe r

systems.

In Table 1 it is seen that the intrinsic absorptance of aluminum is -weigh t to 10
percent from —500 nm (green) to 7. 2eV (or 172 nm, for xenon). In the visible and

infrared region s, silver has the lowest absorptance, but the values are still quite

la rge, ranging from approximately one-half percent at 10. ó~ m to approximately two

percent at 500 nm. It is emphasized that these values are near the intrinsic limit s~
that these limits are quite high , and that significantly lower values of metallic absorp-

tance at these wavelengths are not expected to be obtainable.

For both metallic reflectors and transparent dielectrics , it is helpful to th ink of

t’..’o aspects of the usefulness of a material. The first  is the approximat e useful wave-

length region . For metallic reflectors, this useful range extends from the plasma

fre quency (15 .3eV for a luminum)  down to ze ro frequency, as i l lus t ra ted  schemati-

call y in Fig. 1. Metal s are not useful as normal - inc idence  reflectors at frequencies

grc - at er  than the plasma frequency because the reflectance becomes qui te ’  small.

Notice t h at there  is no l i m i t  on the low-frequency side. It has been argued that  metal s

h aving  plasma frequencies  greater than that  of a luminum (15.3e\T ) or vacuum-ul t ra-

v io le t  absorp t ancc less than that of a luminum (~~ei ght pe rcent) are not l i ke l y to be
3fo und.

‘The second aspect of the usefulness of materials  is how good they are in the use-

ful range . For ex ai i ip le , h o w  low is the absorptance A for mc ’ta l s  and how small is

306 
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Table 1. Lowest measured values of mibsorptance of silver and aluminum, showing

the great intrinsic values of metallic absorptance.

Wavelength (Mm) 10.6 1.06 0.50 0.32 0. 172 (7.2eV )

Ahsorptance of Ag(%) 0. 47 0. 64 2 .1 .~-85 >80 -

- 
- 

Absorptance of Al (%) 1.2 ~~4.3 10 9 8

- -
‘

I

’

a U

.
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F ig. 1. S c h e n n i a t  ic n i l u s t  rat ion of ineta l l  ic ahsorpt ance in the fre e — e l e c t  run

rox i m a t  ion , showing th e  usefu l fr eqmn -ncy range , 0 < w < , and the  g nt

i n t r i n s i c  val e s of : i l e o i p t : ncc on t h i s  r ange . N u i n h e n s  in I ) ; mr ( ’n t h1 1~~, ’s a re’ for

a l u ,n i n u n i  (neglect lug the  n t ’ -  n i cmnd coot n i l ) u t  ion to t in e  n l n s o r p t : n ’ ’). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J
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the absorption coeff ic ient  for t ran spar ent  m at e r i a l s. For a l u m i n u m  in the usefu l

range w < w~~, the ’ f ree -electron app r o x i m a t i o n  g ives A ~ 0. 02 f rom n ear  w to

— lO Mt~ , and the absorptan cc decreases at longer wavelengths . ~1’h e dif ference he-

tweeri th i s  value of two percent and the above val e of eight pe rcent is that  inter-

band t r a n s i t i o n s  are not included in the f ree-elect ron approx ima t ion .

Befoie leaving the subject of meta l l ic  reflectors , it is wo rt h m e n t i o n i n g  that  they

arc expecte d to remain  us e ful  in spite of lowe r mnu l t i lny c ’ r-d i c ’lcc t r ic - rcflector al) -

sorptnncc ’ ( possibly by orders of ma gn i tude) ,  as discussed below. Merits of met a l l i c

reflectors include the following: Great cooling is possible. ~Ih cy  m a y  be more daniage

resis tant  than are dielectr ic  reflectors in short-pulse (pc t ’a t io n. Diamond- tu rned  me-

tal l ic r ef lectors  ~avc received conside rable recent at tent ion.  The use fu l wavelengt h

reg ion of a given reflector is generall y greater for metallic reflectors than for mul-

t i l aycr -die lect r ic  reflectors. Strong l y aspheric optics arc d i f f i cu l t  to constr ic t  by

mult i l ay er -d i e l c ct r i c  techniques , which also suffe r from the lack of mater ia l s with

different values of for w ~ 8eV. Coatings can be used to reduce ’ the absorptance.

Dielectrics may fai l  in such hostile environments  as laser-fusion chambers and space .

It will he shown below that dielectrics become highly absorb ing at frequencies

greater than 11.8 cV . Thus there are ne i ther  good normal-inc idence reflectors nor

transparent mater ia l s  for use at frequencies greater than — 14eV. Grazing-incidence ’

reflection fro m dense mater ial s and in some cases Bragg reflection can be used at

frequenc ies greater than 14 cV , but fundamental  l imitations preclude the development

of hig hl y t ransparent  materials for such hig h frequencies .

Since the values of metallic ahsorptance are quite high for use at high power

• levels , it is appropriate to consider alternate reflectors. Mult i layer -die lectr ic  re-

flectors arc currentl y the most promising. Total-internal-reflection devices offe r

inte resting possibi l i t ies ,5 but the long optical path lengths through the material  gener-

all y make the fa i lure- in tens i ty  thresholds low. However , for the usual case in which
anti reflection coatings on the surfaces of the total -internal-reflection devices arc not
required , the technical diff icult ies  of deposition arc avoided .

Multilayer-dielectric reflectors have lowe r intrinsic a.hsorptance than do metal l ic
reflectors. As an illustration , for a dielectric reflector with thickness Lf = 5~~m and

absorption coefficient = 10 4 cm 1, the ahsorptance is Af ~ ~f Lf = 5 x l0~~ ,

—- 

~ 
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which is an extremely low value. The lowest measured values reported to date at any

wavelength are a few times lU 4. For example, a val ue of 7 x 10~~ was obtained at

10.6 iun at the Hughes Research Laboratory. It should be technically less difficul t

to obtain low absorptance at 1.06 jim and in the visible region than at i0. 6~~m. It is

emphasized that technical difficulties , including orders of magnitude greater absorp-

tai-ice of materials in film fo rm than in bulk form , not fundamental l imitat ions ,  cur-
rently limit the absorptance of deposited coatings (including mult i layer-dielectr ic

reflectors).6’7 The solution to the technical problems, perhaps by the methods sug-
gested elsewhere,6’7 would be extremely import an t both f o r  obtaining improved high -

power reflectors and for obtaining satisfactory antireflection coatings for high-power
windows.

Transparent material s are of course used for windows, antireflection coatings ,
multilayer— dielectric reflectors , and reflection-enh anc ing coating for metals. It will

be shown that the useful range of transparent materials extends from app roximatel y
45jL m to 11.8eV (105 nm), that values of the bulk absorption coefficient $ on thi s
range are extrinsic, and that the lowest experimental values vary from . — 5  x 10~~

a cm~~ at 2-lOjim , to ~~10 6 cm~~ at 1.06 jirn , to ~ 10 1cm ~ at 7. 2 e V . Hi gher  oper-
atin g frequencies are not expected to be obtained , hut lower-frequency operation
( X  > 4S Mm) is possibl e by u~’ing materials  with high Reststrahl frequencies and op-
crating below the Rc’ststrahl frequency .

The usef ul range of t ransparent ma te r i a l s  is l imi ted  at hig h f re quencies  by ab- (

sorption across the electronic band gap and at low frequencies  by mu l t ip honon and
direct  Rcst st r ah l  absorption , as i l lus t ra ted schemat ica l ly  in Fi g. 2 , ~in i c h  was pl ’cvi  —

ously used in discussions of window materials.8’ ~ ‘The hi gh - f r equen cy  u seful r egion
is extended by using light— el ement  crysta ls  tha t  are ion ic a l ly  bond ed in order to in-
crease ’ the hand gap.8’ ~ I A t h i u m  f luor ide  h as  the hi ghest e l e c t  run ic abs~ i~~ t ion ed ge
of 11. 8 eV at room temp -r a t u r e . lin e fre quency range is ~~~~ 

t h -d on t i m e  l o v e r  f r e —
( Iue ’ncy e-~nd by using h e a v y — e l e m e n t  i omi i ca l l y btmd , ’d c r~~t a ls such as ~~‘ta ’~s ium
l) 1’Omi l  I ( l e and potass ium cii loride.~ ’ ~ ‘The absot3)t ion coe f f i c i e n t  of p o t a s s i u m  b o r n  ide

j 
is — 10 ern 1 at 45 ~m . ‘I ’ r an i  spa vt -n t  iate  ci al s can be used at lowe r f ret  luene  L’s

( A > 4S ~imn ) by choosing a i l iate v ia l  w i t h  a Ii i gh Re st  st rahi f i c  I k ’m n c \  and  t tp ~,- n ,lt ing
below t in ’  Re~- t s t rahl f r equency  (to ti n e ’  lef t  of — 1 in F i r .  2~. l ine V , n i f t - s  ~ th e
al e  rpt nun  con f f i e  l en t  in  t hn i ’  m i s e f t i l  r ; i t l gL ’ a l l ’  x t  r i m i s i c , a m i d  t In t  bo~ ‘-t  \~~t ri  i n i t - m n t a l

_ _  ~~~~~~ 
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I ’ig . 2. Schematic  i l lus t ra t ion  of the frequency d - p  1( 1 IC of t i n t ’  i i - - - m u t t o n  of

a d ie lect r ic  m a t e r i a l , showing the use fu l range and the cxt m s  ic abs ‘Vt I ’  11 00 t i n t s

range.
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values range from ~~5 x 10 5 cm ’ at 2-lO~ m, to i0~
6 cm ’ at 1.06~ nn , to

1() - 10 cm ’ in the vacuum-ul t rav io le t  region.

Conside r the l imi ta t ions  of t ransparent  mater ia ls  in the useful  range in gre a ter

detail.  The infrared region has , of course, received the greate~ t att en t ion , with many
abso rpt ion n ie ’c ina n i s mn s  having been conside ’ red in detail .  Exa t i i 1n i -s in c lude  m u l t i  —

phonon abso r~~t io n , 10 damage and nbso i l i t io n  re~~- i t  ng fi o t i t  al t~ ori i i  i i~ l u c i u s  io l1 ~

and  al i s on in t  ton by in ipu  r i t y  molecules arid m o l e c u l a r  ion ~ 12

The me c h a n i s m s  by which mate r i a l s  f a i l  at hig h in tens i t i e s  in t i n  - v a cuum — u i t  i i —

violet region , particularly for a single 10 ns pulse of 7. 2 e’V rad ia n  ion , h av e  bee ’fl
studied recently, 1 as already mentioned above. The results are s um m ar i / e d  br ie f ly

as follows : Fig. 3 shows the impurity- absorption spectra of several  m a t e r i a l s  that

are useful in the vacuum-ultraviolet  region. The steep Urbach abso rption edges a re’
sho~~ at the left-hand ends of the spectra , and the long extr ins ic  absorption tai ls  are
shown coming off of the absorption edges at values of the absorption coe ff ic ien t  fi
ranging from — 1  to 50 cm~~ . Typical values of ~ at 7.2 eV are slig htl y greater tinari
10 ‘cm ~. The heating of the crystal resulting from th i s  value of ~ 10 1cm~~ can
cause fracture at an inte nsity slightly greater than 1010 W/cm 2 . If a conduction elec-
tron i s generated for each photon absorbed , the resulting optical dis tor t ion by the
elect ron plasma limits the intensity to — io8 W/cm 2 .

This e lectron-p lasma defocusing arises as follows: The refractive ’ inde x n r
of tine c rys ta l  is changed when the conduction electrons are generated accordin g to
the relation

‘ 1/2 / 2 2 l 1
~’2 2 21’1r = 

~~o - 

~~~~~ / ~~~ no 
- ~~~ / 2 n 0 w

where ~ = € 
1/2 The change on = - w 2 /2  n0 in the index of refraction has the

value O n  ~ -3 x 10 for A = 1jim and w = 4 ,rn c /m with e ’lectron d e ns i t y  n
18 r_ 3

= 10 cm . The decrease in the value of ‘1r at the cente r of the beam (fo r the usual
case in which the intensity is greater at the center of the bean) than at the beam edge)
causes a defocusin g since the optical path 

~r ’~ 
is decreased , j ust as it is for a groun d

lens that is th inner in the center than at the edge. For a one-centimeter-thick, fi ve-
-
~~~~ centimeter-radius R window with 

~r = ~~ x 1O~~ ( 1 - p2/ R2 ), the angular distortion

~ ‘i. 0 = d ( n r L)/ dp  has the value 0 = io ’1 radian s, which is a facto r of 10 greate r than

__  -~~~~~~~~~~~~~~~~~~~ - _ - -  -- -— -_- -~~~~~~~— --— -~~~~~ - - - - ~~~~~~~
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Sec. F

a typical value at which failure occurs. For Gaussian beams , the disto rtion is some-

what worse than for the parabolic decrease to zero used in the i l lu strat ive examp le.

Microscopic inclusions give rise to laser damage at energy densities of

,
‘ 

~...2 J/cm2 
~ypica11y for a ten nanosecond pulse , whi ch corresponds to intensity 1 0.2

GW/cm2!

Two-photon absorption generates conduction electron s which can be amp l i f i ed  in

number by the electron-avalanche process. The result i ng electron density can absorb

radiation by the Joule-heating process, and the electrons can defocus the radiat ion by
the electron-plasma defocusing mechanisms discussed above. The fa i lure  intensities
are typically ~~~~~~~~ W/cm2 fo r heating to thermal fracture , — 2 x JO 9 W/cm2 fo r heating
to melting, and —4Q8 W/cm2 for the electron-p lasma optical distortion.

The Raman-scattering process has recently been shown~~
’ to have a hi ghl y Un-

stable cha racter at high intensities, of the order of 1O9 W/c’n 2 typ icall y, which is
expected to cause laser damage in Ra man-active crystals.

The nonlinear-refractive-index mechanism is illustrated schematically in Fig. 4.

The index of refraction has a nonlinear contribution 8
~~r 

n2 (E 2 ) proportional to the
square of the electric field E .  The greater intensity at the center of a typical beam
ca uses an inc rease in the index of refraction which causes a focusin g of the bea m,
which in turn increases the index of refraction since the intensity is increased. If the

sample is suff icient ly  thick, this  process continues unti l  the beam collapses to a small

dia meter at which point the sam ple is dama ged. If the sample is not suff icient l y thick
for beam collapse , there is still  an optical distortion resultin g from the inc rease in
the index of refraction at the center of the beam. In the glass lasers used in laser-
fusion studies , small spatial  f luctuat ions in the in tens i ty  give rise to local variat ions

in the index of refraction which cause beam breakup as i l lus t ra ted  s c h e m a t i c a l l y  in the

bottom of Fig. 4.

Duth ler
16 has shown that  the n on l inea r  index can be considerab l y greater at fre-

(JU encies  near  Wg /2~ where flWg is the hand gap energy , as i l lus t ra ted  schematicall y

L 

in Fig. 5. The two-p hoton absorption con-responds to the i m a g i n a r y  part of a contribu-

tion to the dielectr ic  constant. flnc enhancement  of the n o n l i n e ar  index corresponds to

the real part of th is  cont r ibut ion .
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Two-pho ton
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( schemat i c )
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Sec. F

The i n t en s i t i e s  for  f a i l u r e  by these var ious  mechan ism s  are collected in bar-
grap h f orm in Fig. 6. The lowest f a i l u r e  threshold (~~20 M W/c m2 ) is the metallic
fa i lu  n-c by in c i t ing .  The lowest fa i lu  re in tens i ty  for t ransparent mater ia l s  is that of

• the one-p hoton-absorption , electron-plasma optical-distort ion process. This value of
f a i l u r e  intensi ty  (— 50 MW/ cm 2 ) could he increased if the large value of 0.1 cm ” for
the absorption coeff ic ient  could be reduced by, say, purif ying the mater ia l s .  However ,
onl y a factor  of approximat el y three  would he ga in e d  since the fa i lure  intensi t ies  fo n-
the two-p hoton-absorption , electron-p lasma optical distort ion and the mac roscopic
inclusion s are onl y slightl y greater  than that of the one-photon electron -plasma opti-
c a l - d i st o r t i o n  process. ihe value of the n onl inear  absorption coefficient for the two -
photon absorption p rocess has bee-n est imated onl y to within an orde r of magnitude or
so since the electron wavefuactions are not well known. It is emphasized that the re-
suits in Fig. 6 app ly to a 7.2 e V , iO ns pulse , and that both the values of the intensi-
t ics  and the relative importance of the mechanisms change in general when the wave-
lengt h or pulse durat ion is changed.

At the present t ime such detailed results as those of Fig. 6 have not been obtained
for othe r wavelength s and other pulse durations. Color-cente r absorption and color-
cente r generation in the ultraviolet and visible regions have , of course , been studied in
detail . The secondary-exponential absorption region for disordered materials also has
bee-n studied in some detail , as have the l imi ts  imposed by scatte ring. Pulsed laser
damage at rub y and a few other optical frequenc ies have received considerable atten-
tion in recent years. However , neither the intrinsic nor the extrinsic values of failure
in t ensi t ies  are known for the ultraviolet and visible wavelength regions. Such results
as those’ of Fig. 6 for 7.2 eV, 10 ns pulses are needed for wavelengths throughout the
visible , u l t r av io l e t , and vac uum-ul t raviolet  region s and for a ran ge of pulse durations.
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