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PREFACE

1 This Second Technical Report desciibes the work performed on Contract

DAHC15-73-C-0127 on Theoretical Studies of High-Power Infrared Window

Materials during the period from June 30, 1973 through December 6, 1973.

The work on the present contract i; a continuation of that of the previous

A

e ————

Contract DAHC15-72-C-0129.

The following investigators contributed to thi: report:
Mr. H. C. Chow, research associate
Dr. C. ]. Duthler, principal research scientist

Dr. A. M. Karo, consultant, Lawrence Livermore Laboratory,

Livermore, California
Dr. A. A. Maradudin, cons.ltant, University of California, Irvine, California
Dr. D. L. Mills, consultant, University of California, Irvine, California
Dr. L. J. Sham, consultant, University of California, San Diego, California

Dr. M. Sparks, principal investigator

The material in this report constitutes the final results on the subjects covered.
Previously reported results are not repeated in the present report. However, the
list of publications and summary of results in Sec. N include all publications and
results of this and the previcus contract. The brief overviews in the Introduction
(Sec. A) and in the general sections B on Extrinsic Absorption Processes and D on

Very High-Intensity Effects also mention previous work.

As of the present date, the emphasis of the program will be on ultraviolet

materials.
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SUMMARY

This summary covers the material presented in the present report only.

An overview of the complete program is given in Sec. A, and the list of publici-

tions and outline of results in Sec. N cover the previous investigations as well as

those of the present report.

Extrinsic Absorption, It is proposed that an important class of impurities

limiting infrared transmission in alkali-halide laser-window materials are mole-

cular-ion impurities that substitute for the halide ion in these crystals. Evidence

is found from a survey of the experimental literature that concentrations of less

ol - ) . 2-
than 0. 1 ppm of NO2 - HC03, SO4 , and CrO4 will yield an absorption coeffi-

cient B greater than 10-4 cm"l at 10, 6 um. Predicted temperature dependences

of impurity—limited B (10.6 pm) are: Tl‘ 6, temperature independent, and de-

creasing 8 with increasing temperature depending on the particular jonic im-

purity.

A theoretical analysis suggests that divalent ions added to alkali halides to

strengthen them should not give rise to measurable (8 =~ 10 cm-l ) absorption.

Two possible exceptions, which are believed to be unlikely in general, are that a

divalent ion could activate another impurity or that the added ions could have elec-

tronic levels that are very closely spaced. The negative experimental result of no

correlation between Pb2+ concentration and 10.6pm absorption in alkali halides

is shown to be the result expected.

The U center is the only known impurity in alkali halides that has a localized

vibrational mode sufficiently close to 10. 6 ym to cause noticeable absorption. Ab-

sorption in the far high-frequency wing (@ >> Wieg ) of the impurity-absorption




resonance, in addition to absorption near resonance, may be important, in contrast
to previous beliefs. The high-frequency side of the resonance is the more impor-
tant region because the intrinsic absorption increases rapidly with decreasing fre-
quency, thus obscuring the low-frequency wing. Gap-mode and resonance-mode
absorption are shown theoretically to be negligible at 10. 6 ym. Impurity -induced

infrared activity of phonon modes is estimated to be negligible.

Analyses and estimates indicated that surface absorption can give rise to an

¢ cm-l. Molecular absorption and in-

equivalent absorption coefficient of § > 10
clusion absorption are two important sources of surface absorption. Electronic
states in the band gap in both semiconductor and alkali-halide crystals are poten-

tially important absorption centers. Absorption by pure surface vibrational modes

is believed to be negligible.

Absorption by electrical carriers and electronic absorption is important. Elec-
tronic levels with small spacing have already been observed to give rise to infrared
absorption (near 2 pum for Cr in zincblende-structure crystals). Shallow levels that
can be emptied thermally can give rise to absorption with B decreasing with in-
creasing temperature. Electronic absorption across the gap is negligible at 10. 6 um.

Stress-induced multiphonon absorption was shown theoretically to be negligible.

Very High-Intensity Effects, In a general discussion of nonlinear and other very

high-intensity effects, it is pointed out that material failure from absorption by mac-

roscopic inclusiows, electrical breakdown of dirty air, stimulated scattering proces-

ses, and electron avalanche breakdown occur at typical breakdown intensities as low
6

as 107, 107, 108, and 1010 W,/cmz, respectively. Parametric instabilities of phonons,

self focusing, multiphoton absorption, and electrostrictive defocusing are shown to

have higher breakdown intensities.




An explanation of laser-damage cone-shaped surface pits is proposed.

An anisotropic, quasistatic stress distribution is found in the material surround-
ing an absorbing inclusion of a radius a centered a distance d below the surface
of a transparent host. Maximum tensile stress greater than the pressure at the
inclusion-host interface occurs at the angle em = cos"1 (a/d) from the line join-

ing the inclusion center to the surface, resulting in cone-shaped fracture.

Nonlinear infrared absorption from parametric instabilities of phonons is con-
sidered in detail, and is shown to be negligible in the low-absorption region of expo-
nential frequency dependence of the optical absorption coefficient 8. However, it is
observable at the Reststrahl resonance and in Raman scattering. At low intensity,
the transmission T curve is independent of intensity, as usual, but at high intensity,
the T (w) curve broadens and the transmission at resonance increases. The time
constant for the approach to the steady state is important since the steady s. e is
not attained in short laser pulses in important cases in which long-lived phonons
give rise to low steady-state threshold intensities for anomalous absorption. The
threshold for the parametric instability is quite sharp when considered as a func-
tion of the amplitude of the fundamental phonon, but smooth when considered as a
function of the incident laser intensity. In contrast to a previously accepted result,
even crystals, such as NaCl, having a center of inversion could have anomalously
Jow thresholds since the threshold is controlled by the phonon (in the pair) having

the loager lifetime. Chain instabilities and enhanced relaxation from mutual inter-
action of excited pair phorons are negligible for the phonon instabilities, in contrast
to previous results for plasmas and parallel pumping in ferromagnetic resonance,

respectively. The method of calculation, using Boson occupation numbers rather
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than mode amplitudes, has the simplicity and power to allow us to obtain more

information about parametric instabilities, including effects above the threshold,

than has been possible previously.

High-Power 2-6ym and 10.6ym Window-Material Figures of Merit with Edge

Cooling and Surface Absorption Included. Values of the total power & that a window

can transmit under specified conditions are calculated for use as figures of merit
for window materials. New features of the figures of merit are: consideration of
edge as well as face cooling, treatment of surface as well as bulk absorption, use
of @ rather than intensity as the figure of merit, effects of improving materials
and calculation for 3.8 and 5.25pum as well as 10. 6um. New results include the
following: For continuous operation, large-diameter windows should be face cooled,
but small-diameter windows may be edge cooled, and & often decreases as the di-
ameter D increases. For pulsed operation, ¢ increases as D increases, as intui-
tively expected. Values of the diumeter DEF’ above which face cooling should be
used, are surprisingly large, ranging between 7 and 100 cm, typically. For pulsed
operation and for D > DEF in cw operation, € is independent of thermal conduc-
tivity K, while for D < DEF in cw operation, € « K. For small-diameter win-
dows, the high temperature at the center of the window may limit the value of €

and the theoretical thickness may be t.1reasonably small.

The alkaline-earth fluorides have the greatest figures of merit for large-
diameter windows in the 2-6 ym range, with & = 76 MW for a one-second pulse
on a ten-centimeter-diameter window of BaF2 at 3. 8ym with a bulk absorption
coefficient of 1074 em™L. For small-diameter windows (1 cm-diameter ), Si, Ba Fy

and GaAs have the greatest values of € = 1.8, 0. 94, and 0.76 MW, respectively,

for cw or 1 sec pulse duration at 3.8um,. For continuous operation at 10. 6 ym

e g T . —— e e
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with bulk absorption, a diamond window with D = 1 cm has the greatest value
(@ =0.57 MW) of the existing materials and values of D considered. If the ma-

terials are improved (absciption coefficient B reduced for ZnSe, strength ¢

increased for KC1, and both improvements for CdTe and KBr), 1 cm-diameter
windows of ZnSe, KC1, KBr, and CdTe will transmit 0.74, 0.58, 0.51, and
0.24 MW, respectively. Ior one-second pulse operation, a 100 cm-diameter
window of KC1 transmits 67 MW for ¢ = 330 psi or 260 MW for ¢ improved

to 5,000 psi.

Explicit Exponential Frequency Dependence of Multiphonon Infrared Absorption,

The nearly exponential frequency dependence of the infrared absorption coefficient 8
observed by Rupphrecht, Deutsch, and others has been explained previnusly by eval-
uating the individual n-phonon contributions to 8, summing the results, and noting
that the sun was nearly exponential over a fairly wide range of frequencies. A new
derivation o1 the multiphonon absorption coefficient yields 8 ~ exp (- wT) directly,
rather than as a sum on n, and provides a prescription for estimating the range of

w over which the nearly exponential behavior extends.

Quasiselection Rule for Infrared Absorption by NaCl-Structure Crystals. A se-

Tection rule forbids splitting of a Reststrahl phonon into two phonons on the same
branch. We propose that the interaction (summation or difference) of a Reststrahl
phonon with two acoustical or two optical phonons is much weaker than the inter-

action with one acoustical and one optical phonon. This quasiselection rule is useful

in explaining several multiphonon absorption results including the small number of

two-phonon peaks observed in NaCl-structure crystals.




.

The Absorption Coefficient of Alkali Halides in the Multiphonon Regime:

Effects of Nonlinear Dipole Moments. The theory of the absorption coefficient

for a model of alkali halide crystals in the multiphonon regime developed in the
previous report is extended to incorporate the effects of a nonlinear dipole
moment, The resulting expression for the absorption coefficient is evaluated
for several diffzrent interatomic potential functions and choices for the non-
linear dipole moment, We suggest that the relative sign of the contributions to
the absok';i;;ion coefficient from crystalline anharmonicity and the nonlinear vari-

ation of the electric dipole moment with interatomic separation could be such that

these contributions interfere constructively in the alkali halides.

Vertex Corrections for Multiphonon Absorptio, In the previous technical

report, vertex-correction factors An were calcuiated for all processes through
n = 6, where n is the nuinber of final phonons created in the absorption process.
In numerical calculations in progress, the value of An was needed. Thus, this

seventh-ordel vertex is calculated.

Negligible effects. There are many effects in addition to those considered in

the present and previous reports that give rise to infrared absorption, but whose
strengths are too small to be observable. Simple order-of-magnitude calculations
indicate that ultraviolet-induced infrared absorption and low-intensity inelastic

scattering including Raman, Brillouin, and ionic Raman and Brillouin scattering,

in addition to several processes already mentioned, fall into this category.




Sec. A

A, INTRODUCTION

The emphasis to date on the present contract and on a previous contract
(DAHC15-72-C-0129) has been on theoretizal studies of high-power infrared-
window materials. Since the remainder of .he program will emphasize studies
on ultraviolet materials, a very brief overview of the infrared results is given.

A summary of results of the complete program is given in outline form in Sec. N,

The motivation for the program on theoretical studis:s of high-power infrared
window materials was the availability of high-power infrared lasers for current
Department of Defense programs and the realization that lack of transparent ma-
terials for windows may limit the usefulness of many laser systems. As higher
powers and shorter pulse lengths become available, the problem of obtaining
materials with acceptably low absorption will become even more serious. At the
beginning of the program, values of the optical absorption coefficient B of candi-
date window materials were needed in order to evaluate the potential performance
of the materials. There had been no previous calculations of the numerical values
of B in the highly transparent regions for materials of interest (such as KBr and
ZnSe at 10.6um), and the available corresponding experimental values were of
questionable efficacy since they were believed to be extrinsic (i.e., caused by im-

perfections that can be removed in principle).

The paucity of experimental and theoretical information on the values of g
was one of the most pressing problems in the Department of Defense high-power
window programs. It was especially important to know if the values of B were in-
trinsic or extrinsic and to have reliable estimates of the intrinsic value of 8 before

undertaking imperfection-identification and sample-purification programs since

PR S TR W  PE OTTET NG gy —
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Sec, A

there were many candidate materials and these expensive programs should be
undertaken only if there were a good chance of reducing g to the required value.
Thus an objective of the program was to determine if the current experimental
values were intrinsic or extrinsic and to obtain reliab'e estimates of the intrinsic
and extrinsic values of 8 for materials of interest. It was not krown if any re-
duction in the value of 8 could be obtained until this former information was
available. Furthermore, the frequency and temperature of B for the extrinsic
processes should be invaluable to materials-improvement programs in identifying

sources of extrinsic absorption.

In order to define the p'oblem in greater detail, consider the schematic illus-
tration of the frequency and temperature dependence of B shown in Fig. Al. There
is a region of very small intrinsic absorption bounded by the fundamental lattice
peak and the electronic absorption edge. At sufficiently small values of intrinsic
absorption, B is expected to be dominated by extrinsic processes, as marked on
the figure. In the study of the values of 8, the primary interest is first in the
value at 10. 6ym and second in the 2-6ym range. It was pointed out in the first
quarterly report of the previous contractl that the values of B over large ranges
of values of w and T are extremely useful in determining if an experimental
value of B at, say, 10.6um is intrinsic or extrinsic and in estimating the intrinsic
value of B at 10.6ym. Thus, the calculations included values of w between the
fundamental lattice absorption edge and the electronic edge and values of tempera-

ture between liquid helium and the melting point of the material.

The value of B8 required for a given application varies greatly. Required values
for high-power systems are as low as 10-4 cm-l, possibly lower. Most of the pre-

vious theoretical work had been concerned with derivations of formal expressions
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for B, or, equivalently, the imaginary part of the dielectric constant. Very little
congidcration had been given to the calculation of the numerical values of 8, and

all such calculations had been for frequencies near the fundamental resonance where
B is large (8 >> lcm-l ). There are a number of reasons why there had been no

previous calculations for the numerical values of B in the range of frequencies

! T g il : :
where B << lcm ~. First, the need for thic information has become pressing

only within the last few years as higher -power lasers have become available.
Second, previous interest was in obtaining information about the phonon dispersion
relations, and this information was obtained without the knowledge of the absolute
magnitude of 8. Finally, the calculations are not trivial. Straightforward com-
puter calculations of 8 in the n-phonon region for large n surely would yield

paltry results,

‘n the intervening twenty-four months there has been considerable theoretical
and experimental progress. We have explained quantitatively the nearly exponen-
tial frequency dependence of the optical absorption frequency B observed by
Rupprecht2 and by Deut:sch3 and the substantial deviations from the expected tem-
perature dependence observed by Harrington and Hass.4 The calculations are based
on a reasonable model of the lattice with the Born-Mayer interaction potential.
They include the dispersion relations of the phonons, and the approximations made
were shown to be reasonable. The Raytheon measurements of 8(w) and our theore-
tical prediction that there should be no drastic deviations from the extrapolations
of the measured B(w) have settled the question of whether the values of 8§ mea-
sured at 10.6um are intrinsic or extrinsic for most materials of interest and have

afforded estimates of the intrinsic values. With the exception of KCI1, the estimated
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Sec. A

intrinsic values of 8,, ¢ for candidate 10.6 um window materials are well below
the lowest measure * values. The most interesting problems in the theory of in-

trinsic multiphonon absorp . n now appear to be solved.

The emphasis then shifted to extrinsic absorption and to nonlinear and other
very high-power effects. The results are discussed in Secs. B and C and Secs.

D and E, respectively.

A number of practical effects such as thermally and pressure-induced optical
distortion, edge and face cooling, engineering solutions to the window problem,
tabulations of B(w) results, and guidelines for selecting materials were con-
sidered. (See the list of publications in Sec. N. ) Finally, new figures of merit

for window materials are considered in Secs. G ani H.

The following will be included in the next technical report: stimulated Raman
scattering, higher-order dipole moments, U-ccnter absorption, and results of

numerical evaluation of multiphonon absorption.
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Sec. B

B. EXTRINSIC ABSORPTION

A theoretical analysis suggests that divalent ions added to alkali halides to

4 cm~ l) absorption.

strengthen them should not give rise to measurable (8 =~ 107
Two possible exceptions, which are believec to be unlikely in general, are that a
divalent ion could activate another impurity or that the added ions could have

electronic levels that are very closely spaced. The negative experimental result

of no correlation betwe=n Pb2+ concentration and 10. 6gin absorption in alkali

halides is shown to be the result expected.

The U center is the only known impurity in alkali halides that has a localized /
] vibrational mode sufficiently close to 10. 6um to cause noticeable absorption. Ab-
sorption in the far high-frequency wing (w >> wres) of the impurity-absorption
resonance, in addition to absorption near resonance, may be important, in con-

trast to previous beliefs, The high-frequency side of the resonance is the more

important region because the intrinsic absorption increases rapidly with decreas-
ing frequency, thus obscuring the low-frequency wing. Gap-mode and resonance-
mode absorption are shown theoretically to be negligible at 10. 6 ymi. Impurity- !

induced infrared activity of phonon modes is estimated to be negligible.

Analyses and estimates indicated that surface absorption can give rise to an

equivalent absorption coefficient of 8 > 10-4cm-1. Molecular absorption and

inclusion absorption are two important sources of surface absorption. Electronic

states in the band gap in both semiconductor and alkali-halide crystals are poten-
tially important absorption centers. Absorption by pure surface vibrational modes

is believed to be negligible.
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Absorption by electrical carriers and electronic absorption is important.
Electronic 1+ vels with small spacing have already been observed to give rise to
infrared abscrption (near 2ym for Cr in zincblende-structure crystals). Shallow
levels that can be emptied thermally can give rise to absorption with B decreasing
with increasing temperature. Electronic absorption across the gap is negligible
at 10. 6 ym. Stress-induced multiphonon absorption was shown theoretically to be

negligible.
I. Introduction

As discussed in Sec. A, it appears likely that the most interesting problems
of intrinsic absorption have been solved. This is not the case for extrinsic ab-
sorption, although we have macde considerable progress recently. The obvious
central problem of imperfection absorption is that unwanted imperfections can
cause unacceptably large absorption. In addition to unwanted imperfections, im-
purity ions may be introduced into crystals intentionally in order to compensate

semiconductor materials or to strengthen alkali halides.

Before discussing specific impurity absorption processes, it is again empha-
sized that experimental studies of the frequency and temperature dependence of 8,
especially on intentionally doped samples, would be extremely useful in helping to

understand impurity absorption. The present investigation suggests that interest-
— = 2_ -
ing dopants for the alkali halides are U centers, NO2 , HCO,, SO4 , and CrO4 .

Studies of B in the far wings, particularly on the high-frequency side of reso-

nance, of the impurity lines for specific impurities would be particularly useful.
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II. Classification

Before considering specific absorption mechanisms, it is useful to classify

extrinsic-absorption mechanisms as follows:

Point imperfections include molecules in anion sites ard possibly other sites,

isolated impurity ions, self and impurity interstitial ions, vacancies, and various
"centers" such as U centers. A small cluster of the above, such as impurity-ion
pairs or a vacancy plus a neighboring impurity ion, will be considered as a point

defect i1 the spirit of radiation damage studies.

Extended imperfections include clean and contaminated grain boundaries, voids,

second phases, inclusious, dislocations, stresses, and regions of deviation from

stoichiometry (with possible variations throughout the sample).

Surface effects include effects of molecules and ions on or near the surface,

surface contamination from solvents, dirt, etc., pits and scratches, electronic
surface modes, surface free-carrier absorption, and vibrational or electronic

"pure" surface states (resulting from the discontinuity at a perfect surface).

Electrical-carrier absorption includes free-carrier absorption, interband

transitions of holes or electrons, and electron or hole transitions involving

levels in the electronic band gap.

A given imperfection can have: vibrational effects, in which the absorption

involves the motion of nuclei; electronic effects, in which the absorption involves

transitions between electronic levels of the impurity, roughly speaking; or electrical-

carrier effects, in which the imperfections contribute the current-carrying electrons

or holes. Some processes, such as Raman scattering, involve both vibrational and

electronic effects.

15




[II. Macroscopic Inclusions

Macroscopic inclusions are extended imperfections such as voids, second-
phase inclusions, contaminated grain boundaries, and regions of deviation from
3 - 1 : .
stoichiometry. It was shown in the previous report that these imperfections can

be very important in increasire the value of B and in causing material failure.

IV. Molecules in Anion Sites

This subject is discussed in detail in Sec. C, where it is shown that impurity

- s : L : ~1
concentrations as low as parts per billion can give rise to 8 ~ 10 4cm :

V. Vibrational Absorption by Point Imperfections

Three types of vibrational impurity modes are well known: localized modes,
having w > w .. where @ max is the greatest of the phonon frequencies, and
resonance and gap modes having w < Wmax * Light, weakly bound impurities te1 d
to give rise to localized modes, while heavy, tightly bound ones tend to give rise to
resonance and gap modes. Order-of-magnitude estimates shc s clearly that the
latter two types give negligibly small contributions to B for w >> @mhax and

normal impurity concentrations, the reason being that the impurity absorption is

basically weaker than, and just as far off resonance as, the fundamental resonance.

In alkali halides, the U ceuter (H— in anion site) is the only imperfection known

to have localized-mode resonance frequencies w. well above @ max* The resonance

frequencies of the U center in KC1 and KBr are 502 and 446 cm-l, respectively, for

example. The importance of absorption in the high-frequency wing of the absorption

line and the magnitude of the absorption are discussed in Sec. VI.



Imperfections can render phonon modes other than the fundamental mode
infrared active and ca: give rise to an increase in the value of the relaxation fre-
quency of the fundamental resonance, thus increasing the value of B. Crude argu-
ments and order -of-magnitude estimates indicate that these effects are negligible
when w >> w o for point imperfections, voids, second phases and inclusions
of nonabsorbing materials, clean grain boundaries, and clean surface pits and
scratches. For example, the normal modes in the presence of vibrational imper-
fections are admixtures of ordinary phonons. Many of these normal modes are
infrared active because they contain admixtures of the fundamental-phonon mode.
Thus, in a sense, the fundamental mode is spread out among the new normal
modes. This could cause measurable effects for «w < @ max ° However, for

W > W it should make little difference whether the phonon modes are ad-

mixed or not.

V1. Absorption in the Far Wings of Extrinsic Lines

At the beginning of the program it was expected that localized-mode absorp-

tion Bloc would be important only if w,. were within a few line widths of the op-
erating frequency. The same argument would have applied to the molecular
absorption considered in Sec. C. It now appears that extrinsic absorption Bext
may be important at frequencies many line widths Aw above W The simple
reason seems to have been overlooked previously. That is, even though ﬁext
decreases rapidly as | w - w_ | /Aw increases, the intrinsic multiphonon con-
tribution Bint also decreases rapidly, as seen in Fig. Bl. Thus, itis possible

that Bext could be greater than Bint for all w > w_. Notice in passing that



the value of Bloc = 7.5cm-1 at resonance from Fig. Bl implies a cross section

Ol & 75 em™1y 1022 (ions/cn13)( 1074 impurity concentration) = 10717 em®
at resonance. This agrees with the fundamental resonance value of o = 1()'5

cm-1 /( 1022 ions/cms) = 10-17 cmz.

=

In Fig. B1 the slope (on the log scale) in the far wings of the U-center absorp-
tion is assumed to be equal to the intrinsic slope. In determining the effect of ﬁext

for @ >> W it is obviously important to know if the slope of Beyt is greater or

less than that of Bint . A theoretical formulation has been developed and is being
applied to specific cases to determine the slope of log Bext . It should be empha-
sized that measurements of Blcc(w) for w >> w_ for samples with known con-
centrations of imperfections would be extremely important in impurity-absorption

f studies.

i

Until more experimental results are available, reliable estimates of Bext at

10.6pm cannot be made. In the absence of this information, it is interesting to
notice that the equal-slope-extrapolation of Fig. Bl (for 100 ppm U centers) indi-

cates that = 8. at 10.6um in KC1 for ~10 ppm U-center concentr.ition.
(o] int H pp
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in KC1, illustrating the greater importance of the high- frequency wing.

19




Sec. B

VII. Absorption from Surface Effects

2
It has been shown that impurity ions, atoms, or molecules on sample
surfaces can give rise to absorption of the order of 0. 1 percent per surface,

3 cm-l for a

which is equivalent to a bulk absorption coeificient of g = 2 X 10”
one-centimeter -thick sample (with two absorbing surfaces). That such large
effects are plausible can be seen by an order-of-magnitude argument. For a

5 A-thick surface layer of material having a value of B = lO5 cm-1 at resonance,
Bf’su » 5 X 10-3, or 0.5 percent absorption per surface. For a one-centimeter -
thick sample with absorption on both surfaces, this is equivalent to a bulk ab-
sorption of 8 = 10-2 cm-l. Thus, this layer could give rise to an equivalent bulk

absorption of 8 = 10-4 cm-l rather far from the resonance.

Molecular absorption (scc Sec. C) and macroscopic inclusions3'4 such as
embedded polishing compounds are two of the most likely sources of surface ab-

sorption. Absorption by electronic surface states is discussed in Sec, VIIL

The opinion obtained from the current literature and from discussions with
workers in the field is that vibrational "pure' modes will not give rise to absorp-
tion as large as 0.1 percent per surface for materials of interest at ~2-10pym,
but it is not certain that this is the case. This problem is interesting, and it
should be easy to obtain an estimate of B. However, the problem was not ad-
dressed under the present contract as it was anticipated that the results would be

negative and have far less impact than the other results which were obtained.
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VIII. Electrical-Carrier and Electronic Absorption

Free-carrier absorption is sufficiently well understood that no additional
study was necessary. The conditions required to avoid free-carrier absorption
and measurement of "near )\2 " dependence of 8 and measurement of electrical
conductivity as methods of detecting free-carrier absorptivn were discussed in

the previous technical reports.

Electronic transitions across the band gap surely do not give rise to observ-
able absorption at 10.6 or 3.8 pum in the alkali halides or wide-band gap semicon-
ductors of interest since the absorption edge near wg = Eg/ﬁ (in the ultraviolet
or visible region) is too far from w. As discussed in Sec. D, 42 phoions typically
are required to coiserve energy. Furthermore, there is no evidence of 8 in-

creasing with w, as would be expected for this electronic absorption.

On the other hand, electronic absorption associated with smaller-energy elec-
tronic transitions can be important. At impurity concentrations so low that the
usual free-carrier absorption is not detectable, transitions of holes between two
different valence bands can give rise to broad absorption bands that can be strong
(B =0.3 cm-l in one case, for example) in the 2-6 ym region.5 The interpretation
of such absorption given by l(ahn6 apparently has been overloci:ed in recent litera-
ture. Transitions of electrons between different regions of the conduction band
where the densities of states are high also shou'd give rise to observable values
of B. For example, the two conduction-band levels responsible for Gunn-Hilsum-
Ridley oscillations in GaAs are separated by 0. 36 eV, which corresponds to 2900

em”, or 3. 4ym.
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Electronic transitions between "crystal-field" levels separated bv infrared
energies can give rise to infrared absorption. For example, Vallin, Slack, Roberts,
and Hughes7 have shown that Cr2+ ions in zincblende-structure crystals give rise
to absorption bands near 2um (crystal-field-split levels) and probably others near

20 ym (Jahn-Taller -split ground-state levels).

Electronic levels in the band gap generally can give rise to absorption. Such
levels can arise from impurities or from surface states. Levels near the con-
duction band that are sufficiently shallow can be emptied thermally. This gives

rise to absorption that decreases as the temperature increases.

Finally, the bending of the bands at the surface of semiconductors could give
rise to absorption. This effect was not investigated in view of its expected low

probability of high-impact results.

IX. Stress-Indaced 10. 6 um Absorption

It has been observed that KC1 crystals with internal stresses have an absorp-
tion coefficient which is twice as great as the value observed when the same crystals

4 .m™1, annealed). 9 The following crude calcu-

were annealed (B, TN 6x10
lacion shows that the stress-induced absorption most likely is not due to changes in
the intrinsic multiphonon absorption, but instead arises from changes in the extrin-
sic contribut.on to B. For example, molecular anion impurities (see Sec. C) are
likely to be stress sensitive. The fact that the value of B for the annealed sample

is an order of magnitude greater than the extrapolated intrinsic value supports the

suggestion of a strain-dependent extrinsic contribution to 8.

Phonon frequencies are known to be temperature and stress dependent. To

astimate the effect of stress on the intrinsic multiphonon absorption, the usual
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exponential dependence of g8 on frequency is retained and changes in B are assumed
to result from changes in Wes the fundamental Reststrahl frequency of the crystal.
In the unstressed crystal, w(laser) = 6.6 Wy The stressed crystal will have com-
pressed regions and stretched regions. Thus, W and (.u/u.:f vary throughout the
crystal. Due to the exnonential dependence of 8 on w/w £ those regions having

w (laser) > 6.6 We will result in a negligible decrease in 8.

q The pressure dependence of w £ in KCl1 is derived from the estimated temper -

2

ature dependence of w; (dw;/dT ~ 4 x 10° cm'l/l()10 by assuming that the

change in frequency is a result of changes in volume producted by either tempera-

ture or pressure:

dwe duwe 47

dp dT dV g_v 0
where
dT/dV = 1/3aV (2)
‘ and
| dvV/dP = V/B . (3)

In (1)-(3), T is the temperature, V is the crystal volume, P is the local pressure
(or stress), o is the linear thermal expansion coefficient, and B is the bulk modu-
lus. Volume changes, hence frequency changes, are much less sensitive to pressure
5 K-l

than to temperature. Using o = 3.93 x 10 and B = 1.78 x lOll dynes/cm2 5

(2) and (3) indicate that a 1K temperature change is equivalent to a 300 psi pres-

sure change.

23
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Substitution of (2) and (3) into (1) yields

i P L
iP  3aB dT

- L3x10¥em Y psi . (4)

Since d(log B)/d(w/wf) = 1, in order for B to change by a factor of 2, w/(.c:f
must change by 0.3. With w = 6w, and w, = 142 cm™L, the change in w; is
7o 1 cm_l, which according to (4) requires a pressure change of 5 X 104 psi.
This is an underestimate since the stress must be averaged over the volume of
the crystal. When the stressed samples are viewed in a polariscope, a shift of
approximately one fringe of visible light is observed between regicns of high and
lew stress.g Using the stress-optic coefficient and assuming that differences in
the principal stresses are comparable to the magnitude of the stresses, the
stresses in the crystal are estimated to be of the order of 102 psi, which is
much smaller than the above value of 5 x 104 psi estimated to produce the ob-

served change in B.

A similar analysis starting from the potential

@=Ee_r/e-e2/r (5)

yields the same result. In this case the frequency changes are calculated from

d3¢/dr8 and d4 @/drg » where I, is the equilibrium lattice constant,
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C. EXTRINSIC ABSORPTION IN 10. 6 ym LASER WINDOW
MATERIALS DUE TO MOLECULAR-ION IMPURITIES

C. J. Duthler

Xonics, Incorporated, Van Nuys, California 91406

| It is proposed that an important class of impurities limiting
| infrared transmission in alkali-halide laser window materials is
molecular-ion impurities which substitute for the halide ion in
these crystals. Evidence is found from a survey of the experi-
mental literature that concentrations of less than 0. 1 ppm of

NO,, HCOj, 5027, and Cr0%” will yield an absorption coeffi-
cient 8 > 10-4¢:m-1 (current value of interest) at 10,6 ym.
Predicted temperature dependances of impurity limited 8(10.6 pm)
are: T1'6, nearly temperature independent, and decreasing B

with increasing temperature depending on the particular ionic im-

purity.
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I. INTRODUCTION

Recently there has been considerable interest in reducing the absorption
coefficient B of transparent materials used in high-power 002 laser systems.
Laser windows can fail catastrophically by fracturing due to inhomogeneous in-
ternal stresses, or less dramatically due to thermal defocusing of the beam1

which result from heating by absorbed radiation,

Among the most promising materi~!s for use with high-power 10.6 ym wave-
length 002 lasers are the alkali halides, in particular KC1 and KBr. The mech-
anism for intrinsic infrared absorption in these materials is due to multiphonon
absorption with the fundamental Reststrahl frequency y P of these crystals being
6 to 8 times smaller than the 002 laser frequency of 943 cm 1. It has been estab-

lished experimentally2 and theoretically3 that for v > v,, the intrinsic multi-

l ’
phonon absorption coefficient Bint decreases nearly exponentially with increasing
frequency. Extrapolation of the measured low-frequency intrinsic absorption co-

7

efficients yields B, = 8x 105 cm™! for KCland B, =5x 107" for KBrat

10,6 ym. However, absurjiion in even the best presently available materials is

impurity dominated with g > 10"4 cm"1 at the CO2 laser frequency.

The purposes of the present paper are to present evidence that an important
class of infrared absorbing impurities are polyatomic molecular anion impurities
which substitute for the halide ions in the crystal lattices and to identify those
jonic impurities that absorb most strongly at 10, 64m (943 cm"1 ). The influence
of absorbing inclusions on the bulk absorption coefficient and the failure of ma-

g e : : ; . o 4,5
terials containing inclusions have been considered in previous publications.
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Nominally pure commercial crystals are commonly observed to contain

6,

-y - . 7 —
molecular anion impurities such as the metaborate ion (BO2 ) and the carbon-

ate ion6 (CO:?-) using conventional absorption spectroscopy. The hydroxyl ion
(OH™) is especially difficult to remove from alkali halides during purification,8
but should yield little 10. 6 um absorption. These anion impurities along with
divalent metal cation impurities L& are most likely still present in small con-
centrations in specially purified laser window materials and less than one part

per million of certain anions can result in the presently observed extrinsic ab-

sorption.

Molecular cation impurities are less likely to be found in alkali-halide crystals
due to the small size of the alklai ions which they replace, although NH: in KC1
has been studied.lo Monatomic impurities can also absorb infrared radiation either
through local modes of vibration or by activating phonons other than the fundamental
Reststrahl phonon.11 towever, absorption due to monatomic impurities at 943 cm‘l
is expected to be negligible because phonon and local mode frequencies are gener-
ally much smaller than 943 cm-1 with the local mode of H in KC1 (U center) at
S00 cm-l having the highest frequency of this group. Absorption due to electronic

- : SR 3 4 . 12
transitions of impurities is not considered in this paper.
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II. IMPURITY SPECTRA

The infrared absorption spectrum of a crystal containing substitional
molecular anion impurities typically consists of a number of sharp lines cor-
responding to the infrared active internal vibration modes of the polyatomic
molecular ion. Generally the internal vibrations of the impurity ions are only
slightly affected by the host crystal: There are small shifts in frequency and
increases in the line width which depend on the particular host. Due to a lower-
ing of the symmetry of the ion when it interacts with the host, jiufrared inactive
modes may become weakly absorbing and degenerate modes may be split into
several components. In fact, the technique of alklai-halide matrix isolation
has been used extensively to isolate and concentrate these ions for study by

infrared absorption spectroscopy.

The probability of the laser frequency being exactly coincident with the
peak of an impurity absorption line is extremely small, with the laser line
usually falling in the wings of the absorption line. In order to estimate the
absorption coefficient 8 at v = 943 cm-l due to an absorption line centered

at frequency Vg 2 Lorentzian line shape

Ay
(v - 1/0)2+(Av/2)2

B(v) = (const.) (1)

is assumed, where Ay is the full width at half maximum. With 0. 1% impurity
concentration, the absorption coefficient at the center of an allowed transition
B(vo) typically ranges from 102 cm-l to 103 cm-1 with Ay ranging from 4 cm-l

to 50 cm-l, depending on the particular molecular species and host.
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Although experimentally observed line shapes near resonance are described
quite accurately by (1) using a constant relaxation frequency Ay, 19 it is used
for extrapolation to the wings with certain reservations, Widths of the findamental
absorption lines of matrix isolated molecular impurities are in general a result of
weak coupling between the internal molecular vibrations and the lattice vibrations
of the host crystal.” With | v - Yo | < Vin Where v is the maximum phonon
frequency (210 cm-1 for KC1), there will be structure in Ay, hence in 8(v),
reflecting the one-phonon density of states and phonon selection rules. This will

>

be important for extrapolation of narrow lines (Av < 10 cm_l ), since the mea-

sured line width in this case samples only a small part of the phonon spectrim.

For extrapolation far from the line center | v - Y | > V., » Av is expected
to decrease with increasing | v - Y | resulting in a more rapid decrease in 8
than is predicted by (1). In this region it is likely that B will decrease exponen-
tially with increasing | v - Yo | in analogy with intrinsic multiphonon absorption.3
Nevertheless, judicious use of (1) together with measured impurity line strengths
and line widths from the experimental literature is felt to be reliable for order-of-

magnitude estimates of 8(943 cm-1 ).

Fundamental absorption lines of molecular ion impurities are often accom-
panied by other nearby lines which may not be resolved at room temperature and
may be confused with the fundamental line width. In the case of small ions such
as OH and NOZ_ the additional lines arise from rotational and local transla-
tional motions of the ions.l7-23 (Recall that for a freely rotating diatomic mole-
cule, the angular momentum selection rule requires that the vibrational transition
be a doublet.) The fundamental absorption lines of large polyatomic ions are often
accompanied by nearby "hot" bands from transitions originating from low energy

excited states, and by isotope 1ines.7’24
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Measured absorption frequencies of several molecular-ion impurities that

have been isolated in KC1 crystals are listed in the first two columns of Table 1.25-50
The third column presents an estimated impurity concentration in parts per million
for each ion required to produce B8 = 1074 em™ at the frequency 943 em™L. These
estimates were obtained by extrapolating the measured absorption lines using an
assumed Lorentzian line shape with measured line widths where they were avail-

able. Details of the spectra can be found in the original literature references which

are listed in the fourth column.

Isolated diatomic ions typically have fundamental absorption frequencies that
are far removed from 943 cm-l. As a result, impurities such as OH  that are
commonly observed in alkali halides should have little effect on absorption at
943 cm-1 in spite of the large line width of typically 50 cm-l at room temperature.

Using 3(u0) > ] cm-1 and Ay = 50 cm-1 in (1) for 1000 ppm, OH  in KCl yields
-1 -4 -122
B(943cm ") =10 "cm .

1

= - 2- 2+ ¢
The polyatomic impurities NOZ’ HCO,,, SO4 , and CrO4 yield 8(943 cm )

> 10-4 cm-1 at concentrations less than 0.1 ppm. These impurities, if present in

alkali-halide laser windows, will result in a severe limitation in the laser trans-

mission.

In the case of NO2 in KC1 at room temperature, tie absorption lines are

relatively broad with the strongest absorption line occurring at Vg = 1290 cm-1

with a weaker (by a factor of 10-4) absorption line at Vy = 805 cm-l. With
Av = 38 cm-l for both lines, extrapolation using the Lorentzian line shape in (1)

indicates that the principal absorption at 943 cm-l comes from Vg For 0. 1%
1

impurity concentration, 8(1290 cm-l) = 103 cm °, which results in B (943 cm-l)

=3 cm-l at this concentration, or B(943 cm-l) = 10-4 cm-1 with 0.03 ppm NO2

in KC1.




Table I. Experimentally observed absorption frequencies of several impurity ions
-4

in KC1 crystals and the estimated impurity concentration to produce 8 = 10

the CO2 laser frequency.
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References

500 >10
3640 > 100
2590 > 100
2089 100

590, 1972 10 - 100
1696 10 - 100
642, 2049 100
629, 1232,2169 10
805, 1290, 1329 0.1
842, 1062, 1396 10

680-720, 883, 886, 1058, 1064, 1378, 1416, 1488, 1518 10

736, 949(w), 1222 1-10
broad 738-850 1-10
589, 672,713, 840,971, 1218, 1346, 1701, 3339 0.01
1142,2321 10
630, 978, 1083, 1149, 1188 0.03
862, 890, 930, 941 <0.1
834, 860, 909, 923 <0,1
899, 909, 914, 925 <0.1
1405, 3100 10

11
22,23,25,26,27
28
20,21
6, 29, 30
31
32
15, 14, 24,7, 33
19, 13, 34, 18, 35
16, 17, 13, 34, 18, 36, 37,9
6, 38,9, 39
40
41
42
43,29
44, 45, 46,9
47,48, 49, 46
41
50
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With HCOE the principal absorption at 943 cm-l is from the Vg = 971 cm'l
3

fundamental. Estimating from published absorption curves that (971 cm-l ) =10
cm-l and Ay = 4 cm-l with 0. 1% concentration, (1) yields B (943 cm-l) £5 cm-l.
Including additional contributions from Vg = 1346 cm”l and Vy = 1218 cm-l which

1 -4

have Ay == 20 cm-l results in (943 cm ") = 10~ with a concentration of 0.01 ppm.

The polyvalent ions listed in Table I each have several absorption lines near

943 cm-l. In order to preserve the charge neutrality of the crystal, divalent im-
purity anions must be accompanied by compensating cnion vacancies, or as is fre-
quently observed, by a divalent cation impurity (such as Mg2+, Ca2+, Baz+, Pb2+,
or Sr2+) which are usually located at neighboring lattice sites. In heavily doped
crystals, the solubility of the divalent anions is enhanced by simultaneous doping
with divalent cations. The exact absorption frequencies and relative line strengths
of the anions are dependent on the particular accompanying cation, especially in

the case of CO3 which is strongly perturbed with different metal ions.

2- 2- 2- 2- 2-
The group of divalent ions SO4 . CrO4 ; SeO4 s MoO4 , and WO4 have simi-
lar spectra with the strong '3 fundamental of these ions falling very near to 943 cm-l.

2- 2-
Due to their large size, MoO 4 and WO 4 Aare reported to be insoluble in KC1 and

51
KBr. Depending on the particular perturbing cation impurity, the normally three-
2~
fold degenerate Vs fundamental of SO 4 is split into three strongly absorbing com-

ponents from 1050 cm-l to 1200 cm-l each with Ay = 15 cm-l. The otherwise

forbidden v; fundamental becomes weakly absorbing in the crystal with frequencies

from 975 cm-1 to 980 cm-l and with A 2 15 cm-l. Additional absorption lines

due to the Vy and v, fundamentals are observed near 600 cm-l and 500 cm-l,

respectively. The components of the Vs fundamental of CrO4 are even closer
2-
to the laser line than SO4 with frequencies in this case varying from 880 cm-l to

950 cm-l.
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1. TEMPERATURE DEPENDENCE

Absorption frequencies and line widths of matrix isolated ions are observed
to be temperature dependent, which can result in temperature dependent absorption
at 943 cm’ l. In the case of ions which have broad absorption lines resulting from
coupling to the lattice phonons and which have ionic fundamentals within the ap-
proximate range from 50 em™ ! to 300 em ™! of 943 cm”!, the temperature depend-

ence can be simply predicted. With | V-V, | >> (Av/2), Equation (1) can be

written
B(v=943cm™) = (const.) (Av) /(v - y,) . @)

Above 100K, the line widths Ay of the nitrite13 (NO; ) nitrate13 (NO; ), cyan-
ate14 (NCO ) and hydroxyl22 (OH_) ions are observed to vary as T" with

n 2= 1,6, and will dominate the small temperature dependent changes in Yy in (2).
As a result, B(943 cm-l) will vary as T i 6, especially in the important case of
NOE, where the approximations are fairly well satisfied. For OH ™, the use of the
Lorentzian line shape is not justified and the absorption at 943 cm-1 due to this ion
if seen at all should have a stronger temperature dependence, with n > 1.6, in

P . . B2
analogy with intrinsic multiphonon absorption.

2- 2- —
4 CrO4 , and HCO, , the laser frequency is near many

With the ions SO
relatively narrow lines and the temperature dependence of the absorption is more
difficult to predict. Published spectra of these ions taken at different temperatures
show small increases in line width and small shifts in frequency. In these cases

changes in Yy can be nearly as important as changes in Ay, and it is not clear

that the observed line widths are entirely due to phonon coupling. That is, part of

. . . . -1
the absorption in the wings which contributes at 943 cm could be due to hot bands,

—
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.

t and in the case of divalent ions to differing perturbing impurities accompanying
the molecular ion. As a result, the 943 cm-1 absorption of crystals containing
these ions is expected to be less temperature dependent than crystals containing
smaller, monovalent ions, It is in.teresting to note that Figures 2 and 3 of
Dem'yanenko et a148 indicate that with CrOz- in KC1, the 943 cm-1 absorption

4

could even decrease with increasing temperature.
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IV. DISCUSSION

Table I lists only those absorbing impurities which have been isolated and
studied in KC1 crystals and serves to illustrate the importance of substitutional
molecular anion impurities on laser transmission at 943 cm’ l. In addition to these,
there must be other ionic impurities that have been overlooked in this survey along
with stili others that remain to be studied in alkali-halide crystals. One such pos-
sible ion is SiOi- which is observed to have strong absorption near 1000 cm'l in

53
several glasses.

In addition to the substitutional ionic impurities, there are other possible
molecular impurities thai will limit laser transmission at 943 cm'l. Neutral mole-
cules such as HZO or CO2 can exist at interstitial sites in the bulk of the crystal

54- :
or condensed on the surface. 58 Organic molecules condensed on crystal sur-

faces are another possibility. oz

There has been little experimental work done on the effects of impurities on
absorption in materials used for high-power laser components. Further studies of
impurity-induced absorption at 943 cm-1 are needed to more firmly establish the
relationship between the absorption in the wings and the fundamental absorption at
the line centers. The temperature dependence of B(943 cm-l) found in intentionally
doped crystals can possibly be used as a guide in identifying unknown impurities in

other crystals.

A study of Pb doped KC1 found little correlation between absorption at 943 cm-l
and the Pb concentration.58 Isolated Pb ions are not expected to absorb at this fre-
quency, but complexes of Pb2+ with the divalent anions listed in Table I do absorb.

The reason for the negative result of this experiment could be that there were no
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uncompensated divalent anions in the samples studied. In crystals containing
. : . . A . . 24
divalent anions without accompanying divalent cations, the introduction of Pb

2-
could have a significant effect, particularly in the case of CO3 A

= 2-
Doping KC1 crystals with OH and CO3 was found to have little effect on

943 cm-1 absorption when the ions were introduced separately, but a significant
increase in B(943 cm'l) was observed when both ions were present.59 It is pos-

sible that in this case the enhanced absorption was due to the formation of HCO3

which is much more strongly absorbing at 943 cm-1 than either OH ™ or CO3

In internally stressed KC1 crystals it was observed that B(943 cm-l) was
larger by a factor of two than after the same crystals were annealed.8 This is
difficult to explain on the basis of intrinsic absorption. Although there is little
information available regarding the effects of inhomogeneous stresses on molecu-
lar impurity absorption, we may speculate that the increased absorption observed
in stressed crystals could be due to increased molecular ion line widths and shifts

in frequencies.

Discussions with Dr. M. Sparks are gratefully acknowledged.
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Sec. D

D. VERY HIGH-INTENSITY EFFECTS

At the present time, high-power long-focal-length systems, with their
requirement for large windows to avoid severe diffraction effects, have low
intensities -- possibly up to a few hundred to a few thousand watts/cmz. Thus,
nonlinear optical effects are not expected to be a problem. However, as higher-
power and short-pulse lasers become available, the intensity at the window will
increase accordingly. At sufficiently high intensities, nonlinear and possibly
other high-power ef‘ects will become important. Two key questions are: Which
high-power effect will first limit the performance of high-power infrared systems?
At what intensity and under what conditions will the limit occur? Although the lit-
erature abounds with nonlinear effects, these two questions have received little

previous attention.

In seeking the answers to these two questions, the following effects were

considered:

1. material failure from absorption by macroscopic inclusions,
2. electrical breakdown of air,
3. stimulated scattering processes,
4, electron avalanche breakdown,
5. parametric instabilities of phonons,
6. self focusing,
7. multiphoton absorption, and
8. electrostrictive defocusing.
The first four are shown to be important. Values of intensity as low as ~106,

107, 108, and 1010 W/cmz, respectively, may cause material failure.
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Material failure from absorbing inclusions was considered in the previous
technical report1 and in Refs. 2 and 3. The theoretical results indicate that
pulse energy densities of order 1] /cm2 are sufficient to damage crystals con-
taining macroscopic absorbing inclusions for pulse lengths ranging from pico-
seconds to microseconds. The corresponding intensities range from ~ 106-1()12

W/cmz. Cone-shaped surface damage pits resulting from inclusions near the

surface are discussed in Sec. E.

Although the electrical breakdown of air may not be considered strictly as a
window-material failure mode, it should be mentioned that this can be the phe-
nomenon that limits the performance of some systems. The intensity at which
air breakdown occurs varies greatly, depending on the condition of the air. For
dirty air the breakdown intensity can be as low as ~ 10 MW/cmz, which is one

of the lowest limiting intensities studied.

In the report of stimulated scattering processes to be included in the follow-

ing Technical Report, it will be shown that there is a threshold intensity Ic having

a typical value of 10 GW/cm2 at 10.6pm (by scaling from 0. 69 to 10. 6 ym using

IC ~ 1/w) above which a large fraction of the laser radiation is converted to

Stokes radiation.

Many systems will fail for 1 > Ic . The angular divergence of the Stokes
light will be too great for the Stokes radiation to be useful in most long-focal-
length systems. Furthermore, the heating of the crystal resulting from the cre-
ation of the fundamental phonons in the scattering process will be intolerably
great in many applications. For example, if ten percent of the laser radiation at

10. 6um is converted to Stokes radiation, the intensity absorbed (by the phorons) is




Sec. D

13lbs S (wf/IOwL)l (1)

where f and L denote the fundamental phonon and laser photon, since one
phonon is created for every laser photon annihilated. This result (1) cor-

responds to an effective BL of

B -3
(BL)eff = we/ 10w = 107,

which is not acceptable in many high-power applications.

Electron avalanche breakdown, which has been studied in detail by others,
is believed to be an important very high-power effect. Very briefly, the cardinal
results are as follows. The electric field of the laser can cause a breakdown,
just as a dc electric field does. For 10“8 sec pulses in alkali halides, the in-
tensity Ic required is typically of the order of 1010 W/cmz. For shorter pulses,
-11

greater intensities are required, with 1c of order 1012 W/cm2 for 1,5x 10

second pulses.4

Parametric instabilities of phonons are considered in Sec. F. Self focusing,
which has been the subject of numerous previous investigations,5 is not expected
to be a problem in large-diameter windows. The central features of self focusing
are, very briefly, as follows. A beam will self focus when the power P exceeds
a critical value Psf' Typical values of PSf are tens of kilowatts for materials
that are strong self focusers. As the power is increased above Psf’ the length
Zyg of the sample required to obtain self focusing decreases according to the

relation

=xoz(ﬁ-fr)'l @)

2t sf
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where D is the beam diameter and x is a constant. For a strong-self-focusing
material such as CS2 : PSf ;s of the order of 8 kW, and x is of order 6.9 X 105

cm_l(kW)l/Z. For 1 = 1010 W/cm2 and D = 10 cm, (2) gives z = 200 cm.

It is possible that a shorter distance z_; could result from a self focusing
of only part of the beam, having a diameter Dloc . For a fixed intensity I, it is

convenient to write (2) as

2

£ i DIoc

loc

(Dlocﬁ E /P—sf' )-1

which has a minimum of

Zin = %V Pgp /1 3)
at Dloc = 2(Psf/I)l//'. With the values of PSf and x from above, and a

window thickness d =z .. = lcm, (3) gives 1= 8X 109 W/cmz. Since x v Psfl
is much greater in solids than in CS2 , the intensity required for self focusing

9

is much greater than 8 x 10 W/cmz. Thus, the other high-power effects dis-

cussed above are expected to set in at lower powers than that of self focusing.

Multiphoton absorption is clearly negligible. Two-photon absorption is small,
and for 10.6ym (0.12eV) radiation in a crystal with bandgap Eg = 5eV, 42

photons are required in order to conserve energy.

The following order-of-magnitude estimate indicates that electrostriction is
negligible. Since the intensity across the window is not constant in most systems,
electrostriction will cause thickness variations. The change in thickness Af at

the center of a window thickness £ is

AL/4 = 8 B2 )




T T —

Sec. D

where the electrostriction constant S has a typical value of 10-18 cn12/ V2 for
a solid.6 For a pure thickness effect (refractive index n unchanged), a very
strict angle tolerance of 5 x 10-5 radians implies n AL /R = 5x 10-5, where R

is the window radius. With R/4 = 10 and n = 1.5, this gives

AL/e = 3x107Y . (5)

Eq. (4) gives this value (5) of AL/ 4 for E 2« 2x 107 V/cm, which corresponds

to ~ 10ll W/cmz. The actual intensity should be even greater since the reduction

in n as the crystal expands was neglected.

A similar negative result is obtained by considering the electrostrictive non-

linear index of refraction

~ 2
An = an (6)

9

i — n, = 1.7x 10 %em?/v2, With £an /R = 5x10™ and R/ ¢ = 10

from the example above, (6) gives E == 5 x 107 V/cm.

Discussions with Dr. Y. R, Shen and Dr. M. M, T. Loy on self focusing are
gratefully acknowledged. We would like to thank Dr. C. Cason for pointing out

that the breakdown in dirty air can occur at quite low intensities.
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E. EXPLANATION OFF LASER-DAMAGE CONE-SHAPED SURFACE PITS

C. ]J. Duthler
Xonics, Incorporated, Van Nuys, California 91406

An anisotropic, quasi-static stress distribution is found in the
material surrounding an absorbing inclusion of a radius a centered a
distance d below the surface of a transparent host. Maxiriwum tensile
stress greater than the pressure at the inclusion-host interface occurs
at the angle em = cos-1 (a/d) from the line joining the inclusion

center to the surface, resulting in cone-shaped fracture.

Recently micron-size cone-shaped damage pits have been observed on the
surface of sapphire crystals that have been irradiated with intense 1.06 ym laser
pulses. : The statistical occurrence of the surface damage sites suggests that the
damage is due to absorbing inclusions just below the surface, randomly distributed
across the face of the crystal. Due to differing damage thresholds when different
polishing compounds are used, it is suspected that polishing grit somehow gets em-
bedded in the surface with subsequent polishing forming surface material over the

particle.

Similar damage sites have been observed in multi-layer dielectric films,
although in this case the surface pits have a stepped structure due to rupture of
the various film layers.2 Statistical evidence again indicates that the damage is
due to absorbing inclusions below the surface which must be formed during the

deposition of the films since no polishing compounds are used in this case.
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The following model is proposed to explain cone-shaped surface damage:
A spherical inclusion a short distance below the surface expands due to heating
by laser radiation applying pressure normal to the surface of the cavity in which
it is contained. Due to the proximity of the surface, this produces a quasistatic,
anisotropic stress distribution in the host material which can result in fracture
w’ h a cone-shaped section above the inclusion being ejected intact or in a small

number of fragments,

Cross sections for the absorption of laser radiation by inclusions in a trans-
parent host crystal and localized heating effects in the vicinity of the inclusion
have been analyzed in a previous paper.3 The cross section for the absorption of
liser energy by a spherical, dielectric inclusion of radius a is approximately

given by3’ ¢
6, =AB ma’ (1)
abs I ’

where A is a constant of order unity and BI is the absorption coefficient for bulk
inclusion material. In (1) it has been assumed that BIa << 1 as is typically sat-

isfied for micron-sized dielectric inclusions.

The thermal time constant
= C, a%/4K 2
Ty = Cya H (2)

where CH is the specific heat and KH is the thermal conductivity of the host,
is roughly the time required for heat to diffuse a distance a away from the heated
inclusion into the host material.3’ - For short times t << Ty diffusion of heat
out of the incluzion is negligible and the temperature of the inclusion increases

linearly with time and is given by
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_ 3
T = 3oabslt/41‘ra CI 3)

where I is the laser intensity in the host material and CI is the specific heat of

the inclusion. Substitution of (1) into (3) yields

T = 3AB 1t/4C) . (4)

Neglecting the diffusion of heat out of the inclusion, the pressure at the inter-
face with the host is found by equating the volume change of the heated and com-
pressed inclusion to that of the unheated but compressed cavity in the host which

yields

P =30 Beff T (5)

-1 -1 -1
3 where Beff = BI + BH . In®), oy is the linear thermal expansion coefficient

of the inclusion and Be £ is an effective bulk modulus obtained from BI and BH

which are the bulk moduli of the inclusion and host, respectively.

Quasi-static stresses will be produced in the host material for times long
compared to the round trip time Tg for sound to travel from the inclusion to the
sample surface. In sapphire the velocity of sound is 1.1 x 106 cm/sec which
yields 1¢ = 9 x 10—11 sec for sound to travel one micron. Using CH =3 J/cm3
and Kl i 0.35 W/cm K for a sapphire host, the thermal diffusion time with
a=lpmis T, = 3 X 10-8 sec. Hence during nanosecond duration laser pulses
the conditions Tg <t < T, are satisfied and the heated inclusion in the host can

be visualized as a spherical cavity within which quasi-static, hydrostatic pressure

is applied.
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At first glance, the cone-shaped damage sites appear fo be similar to the
familiar Hopkinson fractures where a hemisr;herical cap is removed from the face
of a large plate opposite the surface on which an impulse force, such as that pro-
duced by an explosive charge or projectile, is applied. 2 In Hopkinson fracture,

a compressional pulse of short duration diverges from the explosive charge and is
reflected from the opposite free surface of the plate. The reflected pulse is one of
tension, and failure occurs when the leading edge of the reflected tensile pulse
passes the trailing edge of the incident compressional pulse resulting in net longi-
tudinal tensile stress in the material. This mechanism does not apply in laser
damage because of the quasi-static nature of the compression. After the termina-
tion of the laser pulse, the pressure applied to the host by the heated inclusion will
relax at approximately the same rate Ty as the temperature of the inclusion which
is long compared with the time Tg for sound to travel to the plane surface. As a
result, the incident compressional pulse always overlaps the reflected tensile pulse

so that there is no net longitudinal tensile stress.

A spherical cavity of radius a at a distance d below the surface of a semi-
infinite medium is sketched in Fig.E1l. The exact solution for the equilibrium
stresses produced in the surrounding material by hydrostatic pressure within the
cavity is mathematically intractable, and approximate solutions are very tedious
and slowly convergent. Exact solutions to the analogous two-dimensional problem
which applies to uniform force normal to a circular hole in a thin plate or a long
cylinder in a semi-infinite medium have been obtained by Jeffery7 and can be used

to give insight into the three-dimensional problem.
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In the two-dimensional case, the tensile stress along the cylindrical surface

is given by
2
0t=P(l+2tan ®) (6)

where P is the hydrostatic pressure within the cavity and a point on the surface of
the cavity is described by either the angle ¢ or 8 as is sketched in Fig. E1, where
tang = a sin6/(d - a cos ). For d/a near unity, the tensile stresses around the
cavity are very assymetrical and are much larger than the applied hydrostatic
pressure. Maximum stress occurs at the angle Gm = cos-1 (a/d) where the
dashed line in Fig. 1 from the point on the plane surface directly above the cavity

is tangent to the cavity.
Along the plane surface the tensile stress is given by

2 22

2 a2y /(2 v d - a%) )

o = -4Pal(x*-d
X

where x is measured along the plane from the point directly above the cavity.
Maximum tensile stress in this case occurs at the point x = 0 with Oy (x=0)>P

ford</_5_'a.

The tensile stresses o, (6= Gm) and ox(x = 0) are plotted as functions of
d/a in Fig. E2. For large d, these stresses approach the limiting values ot(em) =P
and ox(O) = 0 that are appropriate for a two-dimensional cavity in an infinite
medium. As d decreases, both ot(em) and ox( 0) become larger than P, with

0, (0) > 0 (6 ) for d< V3 a.

Solutions for the three-dimensional problem of a spherical cavity are ex-

pected to be qualitatively similar to those above. Due to symmetry, maximum
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tensile stress along the spherical cavity surface is also expected to be a maximum
at the angle 6 = 6_ . However, the o versus d/a curves will be quantitatively
different. In the limit of an infinite medium (d/a - «), the tensile stress in the
host outside of the cavity will decrease as r-3 as compared to r_2 in the two-
dimensional case and will have the value P /2 at the cavity surface. ¢ This more
rapid decrease of stress with radial distance will cause the o versus d/a curves

to be more strongly peaked near d/a =1 than in Fig. E2.

For homogeneous, isotropic materia! surrounding the cavity, a crack will
nucleate at the point of maximum tensile stress on the boundary and will propagate
normal to the boundary with little resistance. When d/a is greater than about v 3,
maximum tensile stress occurs at the angle Gm on the spherical surface. Asis
sketched in Fig. E3 A, a crack nucleated at Gm will propagate normal to the cavity
surface toward the plane surface, resulting in a cone-shaped surface pit at half-

angle Sm :

Inclusions very close to the surface (d/a < V3 ) will 1,roduce maximum
tensile stress at the point x = 0 on the plane surface. As is sketched in Fig. 3B,
a crack will first propagate from the point x = 0 to the cavity surface. Further
expansion of the inclusion could result in additional failure near Gm to produce

a cone-shaped damage site.

The following considerations favor fracture first occurring at Gm as in
Fig. E3 A rather than at x = 0 as in Fig, E3B: fracture in bulk materials is
strongly dependent on surface cracks and imperfections which have the same
size as the inclusion. Similar, but smaller, defects are expected to affect the

fracture in the present case. If the inclusion is formed by melting surface
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material over an embedded polishing grit, more defects are expected on the
surface of the inclusion than on the highly polished plane surface. In addition,
there is much more surface area, hence more probability of finding a defect,
along the circumference of the inclusion at the angle Gm than at the point

x = 0.

Calculated laser pulse energies It for failure are verv imprecise due to
large uncertainties in the failure strength P for the material in the vicinity of
the inclusion and in the bulk absorption coefficient BI of the inclusion material.
The failure stress for sapphire is estimated to be between the 0 = 6 x 104 psi

observed in bulk samples and the theoretical strength ¢ = 6x 106 psi esti-

theor

mated from o = E /10 where E is the Young's modulus. Assuming 0 = 2P

. . . _ - S — I - 7
at the point of failure and using 0p = 6 x 10" psi, Beff = 5 Bsapphire =1.5x 10
S

theor

psi, and ¢ = 107 K-l, (5) yields a failure temperature increase of 1000 K.

Estimating 8, = 10 cm-1 and using C, = 3]/cm3 K in (4) indicates that failure
I I

occurs at approximately It = 400 ] /cm2 accurate to only about two orders-cf-
magnitude. Pulse energies for damage from 30 to 100 J/cm2 observed by Boling1

are well within the range of reasonable theoretical values.

We note that the energy absorbed by a micron-size inclusion at these pulse
energies has the same order-of-magnitude as the energy required to disrupt the
molecular bonds on the surface of the cone. Hence the removal of the cone ma-

terial intact or in a small number of fragments is energetically allowed.

For the 30 nsec pulse durations used in many experiments, the assumption
of no heat transfer to the host material is not valid. It is reasonable to expect

that heating has little effect on the failure strength and that the principal effect




will be to lower the pressure at the inclusion-host interface, hence increase the
required energy for damage, due to thermal expansion of the cavity in which the

. - . 9
inclusion is contained.

With very short pulses, t < Tg» damage could be delayed until the time Tg
after the laser pulse. This will occur if the initially formed isotropic stresses
are insufficient to cause damage but the quasi-equilibrium, anisotropic stresses,
established after the time T for sound to make a round trip to the plane surface,

are enhanced sufficiently to cause damage.

Preliminary discussions with Professor R. W. Hellwarth on the comparison
of absorbed laser energy to material bond energies which led to the concept of the
cone material being removed intact, and his continuing comments are gratefully

acknowledged.
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F. NONLINEAR INFRARED ABSORPTION FROM
PARAMETRIC INSTABILITIES OF PHONONS*
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and
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Nonlinear infrared absorption by parametric phonon processes
is shown to be negligible in the low-absorytion region of exponential
frequency dependence of the optical absorption coefficient 8, but

observable at the Reststrahl resonance and in Raman scattering.

At low intensity, the transmission, T, is independent of intensity

as usual, but at high intensity the T (w) curve broadens and the
transmission at resonance increases. This behavior results from
the parametric instability in the process in which an intermediate-
state Reststrahl phonon is annihilated and a pair of phonons is cre-
ated. An effective relaxation frequency of the Reststrahl phonon is
greater than the low-intensity value as a result of the increase in
the amplitudes of the pair phonons above their thermal equilibrium
values. The time constant for the approach to the steady state is
important since the steady s’ :te is not attained in short laser pulses

in iinportant cases in which long-lived phonons give rise to low steady-

state threshold intensities for anomalous absorption. The threshnld

for the parametric instability is quite sharp when consiucred as a
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function of the amplitude of the fundamental phonon. In contrast,
when considered as a function of the incident laser intensity, the
deviation from linear absorption with increasing intensity is quite
smooth, Contrary to previously accepted results, even crystals
such as NaCl having a center of inversion could have anomalously
low thresholus since the threshold is controlled by the phonon (in
the pair) having the longer lifetime. Chain instabilities and en-
hanced relaxation from mumntual interaction of excited pair phonons
are negligible for the phonon instabilities, in contra‘ - to previous
results for plasmas and parallel pumping in ferromagnetic reso-
nance, respectively. The method of calculation, using Boson occu-
pation numbers rather than mode amplitudes, has the simplicity
and power to yield more information about parametric instabilities,

including effects above the threshold, than has been possible previ-
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I. INTRODUCTION

. . . 1-4
Parametric processes are well known in ferromagnetic resonance, plasma

*© nonlinear optics, especially stimulated Raman and Brillouir scattering,

physics,5
and many electrical devices.8 However, apart from Orbach's work showing that it
should be possible to create large numbers of long-lifetime phonons on the lowest

transverse optical branch by a parametric instability,9 there apparently have been
no studies of phonon instabilities. In particular, the effect of parametric instabili-

ties on optical absorption has not been considered in spite of considerable interest

in nonlinear optical effects.

Since the parametric instabilities typically occur at high laser intensities, there
are a number of high-intensity effects that could mask the parametric effects. These
include absorption by macroscopic inclusions,lo-12 avalanche breakdown,ls' 10 self-
focusing effects,14 and differential heating by linear absorption.ls In previous calcu-
lations, the instability threshold for an isolated process, such as annihilation of one
Boson and the creation of two other Bosons, has been obtained simply from linear-
ized equations of motion of the mode amplitudes or the mode occupation numbers.
More detailed calculations have been severely hampered by the complexity of the
nonlinear mode-amplitude equations, especially near and above the threshold, and
the difficulty introduced by requiring the amplitudes to relax to their thermal

equilibrium values.1

In the present paper, the nonlinear absorption of infrared radiation by paramet-
ric excitation of phonons is considered and a general method of solving parametric
problems is presented. As dicussed in Sec. Ila, an example of a process that has

a parametric instability is shown in Fig. 1, where the intermediate phonon fisa
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Photon VQ

Fig. F1l. Two-phonon processes.
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fundamental, or Reststrahl phonon (transverse optical mode with wavelength k = (),
Special attention is focused on ionic <rystals such as NaCl, though the discussion
for the most part is quite general. Absorption, as opposed to scattering, processes
are emphasized. The results of a similar study on the effect of parametric insta-
bilities on stimulated Raman and Brillouin scattering and on self-focusing of optical

beams will be presented elsewhere.

The present treatment differs from previous ones in the following ways: (a) con-
sideration of the nonlinear effects of phonon instabilities on infrared absorption;
(b) treatment of transient, as well as steady-state, effects; (c) development of a
simple method of calculation which is used even above the threshold; (d) incorpora-
tion of effects ol sums over potentially unstable modes; (e) analysis of chain para-
metric processes and enhanced relaxation of output phonons; (f) treatment of the
instability in the Lax-Burstein higher-order-dipole-moment process; and (g) con-

sideration of processes in which two fundamental phonons are annihilated.

The following results are obtained: (a) prediction that the thin-film infrared
transmission spectrum T () of crystals is independent of intensity I at low I as
usual, but that for I ¥ -21- lc » where Ic is the critical intensity for the parametric
threshold, the Reststrahl resonance in T (w) broadens and the transmission at reso-
nance increases with increasing 1; (b) calculation of the value of lc showing that a°
the Reststrahl resonance lc can range from 4-««10-4 to 10“W/cm2; (c) demonstra-
tion that the nonlinear parametric-phonon-instability absorption in the infrared
region of low multiphonon absorption is negligible with respect to the electron-
avalanche breakdown process; (d) indication that transient effects are important,

especially in rendering unobservable by present short-pulse lasers the low thres-

9
holds resulting from ultralong-lifetime phonons; (e) demonstration that the instability
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threshold is sharp when considered as a function of the amplitude n ¢ of the
inter mediate (fundamental) phonon, but is a smooth function of the laser inten-
sity I; (f) analysis of effects of many potentially unstable modes which evinces
that the value of ne is considerably less than its threshold value n. even when
I >> IC ; (g) calculation of an effective relaxation frequency ;f for the inter-
mediate mode which shows that 'f'f is greater than the usual linear, low-intensity
value 1"f as a result of the increase in the amplitudes nQ of the output phonons
responsible for the damping I"f; (h) indication that even crystals (such as NaCl-
structure crystals) having a center of inversion could have anomalously low
thresholds IC since the threshold is controlled by the output phonon having the
longer lifetime when the two phonons are ou different branches; (i) derivation of
simple closed-form expressions for transmissivity as a function of I, for nf(I),
for ;f(nf), and for ff(l); (j) calculation of IC for n-phonon processes with

n > 2 which shows that these nonlinear higher-order processes are negligible;
(k) analysis of chain parametric-instability processes indicating that these
phonon processes are negligible, in contrast to the cases of ferromagnetic reso-
nance and plasma instabilities; and (1) calculation of Ic for the process in which
two Reststrahl phonons are annihilated and two other phonons are created, which

shows that this process may be important in some cases.

Significant results will be denoted by underscored equation numbers.
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II. TWO-PHONON INSTABILITY

a. Physical description. In this section a simple physical description of the

two-phonon parametric instability will be given. Consider the two-phonon pro-
cess in which a photon is annihilated, a fundamental phonon is created, then
annihilated, and two other phonons are created, as illustrated in Fig. Fl.16

This process is directly analogous to the Bloch-Bloembergen-Suhl subsidiary-

resonance process which occurs at high power levels in ferromagnetic reso-

nance. The fundamental phonon corresponds to the uniform precession magnon
(with k = 0) and the pair of created phonons corresponds to a pair of created

17
magnons.

The present section concerns the part of the process in Fig. F1 in which one
phonon splits into two phonons, called the pair. The analysis applies to other
cases also. For example, the fundamental phonon could be created in the Raman-

Stokes process.

The two-phonon process gives rise to ordinary linear absorption at low power
levels.18 In that case, the relaxation of the pair phonons maintains their occu-
pation numbers nQ at their thermal equilibrium values EQ . At higher power
levels, nq increases above EQ . As the intensity I of the radiation increases,
the fundamental-mode amplitude ne increases, and in turn the amplitude of the
output pair increases. The balance of power into the pair from the fundamental
mode by the power out of the pair by relaxation is the first key to a simple ex-
planation of the parametric instability. The power into the pair increases non=
linearly, that is, the power contains products such as annQ , since the second

vertex in Fig. F'1 involves three phonons. On the other hand, the power out of the
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pair by relaxation increases linearly as 2T (nQ - HQ ), where T is the relaxation
frequency of an output phonon. Thus, at a critical value n. of Do the amplitude nQ

becomes very large.

This behavior is analogous to that of a pendulum with a force having frequency
w = Zwr , where w . is the resonant frequency of the pendulum, applied along the
direction of gravity: For a small angle 8, the loss is linear in 8, while the energy
that the force puts into the pendulum (the scalar product of force and distance) is
proportional to 92 since the projection of the motion along the vertical is propor-
tional to 92. The pendulum instability is discussed further in Appendix A. The

details of this type of behavior will now be discussed.

b. Instability threshold of a pair. The threshold value n, of n, at the

parametric-instability threshold and the increase of the pair-mode occupation

number nQ as ng increases will now be derived, and it will be shown that nQ in-

creases extremely rapidly as ng approaches and slightly exceeds n., as will be

seen in Fig. F2 below,

First consider the power flow from the fundamental mode to the potentially

unstable pair in Fig. F1. The Hamiltonian for this process (vertex VQ in the

figure) islg’ 19
K= 2 V A, A A ; @2.1)
Q, T, Q1QR3 Q) Qy Qg
wi. > Qi = (Ei , bi) specifies the phonon mode with wave vector 'Isi on branch bi ,

.t.
A, = a + a [with -Q. = (-k., b.)], and a and a are the usual phonon
creation and annihilation operators normalized to unit commutators. [IFrom the

standard second-order perturbation-theory result for the transition probability
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between the states of a system, the rate of change of n resulting from the

coupling to a single pair of phonons Q1 and Q2 is4

e _ 29 | (n,+1 -1 -1 x| y |2
F{' ) <nf anl s HQZ nf, an! an

2 ~
- l(nf-l, nQ1+l, nQ2+l l}Clnf,an,an)l 6(w), (2.2) :

where 6 is the Dirac delta function and Z, = W - wQ - wQ , with w the fre-
1 2

quency of the photon.

e T —

In detailed calculations for specific cases it is important to consider the case
of unequal frequencies le and sz since in NaCl-structure crystals a selec-
tion rulezo-23 prohibits both phonons of the pair from being on the same branch
and a quasiselection rule24 indicates that the coupling of a fundamental phonon to
two acoustical or to two optical phonons is small. However, no essential features i
of the calculation are lost in the case of equal frequencies and equal relaxation |
frequencies I‘Q. The presentation will therefore be simplified by formally using
these approximations, The case of le # wQZ and I‘Ql # I"Q2 is considered in
Sec. IId. The occupation numbers nQ of the two phonons in the pair are equal ;
since —Ql = EQZ , where the bar denotes the thermal-equilibrium value as be-
fore, the two-phonon process creates the phonons in equal numbers, and rQl - I‘Qz. ;

Substituting (2. 1) into (2.2), using the fact that Vf Q,Q vanishes unless
17%2

'151 = -32 , and using the well known matrix elements of a+ and a gives
dn
Q) - Cx
( It = Cn 4 (2.3)
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2

n = 2n.n,+n -n2, C=nh ‘SEVfQ-Q‘Z 5(w) - (2.4)

The subscript "pump" in (2.3) denotes the rate of change of 2 from the coupling
to f. The energy-conserving delta function will be eliminated by taking into account

the finite lifetime of the pair, as discussed below.

In equilibrium, the net rate of change of n, must be zero. Thus, the rate of

increase in (2. 3) is added to the rate of decrease by relaxation

(an/dt)re = -1"Q(nQ - nQ) : (2. 4a)

lax
and the result is set equal to zero to obtain
2 L = 2 n = 2C 2.5
nan+nf-nQ- nc(nQ-nQ), nc—l"Q/ ; (2.5)
The solution to (2.5) is

chHQ+nf ]/ y }

n. = (n_-n.) {sgn(n_ -ng) [l+
Q c f { c f (nc'nf)

where sgnx = +1 for x > 0 and -1 for x < 0. Eq. (2.6) has the limiting values:

nQ o nQ . for ng << n, ; (2.7a)
- = 1/2 — .
nQ = [nC(ZnQ+l)] ; for ne = n. (2.7b)
and
nQ E] 2(nf - nc) . for ne >> n. (2.7¢)
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as sketched in Fig. F2. We shall say that the pair has been driven unstable if

nQ = [nc ( 2HQ+ 1 )]1/2, or ne = n.s and the threshold of the instability is defined

by ne=n . At the critical value n, of ne there is a sharp dramatic increase in

the value of nQ . The sharpness is illustrated by considering values of nQ slightly

below and slightly above the threshold. At ne=n.-€n., where [(2HQ+ 1)/nc ]1/2

<< ¢ €< 1, (2.6) gives n, = (nH + —1-)/5, which is of order 103 for o, < 1
Q Q 2 Q

9

for

and € = 10—3. At n, = n, + €n_, (2.6) gives nQ =2 €n ., which is order 101

f
€= 10'3 and n, = 1022; i.e., nQ increases by 16 orders of magnitude for a small

change of ne at ne = 0.

The behavior below the threshold was previously3’ 4 approximated for the
ferromagnetic-resonance case by linearizing the equation of motion. In the pre-

2
sent case, linearizing (2.5) by neglecting the term “Q gives

(n
L gl
Q 1- (nf/nc)

+n,/2n )
it 2. 8)

which displays the instability at ne = n, vividly, since nQ goes to infinity there.
On a linear scale with —Q visible, a graph of ) from (2.6) would have the appear-
ance of (2. 8) since nQ would be off scale at a value of ne less than n, according
to the discussion in the previous paragraph. It will be shown in Sec. IlIb that the
large number of potentially unstable pairs in the present case of phonons restricts

n. to values below n, - ¢, so that (2. 8) is a good approximation in all cases of in-

f f

terest here.

Next, consider the value of n, in (2.5). For a crystal with two types of ions

25

with masses m_ and mg (m> > mg ), the vertex coefficients in (2.1) are

>
1/2

a,B 3
v, ol 2 i ( u ) (2.9)
QPR = Yeq, -, 4p(1-2p)N 2mm 2w wg g
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Pair Amplitude N

c
Fundamental Amplitude ng
(a)

Pair Amplitude ngq

nQ— -

Ne
Fundamental Amplitude Ng
(b)

Fig. F2. Increase of the pair amplitude with increasing ng. (a) The ordinate scale is such

that HQ is visible, (b) The ordinate scale is many orders of magnitude smaller than (a).
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where B is the bulk modulus, N is the number of unit cells in the crystal,

m_ is the reduced mass memg /(m>+ m ), w is the frequency of the elec-

tromagnetic field, p is the damping-distance parameter in the repulsive poten-

tial V(R) ~exp (-R/pa) between two ions spaced by R and having equilibrium

spacing a, and o, is an angle factor25 that is of order unity for allowed transi-

tion with large w) and is very small for small Wy (acoustical modes with small k)
20-23

and for transitions not allowed by selection rules (a2 = 0) and quasiselection

rules24 (a2 << 0).

In (2.4), the delta function 6 (; ) is appropriate when a sum (approximated
by an integral) is involved. In the present case no sum is involved since the energy
into a single pair is of interest. Thus, following Callen2 and White and Sparks,3
the delta function will be replaced by a normalized line-shape factor

w(2wn ) (2T, )
blw - 2wq) > o Q" Q . 2. 10)

2 2.2 2 2
[w -(ZwQ)] +(2wQ) (2I‘Q)
On resonance, at w = ?.wQ, (2. 10) gives
6(w-2wQ) = l/ﬂ'I‘Q : (2.11)

Substituting (2.10), (2.9), and (2. 4) into (2.5) gives

2 2 2
p (1-2p) mrm<wQN 2 9 2 2 2
= [(w*-4wl) t16wn Ty ] (2.12)
5% o, P Q Q°Q ==

n
C

The corresponding value of the critical intensity IC and numerical values of n,

are discussed in the following section.
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c. Critical intensity. In order to relate the threshold condition ng = n, to

the experimentally controllable quantity, which is the intensity I of the incident
radiation in this case, the relation between 1 and n, is first derived. To do this
the energy into tre fundamental mode f will be equated to the energy out of f by
relaxation. In Sec. III it is shown that near the threshold the increased energy
flow from f to the pair has rather important consequences including an increase
in the relaxation frequency of the fundamental mode. The usual linear, low-
intensity value I‘f of the relaxation frequency is used in the present section in

order to obtain the critical value IC of the intensity.

Consider radiation incident on an area A of sample . If the intensity just in-
side the front face is I0 , the intensity at a distance X into a sample with thick-
ness >> 1/Bisl= IO exp (-Bx) == I() - Bx IO , where B is the absorption coefficient
and the approximate equality holds for Bx << 1. The rate of energy absorption
in the layer x is -A(I - IO) = AxBI, where IO = [. Equating this rate of en-
ergy absorbed by f to the rate of loss by relaxation h u:I‘f(nf - Hf)Ax/V

=1 wI"fanx/V, where V is the volume of the sample, gives
I = ﬁwnfl"f/VB .

The well known result for B is 12

4 gNe> wwe T

B = (2. 13)
em V(W) (g Ty )

where n_ is the index of refraction and N is the number of ion pairs, Substituting

this expression for B into that for I gives




7 <

ficm_n
rr

2 2
I, - —55 1@ -wl) + (wT) 1n, : (2. 14)
4 1 Ne wf min

The subscript min denotes that the value of the threshold intensity is to be calcu-
lated for all possible pairs, and the lowest of these values determines the observed
critical field IC . Recall that the intensities 1 and 1C are internal to the sample,
and reflection at the surfaces must be taken into account to obtain the applied

values.

There are two resonance factors in the expression (2. 14) for 1C . The first is

the laser-resonance factor in the bracket in (2. 14), which comes from the reso-

nant denominator in (2.13) for 8. The second is the pair-resonance factor in n.
appearing in the bracket in (2, 12). The laser-resonance faétor is on resonance
when the laser frequency w is tuned to wy. The pair-resonance factor is on reso-
nance for the pairs having phonon frequencies wq = %—w. The minimum in (2, 14)
usually occurs at the pair resonance wq = %w; it is likely that the pair of modes
with the lowest threshold will have wQ = 2lw ( since the resonance factor has a
minimum there) unless there are no phonons having this frequency, or the coup-
ling of the fundamental phonon to this resonant pair is very small { | o, |2 small),

or there are other pairs having small T" and large coupling.

The threshold usually is lowest at the laser resonance w = We . With both

factors on resonance, (2. 14) and (2. 12) give

p2(1-2p)2cm2m<2n w41"2 1"2
[ - r r f Q (2 15)
c T2 ) e i)
36me B |a2|
min
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A useful alternate expression is obtained by retaining £ in the expressions

above:

2
p2(1—2p) mrm<2([\I/V)t.t.‘hi'.l"f I"Q
IC = 3 2 ’ (2_'&.)
9B° B la, |

The minimum in (2. 16) occurs at small I"Q and large |a2 |. Physically, the
amplitude of a pair is large if 1ess energy relaxes out of the pair and more energy

is coupled into it.

In order to obtain numerical values of Ic and n.» the values of the relaxation

frequencies T, and I, are needed. Since the values of T, for various phonon
Q f

Q

modes Q are not well known at present, only rough estimates of the values of Ic

REL
and n. can be obtained: For NaCl at room temperature, 1"f = 2 X 1012 sec l.

First assuming that I"Q = I"f and that the coupling is strong ( |oz2 \ = 0,25), and
using w = wy = 2 wqQ ~ 3 x lOlssec—l, p =1/9, m_ = 2,33 x 10—23g, m, = 3. 84
X [0-23g , B=2.4x 1011 dyncs/cmz, and n = 7 (on resonance) in (2. 12) and

(2. 15) gives

n /N = 0.81, 1 = %l 1010 w/em? . 2. 17)

This is a large value of [c , and in experiments to look for the instability, a

small value of Ic is desirable. Thus, smaller values of 1"f and T, are needed.

Q

F'or small-k acoustical modes on the lowest-frequency branch at low temperature,
. ' 26,2 : Co e

I"Q is believed to be small. 627 \ conservative approximation to the lower limit of
' - .

I‘Q is 10" sec l, corresponding to a mean free path of order lym. At low tempera-

ture, '.["f also will be smaller, say, an order of magnitude smaller than at room
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temperature. Thus, according to (2. 15), lC may be eight orders of magnitude

smaller than the value in (2.17), or

n /N = 8.1x107 , 1 & 310 W/em’ . (2.18)
1t should be emphasized that the value of IC is sensitive to the value of I‘Q , and

it may not be possible to achieve such a low threshold.

6,27

On the other hand, it has already been pointed out ¢ that it is conceivable

5 sec-1 could be achieved. In this case,

that an anomalously low value of I"Q = 10
the value of IC would be only 2 x 10'4W/cm2. The results of Secs. 11b and V are
important in considering such anomalously low values of IC . In the former, it is
shown that the anomalously low values of lC are not restricted to crystals without
a center of inversion,9 and in the latter it is shown that in the usual case in which
lasers with pulse lengths of order 10 nsec are used, the steady state is not attained

and the threshold intensity is increased drastically above the previously expected

value.

d. Effect of unequal frequencies (wn # w_p). In the calculations above it was
Q Qr

assumed formally that tie fundamental phonon decays into two phonons with equal
frequencies. As discussed in Sec.IIb, the threshold may be determined by the decay

into two modes having unequal frequencies, especially in NaCl-structure crystals.

The occupation numbers n, and n,, as well as the relaxation frequencies rl
and 1"2 are now assumed to bc unequal in general. The balance of power into the
pair of modes from the fundamental against the power out of the pair must be con-
sidered separately for the individual modes. Following the reasoning of Sec. 11b,

we find
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C[nf(nl+l)(n2+l)-(nf+l)n1 n2] - 1"1 (n1 -Fl) =0 ,

C[nf(nl+l)(n2+1) -(nf+l)nl nz] -'.I,"z(n2 -32) =0

The coupled algebraic equation can easily be solved by substitution, which gives

1/2
- — - -1 2

n = A !sgnA[l+ (1"2nfn2 -I"Infnl+1"2nf+ 1"11"2n1C )/I‘lA ] -1

(2.19)

and

n, = HZ + (l'l/f['z)(nl -Hl) (2.20)
where A = [-(T, +T,)n + 0, - Ty + T, &hmEr

If we now define n. by

B, £ 1"1I‘2/(I‘l l-1"2)C (2.21)

it is easily verified that the various limiting behaviors for ng found in Sec. 1Ib are
still valid for the present case. In particular, the threshold growth at ne = n.

remains the same. The threshold value n, in (2.21) is the same for both modes
since ny and n, are linearly related, as seen in (2.20), The values of n, and

n. at the threshold are different in general, of course. Equation (2. 21) reduces

2

to (2.5) if I'1 = 1"2 . If one relaxation frequency, 1"> , is much greater than the

other, T

<’ then (2.21) reduces to n, = 1"</C . Thus the equal frequency ap-

proximation employed previously introduces no serious error in either qualitative

or quantitative description of the threshold behavior if I‘Q is interpreted as 1"1 for

the case of I‘1 = 1"2 or as the lesser of 21"1 and ZI‘2 for the case of I‘l >> I‘2 or

I'z >> 1"1 o




-

Sec. F

This resul: that the threshold can be low if either mode is long lived
(I‘Q small) is important. In the absence of the analysis above, it might have
been guessed incorrectly that the phonon having the shorter lifeiime would con-
trol the threshold or that one mode might go unstable before the other. The
suggestion26’27 that the phonons on the lowest acoustical branch may have anoma-
lously long lifetimes at low temperature implies that the value of IC may be
anomalously low. Since a selection rule2 ) prevents both phonons of the pair
from being on this lowest branch in crystals with a center of inversion (such as
NaCl-structure crystals), it was previously believed that such crystals would
not have the anomalously low values of lC .9 The present result, that the relaxa-
tion frequency I‘Q that determines the value of IC is equal to 2P< when one
value I‘< is much less than the other, shows that the lack of a center of inver-

sion is not required.

e. Higher-order two-output-phonon processes. As mentioned in the previous

section, the two-phonon processes arising from the cubic anharmonic terms in
NaCl-structure materials are subject to rather stringent selection ruleszo_23
and quasiselection r'1les.24 This is expressed mathematically by the smallness
of the angular factor o, in the trunsition matrix element of (2.9). By virtue of
(2.15), the critical intensity is increased when a, is small, a reason-

able result on physical grounds. Since for higher-order processes such as the
creation of two phonons from the annihilation of two fundamental phonons (Fig.
F3a) or that of one fundamental phonon and one other thermal phonon (Fig. F3b)
the selection rules are more relaxed, it is of interest to examine whether these

processes lead to parametric excitation and if so, whether the threshold condi-

tion is lowered from the previous first-order case.
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Fig. F3. High-order two-phonon output processes:
(a) annihilation of two fundamental phonons, and

|
e

(b)

(b) annihilation of one fundamental phonon and one thermal phonon.




Both processes (a) and (b) arise from the fourth-order term of the anharmonic
oLl : ; . 25
potential V , which contains a selection-rule-related factor a,. Process
Q,QQ4Q, 3
] (a) is analogous to the second-order Suhl instability that is responsible for the
. premature saturation of the main resonance in the ferromagnetic case. The in-

/ stabilit condition can be found in exactly the same way as in Sec. IIb, and, within

the equal frequency approximation, it is

2
fic m nr[(wz-wfz) + (wfrf>2]
I = 5 n. (2.22)
4n Ne we min

with

nc = th'/l foQ, _Q' ‘ (2.23)

where the prime distinguishes the relaxation frequency of output phonons in Fig. F3
from that of Fig. F1. One readily obtains the ratio of the critical intensities for

second- and first-order instabilities as

1. (2nd order) _ ZTQ- ‘VfQ-Q‘z 2.24)
I (Ist order) AT 2 | Verqr-q | '

Q

The value of the ratio in (2.24) can be estimated with the use of (2.9), and the

expression for the fourth order potential term:25

4 1/2

Wegr-or ! - 2a3B ( T o)
32p (l '2p)N mrm<a w vaw_Q| ,'

where a is the equilibrium nearest-neighbor separation and 0q is the previously

mentioned angular factor related to selection rules. The result of (2.24) can be

I R R o Wy vy
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resolved ‘nto a product of two factors. The first is the ratio |a2 |2 / ‘aB |, which
has to do with the selection rules. The second, 8 Ba I"Q,/(l -2p) m<l/2mrl/2wf er'
is a dynamical factor and is estimated to be about 1.2 x 103 in NaCl. In obtaining
the latter, we have used I"Q 2 1,85 x 1011 sec"1 Jana I"Q. e= 5,56 X 1012 sec-l. In
order for (2.24) to be less than unity, the selection rule factor |a2 lz/ ‘ o | must
be less than 10-3. It is expected that |a3| will be of order unity since there is
no selection rule and no reason to expect that there are quasiselection rules for
this four-phonon vertex. Thus, if the quasiselection rules on oy should make

|y |2 < 1073 for all potentially unstable pairs, there still would be an instability

as a result of the higher-order process.

By proceeding in the same way, one can study the process illustrated in
Fig. F3b. It can be easily demonstrated that such a process is characterized by
essentially linear increase of final phonon occupation as ne increases and hence
no threshold occurs. In passing, also note that the two-phonon difference process

(two phonons annihilated and one created) does not have a parametric insrability.

f. Anharmonic interaction vs high-order dipole moment. The process dis-

cussed in Secs. Ila-Ile is the absorption of radiation by the fundamental mode
(driven off resonance in general), which splits into two phonons as a result of

the anharmonic interaction. Tlie same end result, that is the absorption of radia-
tion and the creation of two phonons, can result from the Lax-Burstein interaction
involving higher-order dipole moments.22 In this latter process, the photon splits
into two phonons directly, with no intermediate state. The Lax-Burstein mechar-
ism usually is considered to be weaker than the anharmonic-potential mechanism

(although there is still debate on this point). Since this implies less energy into
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the potentially unstable pair of phonons, it is expected that the threshold is great

for the group-four semiconductors, diamond, silicon, and germanium, in which

the anharmonic-potential mechanism is inoperative. The following simple esti-

mate indicates that this is indeed the case.

The preceding analysis for instability threshold may be used provided one

makes the formal replacements of ng by the number of photons np and

13! Vip, |

value of the photon occupation number is

2r. 2
hl"Q'
n =—-———2' .
pe 2|V, |

2 by the square of the new vertex, | Vp |2. The resulting threshold

(2.26)

The value of | Vp |2 can be estimated from the known values of B as follows.

First B is related to the photon relaxation frequency I‘p , then I‘p is related to

2
\Y

terial with absorption coefficient g8 is

> -cBI/Ren(w) = -c2ﬁfl(.onp/V[Ren(w)]2

Q-IQ-
= | —

where Re n(w) is the real part of the refractive index. Diffcrentiating

I=* wnpc/ Ren(w) V directly and assuming linear relaxation gives

p—t

d
4l - _¢H VR .
A c wl"pnp/ e n(w)

Equating (2.27) and (2.28) gives the simple relation

B = Ren(w)l"p/c .

x|‘ . a ’

. The time rate of decrease of intensity on passing through a slab of ma-

(2.27)

(2.28)

(2.29)

T
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The relaxation frequency IE) can be calculated assuming interaction V_,

and is given by

2 =
r = -1 V"8 (w-2 21, +1

which upon converting into an integral in 'ls-space, neglecting angular dependence

of the integral, and assuming a Debye frequency spectrum with maximum fre-

quency w, . is approximately

L o=72an |V | @2n +1) /a2y 3 2. 30)

p p Wy k mx '
Eqgs. (2.26), (2.29), and (2. 30) lead to

n 36m wlf I‘Q2 Re n(w) _

pc - (2nQ+]) ; (2.31)

N cBw 3

mx

14 =1

D - E ) -1 -
For wk/wmx = 1/2, rQ/wmx = 1/50, Ry ™ 10" "sec ", B = 10cm 7,
ZFQ +1=2=1, and Re n(wg) = 7, (2.26) gives n,/N =50 or
IC =h wncc/V Ren(w) == 1019W/cm2, which illustrates the great magni-

tude of the threshold intensity for the Lax-Burstein mechanism.
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[I. POWER ABSORPTION AND ENHANCED RELAXATION
OF THE FUNDAMENTAL MODE

In the limit of ng << n., the steady-state power out of the fundamental
mode is simply ﬁwl"f re for ng >> Hf , where I"f is the usual linear (low in-
tensity) relaxation frequency. As the intensity is increased and ne approaches
n.» this steady-state power increases, becoming many orders of magnitude
greater than the linear value fiw I"fnf in the formal limit of ne = n,. This in-
creased absorption is a result of the pair-mode occupation numbers nQ increas-
ing above their thermal equilibrium values caused by the great power flow into
the pairs from the fundamental mode. A convenient measure of the increased

power flow is the generalized relaxation frequency ff defined by the relation

dnf/dt E -I"fnf , 3.1)

again for ng >> Ef. An expression for 1"f will be derived in Sec. IlIb, and ff

will be used in the discussion of several effects in Secs. Il c, II1d, and IVa.

a. Energy flow into a single pair. It will now be shown that the value of

the contribution 1"‘[.1 to Z["f from a single pair, is negligibly small
for ne = n., while I‘fl /1"f = 1 for ne = 2nC . Consider the power into a
single pair of modes from the fundamental mode. In equilibrium, this power

is equal to the power out of the pair by relaxation:

d‘han _
(———dt = f\mI"Q (nQ - nQ) . (3.2)

pump

The power out of the fundamental mode by linear relaxation is, with ng >> Ef "
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dflwnf
( = =1’1wI‘fnf . 3.3)
relax

- 1/2
For ne = n., nQ = [nc(2 nQ + l),,] , and the power (3.2) out of the funda-
mental mode f to the single pair is much less than the power (3. 3) out of f by

linear relaxation, since I‘f > I'( usually is satisfied.

Before considering the effect of the large number of modes into which f is

coupled, notice that as n, is increase’ above n.» the value of nQ in (3.2) increases

f
rapidly: For ng > n, + €, (3.3) and (2.7d) give dhw nQ/dt = ‘thQ(nf - n, ).
When ne= 2nc, the value of ng is 2nc, and for I"f e I"Q, (3.2) and (3. 3) show
that the power into the single pair is equal to the total linear-relaxation power
out of ne. This is equivalent to the previous statement 'f*fl/rf =] for ne = 2nc.
Thus, the parametric excitation of many pairs is potentially an extremely strong

sink for removing energy from the fundamental mode. This fact is important in

the limiting of the value of ne at a finite value, as discussed in Sec. IVa.

b. Sum over all pairs; dependence of Iy on ns. Since there are an enor-

mous number of modes into which the fundamental mode could put energy, it is
possible that summing (2. 2) over all pairs could give a number greater than the
total linear-relaxation values of 1"fnf even when the single-pair value in (2.2) is
negligible. The following calculation, even though highly simplified, clearly illus-

trates that this is indeed the case. Summing (2.2) over pairs and using (2.1)

gives
dnf 3 ﬂ |\/ 2 - v 2 3
5= = =B ;17 | 3! fQ-Q‘ 6 (w) [(ZnQ+l)nf—nQ ] . 3.4)
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- - _2
?etting nQ = nQ and using (2 nQ +1) ne - nQ = 0 reduces (3. 4) to

dn

f =
o hgE =
where
I; = £ - |31, 12 6 (&) (27, + 1) (3.5)
f Q £ ' fQ—Q Q ) )

At higher power levels the value of nQ is greater than HQ . Then, neg-
lecting an reduces (3.4) to (3. 1) with 1"f given by (3.5) wita HQ replaced

by g From (2. 8)

2n, + 1
+ 1 = = _'2__. i (3. -5a)

2n
Q l-nf/nc

From this result with n, given by (2.5) and (2. 4),

s = n
+1)6(w) = (2ny+ 1) i - fn

(2
mIp "™ Mt

(3.6)

"Q
where L. is the value of n, at w = 2 wQ. From (2.4), (2.5), and (2. 11),

2
o = £ rQ2/2 | 31V¢q _Q| . (8.7)

It is assumed henceforth that ncm is the minimum of n, ; i. e., that the mini-
mum occurs at w = 2 “’Q . From (2.4), (2.5), and (2. 10),
wlt
B ui3e! Q°Q

n_-n, ] 1/2
¢ f ncm(l nf/ncm)

mhd - §u’ o+ w Ty )

1r1“Q
1

14

2ncm(l-nf/ncm
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where the delta-function representation was used in the approximate equality and

=2 2 3y
I"Q E I‘Q (1- nf/ncm). In the second term in I‘Q , it was assumed that ¢ = ZwQ .

Substituting (3. 6) and (3. 5a) into (3. 4), neglecting n(g‘ , and evaluating the trivial

integral gives (3. 1) with

1

= (3.9)
(1 'nf/n )
cm

172 e

il

for thic case of ng < N~ € The result (3.9), which can also be derived

starting with
dng/dt = -2 8 T (ng - HQ) . (3. 10)

indicates that I'f o I‘f for ng << N and I‘f increases to a value much

greater than I‘f as n, approaches Do A plot of (3.9) is given in Fig. F4.

c. Relation between n¢ and I. On the basis of the fact that the relaxation

frequency of the fundamental mode is enormously increased at the threshold,
one may be tempted to conclude that the power absorption would be increased
likewise. This conclusion is erroneous near the laser resonance since en-
hanced relaxation of the fundamental mode considered in the previous two sec-
tions vastly alters the linear dependence of ne on the incident intensity I, as
will now be shown. Physically, the resonance absorption of a harmonic oscil-
lator is inversely proportional to the relaxation frequency. In Sec. Illd, the
new relation between ng and I will be used to obtain the behavior of power

absorption as a function of I.
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Fig. F4. Enhanced relaxation frequency of the fundamental mode (nf < n,
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| In the steady state, the power absorbed is equal to the power dfiwn ¢ /dt

out of the fundamental mode. Thus, with 3.1),

Pabs 2 ﬁwl"f ne (3.11)

Eq. (3.11) may be equated to 1V B (Sec. 2c) to yield a relation for ng in terms

of ;f and I. Using (3.9), (3.11), (2. 12), (2.13), and (2. 14\ for the case of laser

resonance (w = we ) and assuming that the minimum in (2.14) occurs at n_=n_

gives

2
n T

e 2 (_i_) ) B) , (3.12)
n.n & rfz I+IC =

increases linearly

For low power levels (I << Ic ) ne = ncm(l/ Ic ), so that ne

with the incident intensity. The linear relation is lost with higher intensity, as is

evident from Fig. 5. The region of changeover from ne o Ito ne = constant

is not sharp. For n. to attain a value within a tenth of Dem requires I = 9lc.
The value of n is limited to values below n., even for very large values cf 1.
Thus, the simple linearized result (2.8) for nQ can be used in studying steady-

state results. This will not be the case in the time-dependence analysis of Sec. V

or in general in other applications.

d. Absorbed power and Ty /Ty as functions of I. It will be shown that the

power absorption spectrum Pabs (w)/1 is constant for I << Ic and decreases

in peak amplitude and broadens for 1 approaching and greater than Ic . Flrst

note that (3.9) and (3. 12) give

~

It

P 1/2
/Tg = (/1 + 1) (3.13)
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Fig. F5. Dependence of fundamental mode amplitude on incident intensity from (3.12).




l which is unity for 1 << Ic and is equal to (I/Ic )l/2 for I >> Ic . The transi-
tion between the twe limiting behaviors is quite gentle, in ccntr.ast to the sharp

increase in 1"f/1"f as a function of nf/ncm at nf/nc = 1. (See Fig. F4.)

m
The power absorption at the laser resonance (w = wf) is obtained by sub-

stituting (3. 13) and (3. 12) into (3, 11), which gives

1/1
p o4
i (1+1/1C)1/2

e hwl,n

f

From this result (3. 14) it is seen that Pabs is linear in I for | €< lc and
increases only as 11/ ¢ or I >> Ic . Again, the transition between the two
limiting behaviors is smooth. The power-absorption spectrum P o (w)/1
decreases at resonance as I approaches and becomes greater than Ic . This

result (3. 14) is discussed in Sec. VII on experiments.

Since T, P e and T are smoothly varying functions of I, in contrast
to the sharp-threshold behavior as functions of ne, the value of lc will be re-

ferred to as the critical intensity, rather than the threshold intensity.




IV. EFFECTS ABOVE AND NEAR THE THRESHOLD

a, Sticking of ng . The result, irom Sec, Illc, that ne < n., even for
1>> Ic , which will be called the sticking of N, is analogous to angle sticking
in ferromagnetic 1'esonance.1 The provious explanation of angle sticking was
that the energy flow out of the uniform-precession mode u would be so great
whzn n, > N’ where noe is the threshold value of the occupation number n,
of the u mode, that n, would be reduced to the value Nice This previous ex-
planation is not strictly correct since the analysis of Sec. lllc evinces that the
strong flow of energy out of u exists for n, < N Thus, n, sticks at a value
somewhat below noes just as ng sticks at a value below n, as in Fig, F5. In the
following section, the previous explanation of the sticking phenomena is consid-

ered briefly.

b. Large value of Ty /T§ above the threshold. The fact that the power

h wf‘fnf out of the fundamental mode would be extremely large if ne were
greater than n.m is the key to the previous explanation of angle sticking, as
discussed in Sec. JVa. This result is easily explained intuitively as follows:
In Sec. Illa it was shown that for ne = chm and I‘Q = I‘f the energy from ng
to a single pair is equal to the total energy out to all pairs by linear relaxation.
Thus, f‘f / I‘f is of the order of the total number Npairs of pairs that are above
threshold (i.e., have ng > n, ). Since there are of order 1023 potentially un-

stable pairs, the value of I‘f/ ]."f is extremely large.

An order-of-magnitude estimate of the size of I‘f/ T for the formal case

of ne > L. is obtained by extending the analysis of Sec. IIlb to this case.
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For ne > Bees ¥ €3 (2.7) is approximately

nQ-nQa'O, fornf<nC \
.=-_-2(nf-nc) p fornf>nc
which, with (3, 10) gives
Sﬁ -, S w+dw .
T ‘ qQ 8(wq) I (ng = n.) (4.1)
w

where w " and w_ are the positive roots of ne=n.. With ne - n, given by

the top equality in (3. 8), (4.1) becomes

dn * g(wpn) - 2

i - Q 2 2 2.1 2

= -4ncm S de — wQ |FQ|'(wQ'Zw) -
w_ erQ

172
When the length w, - w_= I‘Q (ng/n 0 - 1) / of the integration region is
short, g(wQ )/ 1"Q can be evaluated at wq = % w. Evaluating the remaining

integral gives (3. 1) with

2 3/2

’1: 8n n
Ff o~ o (nf } 1) (4.2)
f 317(nQ+2-)nf

= I - i
for this case of ne > - + ¢. Thus, Ty /1"f is of order ncm/(nQ+ 7)>> 1

for n, 2 2n._ ...
f cm

c. Chain instabilities. In some systems, it is conceivable that the occupation

number nq of the unstable pair could become so great that the phonons coupled
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to the pair could also be driven to their threshold. This chain of unstable pairs

could be extended to more and more pairs, as illustrated schematically in

Fig. F6.

[ The method developed for deriving the threshold condition enables us to
argue that chain process does not occur in the anharmonic-potential-induced
phonon instabilities, For ne < n., which is satisfied according to the discus-

sion of amplitude sticking in Sec, IVa, (2.7) gives
_ 1/2
ng < [nc(Z nQ+1)] : (4.3)

For these phonons to induce instabilities of other modes, their number nQ must
reach a value of the order of n,,a requirement that cannot be fulfilled accord-
ing to (4.3). In other systems, a very small density of states at the frequency of

the threshold pair would be required in order to have chain process.

d. Enhanced relaxation of pair modes. In the estimates of critical intensity,

we have used the relaxation frequency 1"Q derived essentially from linear theory.

As the instability is approached, the large number of phonons generated interact

with one another, leading to further relaxation not accounted for in the linear

theory. If this enhanced relaxation were significant, the value of the critical in-

tensity would have to be alter~d as discussed in Sec. IIc. It will now be shown

that this is not the case; i.e., the enhanced relaxation is negligible.

Consider the most extreme case, in which nQ approaches the right-hand

side of (4.3). The dominant mechanism for relaxation is the process in which

two of these phonons coalesce to form another phonon under conservation of




Fig. F6. A chain of parametric processes.




energy and crystal momenta, as illustrated in Fig. F7. Using the standard
quantum-mechanical method,4 the transition probability of this process was
calculated and expressed in the form an /dt = -NQ nQ» from which f‘Q is
identified as the enhanced relaxation frequency. Here fQ is a function of nQ -

6 sec 1, much

Using the steady-state value of (2.7b), I"Q is found to be 6 x 10
smaller than the value used for evaluating the critical intensity, so that the en-
hanced relaxation considered here has little effect in altering the critical in-

tensity.

e. Parametric processes without intermediate states. The sticking of ne,
the non-threshold behavior of I, and the absence of chain instabilities and en-
hanced relaxation all are related to the fact that the physical process (Fig. F1)
contains an intermediate state, which is the fundamental phonon state in the pre-
sent case. Other processes, such as the instability of the phonon created in the
stimulated Raman process,7’ 28 that have intermediate states are expected to

exhibit similar behavior.

By contrast, processes that do not have intermediate states have quite dif-
ferent behavior. For example, in the three-stream plasma instability, no inter-
mediate mode is present and the radiation energy may drive the plasma waves
strongly enough to give rise to a chain instability.29 Similarly, in parallel
pumping experiments of ferromagnetic resona.nce,4 the rf-field photons con-
vert directly to a pair of magnons without the intervention of uniform precession
magnons. In that case the enhanced relaxation of the unstable magnons is indeed

significant, and provides a mechanisin for additional energy absorption.30’ 5l




Fig. F7. Enhanced relaxation for phonons Q to phonons Q' when ng >> HQ :
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V. TIME FOR INSTABILITY TO OCCUR

The time 7 required for the steady state to be established must be less

‘ than the laser pulse length if the steady-state theory is to be applied to experi-
ments using pulsed lasers. It will now be shown that T is of order T, which
is sufficiently short under most conditions, but not for ultralong-lifetime
phonons (1"Q < 107-108 sec"1 ). For this latter case, pulses longer than the
typical value of 10ns would be required in order to observe the instability.

: The total rate of change of § = n + + is, from (2.3), (2.4), and (2. 4a),
n Q" 2

with -né negligible,

dn = ¢

¥ 73 —I‘Q n+n(nc -l) . (5.1)
The time variation of ng is, for ne >> 'ﬁf

dnf ~

at— = R - rf nf (5' 2)
where R = VB1/hw is the rate of creation of fundamental phonons by the inci-

dent intensity, with E given by (2, 13) with I‘f replaced by ff.

Since ff is given as a sum involving the nQ's, the solution of (5. 1) and (5.2)

is not trivial. An important practical case is that in which T~ << I'.. An approxi-
p p Q £ PP

- ~t

mate solution for this case can be obtained as follows. For nQ = Q T, is equal

g
to the usual low-intensity, linear value I"f. For all  equal to the steady-state

values ﬁ/( 1- /nc) from (3.5a), where Neo o is the steady-state value of

n
fss

= ~ 1/2
N, 1"f is equal to the steady-state value I‘fs 35 1"f /(1l-n ) / from (3.9).

fs s/ncm




If the time constant for the approach of 1) to its steady-state value is denoted

~ ~ )
by 7, then 1"f o I"f for t<< 71, and I} = rfs

under consideration, it will be shown that 1"f in (5.2) is slowly varying; that is,

5 for t >> 1. For the case

~
Tt >> 1/T.. Thus, with T. formally considered to be a constant in (5.2), the
f f

solution is
“Tet
n,[.L'e!,_,L (l-ef) (5. 3)
1"f \

which reduces to

ne = R/l"f =VIB/1"f‘hw (5.4)
el .
for t 3 ( I‘f) = I‘f . For still greater times, ne decreases slowly as 1"f
t=0

increases, as illustrated schematically in Fig. F8. At the laser resonance

(w = we) (5.4) gives

2
n T
Bi -+ (~—f') (5.5)
[~ Ic I‘f

Now I‘f is a function of a sum over Q's, In the spirit of (3.9) and (3. 5a), we

formally assume that

(rf/'i"f) = n/n 5. 6)

which is correct at t = 0 (I} = I} and 7 = 7 ) and in the steady state

[(3.9) and (3. 5a)].




time, t

Fig. F8. Schematic illustration of the time dependence of

the amplitude ng of the fundamental mode.



Substituting (5. 6) and (5. 5) into (5. 1) gives
M - |na+1/L)-n |,
dt Q ¢

which shows that 7 increases exponentially to the steady-state value
Ngs = n(l+ I/1,) [in agreement with (3.5a) and (3. 12)] with time con-

stant

S P T TESIENN. Ny T T g -

T & l/fl"Q . (5.7)

In passing, it is mentioned that it can be shown rigorously from (5. 1) that

T 2 I‘Q-l (Ic/I) Ln | I/IC-I-Ic (I+ Ic)“l ]. The proof involves the inequality

-

dn/dt Srq(ﬁ'*' nn/n.) < rQ [ ﬁ"'ﬂ(nf/"c)t:o] x PQ( n+ nl/1,).

2gec”!, (5.7) gives T & 10”12 sec., which

For a typical value of I‘Q = 10!
is short with respect to nanosecond pulses, so that the steady-state solution ap-
plies. For I‘Q- 1 31078 sec, the steady state is not attained in a 10 nsec pulse,
In this case, (5.1) gives n = ﬁ, that is, nQ 2 HQ' Thus ff = I‘f, and the

effects of the parametric instability are not observed.




VL. INSTABILITY AT HIGH FREQUENCIES

The effect of phonon instabilities on infrared absorption in the case in which
the frequency of the external radiation is high, say, about 3-8 times the reststrahl
frequency of the crystal, is of considerable practical interest. Two energy
absorption mechanisms, with the fundamental phonon driven off resonance in both
cases, will be considered. In the first case, the fundamental phonon decays into
two phonons that are off resonance ((.ul + w, # w). Inthe second case, the funda-
mental phonon decays into a sufficient number of phonons to allow phonon resonance

to occur (w1 +w2+~-+wm = w).

a. Two-phonon instability off resonance. This can be considered as a special

casc of the two-phonon instability discussed in Sec. II, in which the delta function
in (2, 10) is far off resonance. For this case (2. 10) is approximated by

2 2
w( wq ) IQ)

, w >> w §
[w2_(2wQ)2]7— . Q

6 (w -ZwQ) =

2
m

Substituting (6. 1), (2.9), and (2.4) into (2.5) gives

2 2
n = P (1-2p)'N
v 18|a2|282ﬁ

2
m m wg [w’ - (2wg)?)

Using (2. 14) and (6.2) together with w = 1.78 x 1014 sec™! and wq =3.09x 1013

sec” ! yields

n, = L1x 10°N I, = 2.2 x 102%W/cm?
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which is about 1010-1()17 times as great as the corresponding critical intensity

values at resonance and is much greater than the avalanche breakdown value of
- lOlOW/cmZ. i Thus, the nonlinear absorption by this process is negli-

gible in the high-frequency multiphonon region. This is not surprising since

less energy is put into tae pair of phonons when they are driven in the wings of

their absorption curves than when driven on resonance.

b. m-phonon instabilities. The second mechanism leading to nonlinear

energy absorption at high frequency is the multiphonon process in which a funda- 4
mental phonon is annihilated and m phonons are created (Fig. I'9). It will now
be shown that for sufficiently intense external radiation a parametric instability

can set in, as in the previous process.
Again using the general relaxation of power balance gives

(3) + (F) '
= - =0, i=1,2, o o I (6. 4)

pump relax

Proceeding as in Sec. IIb yields

C(m)[nf(nl+l)(n2+l)"' (D 1) = (n,f.+l)nln2 nm]-I‘i(ni -Hi)= o,

(6.5)
where

cM -apn | (m+n)! Ve ,... m 28w - wy - e ). (6.6)

In the present general case, the advantages of using the energy balance
method over the equation of motion method become even greater than in the case

of m = 2. The present method yields a single m-order algebraic equation, while
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Fig. F9. m-phonon processes.
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the equation of motion method leads to m coupled nonlinear differential equations,

the solution to which is not easily found.

Since high-order multiphonon processes are subject to much less stringent
selection rules than two-phonon processes are, a reasonable first approximation
is to assume that the m phonons created have equal frequencies. With this ap-

proximation, the set of m equations (6 5) are reduced tc the m-order algebraic

equation:

C(m)[nf(nQ+ l)m = (nf—}—l)an] -r(nQ 'HQ Jy=10 (6.7)

Here nqQ and I‘Q refer to the occupation number and relaxation frequency, re-
spectively, of a final phonon. The delta function in C(m) will subsequently be

approximated, at resonance, by
S(w-w)-wy=-r-wy) > 2/maly . (6.8)

It is more expedient to solve for ng in terms of nQ than vice versa, which

gives

ne = [n™+ T (ng -HQ)/C(’“) 1/Tng+ D™ -n3" 1 .
For ng slightly greater than FQ » ng is a sharply increasing function of ) until
it attains its maximum. This local maximum, denoted by n,, may be obtained

approximately by satisfying the dual conditions that (6.7) yields only one root

and that nQ is small. It is found that, for m > 2,

n, er/c(m)(m+b‘Q) 1+[1+(2b-m2)/(m+bHQ)]1/2 . (6.9)
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where b = m(m - 1), Beyond this maximum, ne asa function of nQ decreases
until ng-l = I‘Q/C(m). It then approaches the asymptotic value n e nQ/ m,

These features are exhibited in Fig. F10a.

From Fig, F10a it will be noted that for a given value of nf(< nc) the occu-
pation number nQ in the multiphonon region may be multivalued, corresponding to
the different branches in the figure, The actual value of nQ depends on the stability
of the solution on a given branch in the presence of fluctuations in the values of nQ
away from the steady-state solution. It is not difficult to demonstrate that all
three branches are stable against even extremely large fluctuations, as long as
ne < nc . For n > n., there is only one solution. This behavior indicates thai
the final modes remain on the lowest branch until the fundamental mode is ex-
cited to a value n.. For greater values of ne, nQ increases to the higher-branch
value. The v lue of n, can therefore be identified as the threshold for m-phonon
parametric instability. The actual growth pattern is shown schematically as the
heavy curve in Fig. F10b. The growth from the bottom to the top branch, repre-
sented by the heavy dashed vertical line, is not under equilibrium condition since

the values in that part of the curve are not steady-state solutions.

Using (2. 14) with n, replaced by (6.9), together with (6. 6) and (6.8), we

obtain the following numerical estimates:

m=3, n_ = 0.61 N2, I = 3.9x 1013 N W/em?
ey n, = 14 NS f, = 6.5 10!5 N2 W /em?
R n, = L.3x 100 N? L, = 1.4 x 102) N3W/cm?

105

e v i LT i i A . R R



Sec. F

Output Phonon Amplitude ngq

Output Phonon Amplitude nq

|
|
]
|
|
|
Ne Ne |
Fundamental Fundamental
Amplitude ne Amplitude ng :

(a) (b)

Fig. F10. Parametric excitation of m phonons. (a) Schematic illustration
of the approximate steady-state solution to energy balance equation. In (b)
the heavy dashed line shows the actual growth path of the final mode as the
incident radiation power increases.
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In obtaining these estimates, we have not accounted for the limitation due to

selection rules so that .’ e actual values are even greater than indicated. For
a sample of any reasonable size, the critical intensities in all cases far exceed
that required for avalanche breakdown, thus multiphonon instabilities will not

be observed.
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VII. SUGGESTED EXPERIMENTS

In the preceding section the possibility of parametrically excititg phonons
was considered for a wide range of infrared frequencies. The analysis shows that
in the higher frequency region, parametric processes, though possible in principle,
have large thresholds Ic so that other nonlinear processes, such as avalanche
breakdown, would set in first. In the case of two-phonon excitation, however, the
parametric instability should be observable. Of all the possible absorption experi-
ments, consider one of the transmission type. It is necessary to use a sample of
thickness no greater than a fraction of a micron, this small thickness being neces-

sary to allow some transmission near the laser resonance,

According to (2. 18), at least 300 W/cm2 are required. For NaCl, with
A £ = 60um, and two times diffraction limited spot of 120 ym diameter, the area
is o«lO-4 cm2. .corresponding to a power of ~ 3.1 x 10-2 W. In practice, several
orders of magnitude greater power may be required. Since tunable sources with
this power are not currently available, a fixed frequency laser must be used. For
example, HZS with lines at 60. 34111132 could be used with NaCl. A low-power spec-
troscopic measurement of the absorption as a function of w could be made to deter-

mine the position of the NaCl absorption curve with respect to the laser frequencies.

The transmission would be measured as a function of the incident power. A
sharp change [ increase at resonance -- see (2. 13) with I‘f - f‘f ] should occur

as I approaches Ic , corresponding to the increase in I‘f.

For a thin film of crystal of thickness d, the transmission coefficient Tr

is given by L

T, = 1-wd clametw) d << \/2n
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where Jm ¢ (w) is the imaginary part of the dielectric function ¢(w). At
W= W (7.1) gives

~ /2

I | -1 -1
1-T, = wyde  (¢5-¢, )T —(l-Tr)un(I/lc+1) . (7.2)

In the second equality, the result (3. 13) for 'f‘f was used. The subscript "lin"
denotes that 1 - T = is evaluated at f‘f = I‘f. By correlating this dependence of
1- ’I‘r on 1 with the experimental results, parametric proccsses may be veri-
fied. In particular, according to (7.2), the transmission coefficient of a thin film
driven parametrically at resonance should increase as 1 increases, while Tr
decreases with increasing 1 away from resonance. This behavior is analogous
to that observed in the premature saturation of the main resonance in the Suhl-
Bloch-Bloembergen ferromagnetic instability. Fig. F11 illustrates the change in

transmission with increasing intensity.

In principle, the parametric instability could be used to study the relaxation
frequencies of various phonon modes as a function of the ﬁosition of the modes in
the Brillouin zone, as has been done for magnons in parallel pumping experiments.4
However, the results would be more difficult to interpret than in the magnon case
since it would be more difficult to determine unambiguously which phonons were
going unstable in general. In spite of this difficulty, the parametric instability

method does give information that cannot be obtained by any other method.

The effects of the phonon instability on the stimulated Raman process will

be discussed in the following technical report.
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Fig. F11. Spectral transmittance of a thin film schematically illustrating

the broadening of the resonance at high values of incident intensity. The
bottom curve was sketched using (3. 14).
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G. HiGil-POWER 2-6 ym WINDOW-MATERIAL FIGURES OF MERIT
WITH EDGE COOLING AND SURFACE ABSORPTION INCLUDED

M. Sparks
Xonics, Incorporated, Van Nuys, California 91406
and
H. C. Chow
Department of Physics, University of California, Los Angeles, California 90024, and
Xonics, Incorporated, Van Nuys, California 91406

Values of the total power & that a window can transmit under specified
conditions are calculated for use as figures of merit for window materials.
New features of the figures of merit are: consideration of edge as well as
face cooling, treatment of surface as well as bulk absorption, use of & rather
than intensity as the figure of merit, effects of improving materials and calcu-
lation for 3.8 and 5.25ym. New results include the following: For continuous
operation, large-diameter windows should be face cooled, but small-diameter
windows may be edge cooled, and € often decreases as the diameter D in-
creases. For pulsed operation, ¢ increases as D increases, as intuitively
expected. Values of the diameter DEF' above which face cooling should be
used, are surprisingly large, ranging between 7 and 100 cm, typically. For
pulsed operation and for D > DEF in cw operation, & is independent of

thermal conductivity K, while for D € D in cw operation, ¢ « K. The

EF
alkaline-earth fluorides have the greatest figures of merit for large-diameter
windows, with ¢ =76 MW, AT =50K, and £ = 0.5cm, for a one-second
pulse on a 10 cm-diameter window of BaF, at 3.8 um with a bulk absorption
coefficient of 10-4 cm-l. For small-diameter windows ( 1 cm-diameter), Si,

BaF2 , and GaAs have the greatest values of € = 1.8, 0.94, and 0.76 MW,

respectively, for cw or 1 sec pulse duration.
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I. INTRODUCTION

There have been extensive programs within the last three years to obtain
materials for high-power infrared svstems at 10. 6,,&m.1 Window materials for
the 2-6ym region have received far less attention. However, there is con-
siderable interest in chemical lasers operating in the 2-6 ym range and in-

creasing interest in window materials for this range.

In addition to extending the previous figures of meritz-4 to 3.8 and 5.25y m,
the following new features are added: (1) Edge cooling, as well as face cooling,
is included for continuously operated (cw) systems. (2) As materials are being
improved, surface absorption apparently is becoming relatively more important,
Surface absorption may also be of interest in field use where contamination is
likely. Thus, surface as well as bulk absorption is included. (3) The total
power & that a window can transmit under specified idealized conditions is
used as the figure of merit. Use of #, rather than intensity, is more conven-
ient when considering the effect of changing the window diam.eter. (4) Effects

of improving materials, particularly lowering the absorption coefficient 8 and

increasing the strength g, are included.

In addition to the new ratings for materials, new results include the
following: (1) Edge cooling, which is technically much simpler than face
cooling, is more effective than previously realized. Before the importance
of thermally induced optical distortion and fracture was realized,3 edge

cooling to prevent melting was considered. Subsequently, only face cooling

was considered since AT must be kept small, and large-diameter windows,




which have large values of AT for edge cooling, were contemplated to keep the
intensity small and to avoid diffraction in long-focal length systems. It will be
shown that edge cooling can be used for surprisingly large diameters DEF'
ranging between 7 and 100 cm, typically. In order to obtain the greatest value
of € in a cw system, large-diameter windows (D > DEF) should be face cooled,

while small-diameter windows (D < DEF) may be edge cooled.

(2) For pulsed operaticn (pulse length of the order of a second, with rapid
interpulse cooling), & increases as D increases as expected intutively, but for
continuous operation, & often decreases as D increases. Thus, for cw systems
that can tolerate small-diameter windows (without excessive diffraction, for ex-
ample), there are the dual advantages of technically easier edge coolings and
often greater . (3) For small diameters, D < DEF' the value ot ch depends

on the thermal conductivity K; whereas for D > DEF . ch is independ-nt of K.

For pulse operation, qul se 18 independent of K.

In considering window materials for high-power infrared lasers, previous

theoretical investigations™’

have established the effects of temperature gradi-
ents and pressure differentials. Briefly, as a result of the spatial inhomogeneity
of the intensity of the incident laser beam, a radial temperature gradient is set
up, bringing about radial gradients in the thickness and the index of refraction.
The resulting; optical distortion may cause significant reduction in the target
intensity, especially for long-focal length systems. Optical distortion may also

be caused by deformation of the window under pressure. In addition, both the

temperature gradient and pressure can cause fracture of the window,




Application of these considerations to obtain figures of merit for window

materials involves the following three distinct factors:

(a) Pressure-induced optical distortion and fracture are avoided by making

the window thickness £ greater than a critical value £ gr

(b) Thermally induced optical distortion and fracture are avoided by keeping

the temperature difference AT between the center and rim of the window below

a critical value ATl —

(c) The fact that AT must be kept below ATless limits the total power that
a window can transmit to values below a critical value Opulse for pulse operation
or ch for cw operation. The relation between ¢ and AT depends on the type
of operation (pulse or cw), the thermal properties of the window (heat capacity
per unit volume C and thermal conductivity K), the type of heating (bulk or

surface), and for cw operation, the type of cooling (edge or face cooling).

Two of the new features of the figures of merit, surface absorption and edge

cooling, pertain to the relation (c) between ¢ and AT.




II. FIGURE-OF-MERIT ANALYSIS

The figures of merit are obtained as follows:3’ 4 (a) The thickness !'gr
required to withstand the given pressurc P is calculated first. The thicknesses

L. and 20 required to withstand the pressure with. ./ fracturing the window and

&

without causing excessive optical distortion are

J?,f/D = 0.433 (PSF /o )l/2 ; (2.1)

1/5
2,/D = 0,842 (n-1) (P/EY (D/X) : 2.2)

respectively, where o is the window strength, P the pressure, the safety factor
ST is taken as SF = 4, n is the refractive index, E the Young's modulus, and A
the optical wavelength. In order to prevent both fracture and excessive optical
distortion, the thickness must be greater than both l’f and JLO; that is £ > !'gr
= greater of L, and L.

(b) Next, the temperature difference AT between the center and rim of the
window that can be tolerated is calculated as follows. If AT exceeds ATf or

ATO , defined as

AT, = 20/aE SF, ATy = A/8L, |3,y | 2.3)

with anT = (an/aT)0 + a(l1+v)(n-1)+8S, in which the derivative is taken

at constant stress, o is the linear thermal expansion coefficient, v is the Poisson

. . 3 .
ratio, and S is a small stress-optic term,” then the window fractures from the
excessive thermai gradient or causes excessive thermally induced optical dis-

.3 . :
tortion,” respectively. In order to prevent both of these system failures,

P R p——



AT must be smaller than both ATf and ATO; that is, AT < ATless

= lesser of ATf and ATO.

(c) For pulsed operation in which the heat diffusion and, therefore, the
cooling are negligible during the pulse duration tpulse , the temperature rise 1
at every point is determined by the simple expression CV = AE /AT, where
V is the volume, C is the heat capacity per unit volume, AFE is the energy |
added, and AT is the temperature rise. From this expression it is easy to

2

2
show3 that for intensity I = 10 -3 (p/%D ) IO’ where p is the radial co-

3 ordinate, the spatially averaged intensity (I) and AT are related by the ex-

P TP

pression (1)p = CAT/Bt The corresponding total power &

ulse pulse

pulse’

that a window can transmit in the pulse mode of operation is

2

pulse 2.4)

A continuously operated system must be cooled, otherwise AT goes to

infinity as t goes to infinity for fixed & , s seen in (2.4). In this case,

pulse
is replaced by T

(2.4) is valid if t , which is the time constant for

pulse less

cooling the window. For edge cooling, iy T is the time constant Tk for radial
heat flow along the radius 71 D:
1 2
re = C (ED)/4K . (2.5)

The exact value of & has a weak dependence on the radial distribution of the

incident intensity, The value given is for a constant intensity, For 1 constant

inside the circle of diameter %D and zero outside this circle, the factor -:— in

6
& is replaced by 1/2.9. These results are obtained from trivial solutions to

the heat-flow equation.



For face cooling, ¥ issi is the sum of the time constant for heat flow across

the window thickness l’gr plus that for removal of heat at the interface of the

y 3
window and coolant :

C;er h £
b S (1)

where h is the heat-transfer coefficient (W/cm2 K) at the interface of the window

and coolant,

In calculating the figures of merit, it is assumed that edge cooling is used if
Tg < T and that face cooling is used if T; < T, since larger values of &

result. Accordingly, the cw figure of merit that will be used is

/48T ' (2.7)

2
ch = #D CAT less

less
where Tesg lesser of g and Tk

The critical window diameter DFF that determines whether face or edge
cooling is to be used is simply the solution to g = Tg- Since the factor
h zgr /3K in (2. 6) is negligible in all materials considered except TI1173

glass, this term is neglected, giving g = © Lgr/h. Solving for D gives

1/2
D - 6:93K (PSF) '

f h o

5/4
_ [13.47K PP(n -1) / Godh
o )tl/sh EZ b

for zgr = Lf and £0, respectively. The critical diameter DEF = greater of

D, and D .
f 0

If the window absorbs the radiation at its surface, rather than throughout

the bulk, it is easy to show that 8 in (2.4) and (2.7) is replaced by f/;egr ,
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where f is the fraction of the incident radiation absorbed by the two surfaces.

Then (2. 4) and (2.7) are replaced by

= 1D 4 CAT

Opulse gr less/4 i

pulse 2%

and

_ 2
=D l,rCATleSS/‘tf‘r

- . (2.10)

less

for surface absorptior. Since the values of ¢ for surface absorption are more
strongly dependent on the window size (by a factor of zgr) than the correspond-
ing values for bulk absorption, ch never decreases with increasing D, and the
advantages of using large-diameter windows are greater in the case of surface

absorption,

Finally, in strengthening materials there is a critical strength O¢ o that is

of interest. If the strength of the material o is less than g;_ , then l’gr = L

1/2,

and increasing the strength allows the use of thinner windows (‘q'gr ~0
On the other hand, for o > Oto’ ‘q'g'r = 20. Thus, increasing ¢ does not

a'- | thinner windows to be used since l,o is independent of o. The value of
O¢ g is obtained by equating Lf and I,o in (2. 1) and (2.2) and solving for o,

which gives

L ey ]
0;., = 0.264 PSF [ L (p-) 3 ] : @.11)

120




1lI. TABULATION AND DISCUSSION OF RESULTS

AT

Values of &, £ DEF’ and Oyt are calculated using the

gr’ = less’ Tess’

results of Sec. 2 and listed in Tables GI-VIIl for various materials of interest

for A = 3.8 and 5.25um and D =1, 10, and 100 cm. It is also useful to visual-

ize the results. Thus, Fig. Gl schematically illustrates the D dependence of

4 gr’ ATless

curves change from material to material. The tendency for @ to increase with

, and 1/ Tless ' The relative positions of the regions of the three

increasing D caused by the explicit D'Z factor in Eqs. (2.4) and (2.7) tends to

be offset by the decreasing factors AT and I/Tlesq illustrated in Fig. GI.

less
The resulting dependence of € and D is plotted in Figs. G2 and G3 for BaF2 5
Si, ZnSe, and strengthened KC1 (¢ = 4kpsi). (In the tables, values for un-
strengthened KC1, with ¢ = 330 psi, are given.) Formulae that are useful in
scaling and in visualizing the dependence of @ on variables other than D are
displayed in Table G VIIIL.

In the tables and figures all values are computed under the conditions

4

P - 14,7 psi, SF = 4, h=10"2 W/em?K, £ =10"%, and t = 1 sec. The

pulse
notation f or o designates fracture or optical distortion as the controlling
factor, while F or E accompanying Tiess signifies face cooling or edge
cooling. Values of @ in Table G VII were calculated using the measured
values of 8, while those of Tables GII-VI were calculated using B equal to

the greater of 10"4cm™! and the extrapolated intrinsic value.

This choice of B is dictated by the following considerations. There is very
little experimental information on the values of B at 3.8 and 5.25ym. With the

exception of A1203 , the experimental values for the materials considered here
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surely are either extrinsic or characteristic of the experimental calorimetric
setup, rather than the material. We have made order-of-magnitude estimates
of the intrinsic values of the absorption coefficients by extrapolating from in-
trinsic values measured at shorter wavelengths. For most materials considered,
these intrinsic values are extremely small. As an example, B =5 x 100 13 cm-1
for BaF2 at 3.8um. For such small intrinsic values, the observed values of B
will be determined by extrinsic processes. In practice, it is difficult to obtain
materials with 8 = 10-4cm-1. It is even difficult to measure such low values.
For references we include the measured absorption co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>