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I. INTRODUCTION

Large space mirrors were analyzed1 with the objective of comparing the
ability of materials to minimize static, thermal, and dynamic load-induced
deflectlions. The behavior of the mirror was associated with the central
deflection or sag § when it was simply supported along its periphery.
Geometry, loading conditions, and bulk material properties joiptly affected
the distortion of a mirror. This analysis generalizes the initial approach to
cover most potential failure modes of large optical and laser mirrors.
Material properties are examined as they relate to the performance of an
optical train and as they combine into figures of merit for selected failure
criteria. The objective is to optimize mirror substrate and support materials
to permit more stringent loading conditions, greater geometrical flexibility,
and improved performance in terms of thermal and mechanical stability. In
addition, these figures of merit should aid in the determination of the

importance of advances in material properties.

The scope of this study is limited to factors responsible for quality
degradation in high-power laser systems that are attributable to mirrors,
principally phase distortions and power absorption. The range of power optics
includes electromagnetic pulse damage and overall power handling abilities.2
Performance of an optical train is influenced by many factors, such as
misalignments, beam obscuration, laser characteristics, and interactions with
active positioning devices.3 Although we attempt, in this report, to deal
with all factors that influence mission requirements, mirrors in a gaseous
environment are not considered. Boundary-layer and thermal- blooming effects
may occur in such an environment. Related topics such as thermal mechanisms
in thin films and scattering as a measure of laser damage assessment are also

considered peripheral to the choice of mirror substrate and support materials.

Many material figures of merit have been proposed in connection with
mirror substrates (see, for example, the list in Table I). This background
material was used to make the present study as comprehensive as possible; a
major objective was to combine the most relevant material parameters for

comprehensive figures of merit,
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e P T TR T



pwong
Text Box
preceding page blank-not filmed


Table I. Some Figures of Merit for Mirror Materials

c:/El/2 Hexagonal distortion factor

a/E Thermal-gradient effects

a/K Linear-temperature gradients

a/pCp Speed of response to transient thermal inputs

a/KE Despace figure of merit for a telescope

a(l+~\))/pCp Localized transient distortion

a(l+v) Distortion of substrate if poorly cooled, pulsed

a(1+v)/K Well-cooled, repeated pulse deformations

a/vfi_a__ Time to reach average temperature

aE1/37Kp General distortion factor

aE/K Actuator-load requirements

uE/cMYS Thermal-fatigue resistance ]

aE(1-v) Thermal-stress limit

anU(l—v) Thermal-fatigue resistance

ap/KoMYSE General figure of merit for mirror substrates )

opCp/KMYSE General thermal deformations

Ec Short-column buckling analysis ‘
; E/p Self-weight, mirror support points
»; E/p(l-vz) Dynamic loading, constant thickness ‘
; E/pv Sag due to self-weight -

E/(1/3—v2) Buckling damage 3:

E/p3(l—v2) Dynamic loading constant mass/area '

EoHYs/p Thermal soak deformation on weight basis i

E GHYS/D Long~term dimensional stability

(KpCp)l/Z/(Tm-To) Melt damage from pulsed lasers

G/(l-vz) Shear deformations of supports

K/pCp Thermal diffusivity )

KpCp Transient deformation (cw)




Table I. Some Figures of Merit for Mirror Materials (Continued)

Kpl.E Vaporization damage
; b Kpcp(T“rTO) Maximum energy density from pulsed lasers
23 oyP Crack sensitivity
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b § 1I. THEORY

Material figures of merit are derived on the basis of the ability of a

mirror's properties to minimize the deformation of a wavefront in the presence

4 e

of changing mechanical or thermal loading conditions. An rms phase aberration

i

Ap is added to a wavefront when the mirror exhibits an rms distortion in the

- optical path length A2 in the beam path direction, or

Ad --%—"— AL ¢))

The far-field intensity I can be computed for small aberrations, if we assume
that the baseline intensity I, is proportional to the total power level of the
beam. As indicated by Born and WOlf,4 the intensity at the focus, or center

of a Gaussian reference sphere of the nonaberrated beam is

f 2n 2
T/ %“‘l'z‘l[f e 0d pae @
o] m (3}

where the integration is over the aperture of radius p and polar angle 6. The

. Strehl approximation4-6 is

-t -1- (any? 3)

o

A

6

Clearly, A¢ must be <1 radian (A/2%), otherwise I + 0. Winsor® shows that the

limit of validity 1is generally
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Ap < 0.55 rad < A/11.5 (4)

The Marechal criterion (A¢ = 0.447) is convenient to use for describing the
required performance of an optical train. Distortions are commonly divided
into figuring errors Oes and changes in optical figures either correlated or
uncorrelated with the beam intensity profile. For mirrors, many distortions
are linearly power dependent, but others may be related to factors such as
mechanical loading changes. This distinction is important when the various
distortions are summed to calculate a total aberration in the optical

train.® The optical path length distortion A% for a single mirror is

_ 2 <2 =2
AL = 2 \/cf + Gms(Io) + 6ms (5)

where
T p,a :
=2 1 2
8 . = 2[f 6“rdrde (6) 1
2ra ° ‘
and § 1s the axial (z direction) displacement of the surface; § is a function 1

of material parameters: time, geometry, and power density. The factor of 2 in
Eq. (5) represents the fact that the optical path length decreases by twice
the axial movement of the mirror surface. Equations (3) and (5) combined with
the Marechal criterion indicate that

z 2,002
Tng = A"/80m (7
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where Eims is either the power correlated or uncorrelated surface distortion. It

is seen that o, must be <A/28, which is also the maximum value that can be tolerated

f
for distortion. If X is 10.6 um, Grms must be < 0.377 ym or < 15 uin. This

is the order of magnitude of maximum allowable displacements.

Material parameter contributions to 6§ must, therefore, be minimized.
Their combinations will serve as useful figures of merit for maximizing the
far-field intemsity I [Eq. (3)] or the permissable power density I, when arms
= f(Io, t).

Alternative approaches include the criterion of a change in the depth of
focus of a mirrot.7 The change in radius of curvature is then of interest,
rather than only local or integrated axial deflections [Eq. (6)]. However,
such an analysis ylelds very similar figures of merit and is not as compre-
hensive. Alternatives to surface distortion, such as temperature-dependent
damage failure modes,8 are discussed briefly in this report. Sparks9 defined
figures of merit for laser windows in terms of an angle through which normally
incident light is bent. A comparable failure mode for mirrors might be
excessive scattering or changes in absorptance. These are normally attributed
to surface effects and not to substrate material properties. A possible
exception might exist 1if the angular spread from a reflected ray is regarded

10 whose appearance may be caused by

as a function of surface dimples, or bumps
nonuniform thermo-mechanical effects and whose magnitude depends on substrate

material parameters.

11




III. MIRROR FAILURE CRITERIA

Table II lists potential failure modes in mirrors that depend on the

substrate and support structure materials. Expected application areas for

spacecraft are listed next, followed by the relevant material figures of

merit. The failure modes are divided into two categories: mechanical effects

and thermal effects, including laser damage effects. The common failure

criteria are excessive surface displacement and unacceptable surface degrada-

tion, e.g., melting. The derivation of figures of merit is described in this

section.

A. MECHANICAL LOADING EFFECTS

Analysis
5

Mathematical models generally assume a thin shell for the mirror.

becomes much more complex if 2a/h < 3, at which point »>15% error is probable.

Elastic distortion as a function of stresses (and temperature variations) can

be calculated by methods of dynamic relaxation.!! 1In this approach, the mate-

s rial parameters involved using Hooke's law are E, G,v (and a). Effects of

nonsymmetric stress (or temperature) distributions can be handled with computer

programs based on such analyses.

1. SELF-WEIGHT CONSIDERATIONS

The sag resulting from self-weight (or steady-state acceleratioms) is
described in Ref. 1 as

5 = _3. 3.4 (1 - \’2)93 _Ii _g___ (8)
4 E I 2
11 m

Is and I are, respectively, the moments of inertia of a solid cross section

and of a built-up section of the same area. This results in an Ell(l - \32)"1p_3

material figure of merit. A slightly different approach12 describes the sag

as
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-8y 2 1 (20gh) 2| 1§5+v}2 1[8+v+Vv 2
s 25 @ g8 p @ 3 a” +3 ————1||h (9)
which suggests a figure of merit of E/pv to be maximized.
2.  DYNAMIC LOADING

The corresponding deflection is given in Ref., 1 as

|l

E I (10)

6 = 022 % 220 =) (E)
22 =3
m 11

where the relevant material figure of merit is E(1 —vz)'l p-3, the same as in

the static loading case. In this case, § is the peak resonant mirror

deflection and F the amplitude of a disturbing function. The latter may be a
random or sinusoidal vibration, mechanical shock, or spinning centrifugal
load.

3. STRESS-WAVE EFFECTS FROM LASERS

Laser-induced stress waves in an elastic medium follow a wave equation of

the form:13

+ =0 (11)

where u is the displacement, which varies with z and t. When heating can be

considered instantaneous,

(%%)t-o = - Tmax exp(faz) (12)

16
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and the strain amplitude 1is proportional to al x> which is in turn propor-
tional to the deposited energy. The CTE (or a) is the principal material
figure of merit here. The displacement may, if excessive, cause plastic de-
formation, in which case the microyield strength (MYS) is important. 1t is
well known that pulsed lasers can cause microstructural changes.14 Required
stress—-wave amplitudes are on the order of 1 to 10 GPa. A common location for

such failure is at an interface where one material is transparent to the laser
beam.

4. ACTIVATOR-INDUCED DISTORTIONS

Adaptive optics is a complex subject. 1In this report, we consider only
formulas that relate actuator parameters (force, position, etc.) to mirror
substrate material properties. Wavefront information is applied to an actu-
ator at some position behind the first surface mirror plate. Correction of
the major figure error usually results in a new mode of distortion, which is

also affected by neighboring actuators (influence function).15

The deflection y of a uniformly loaded beam with a concentrated correc-
tive load P 1s!6

. 3 _ 2 3, _ Px 2 _3L
y EZEf<L 2Lx" + x7) 28T X - (13)

where 0 € x € L/2 , and p is the uniformly distributed load. Therefore, for
a zero deflection y = 0, and P = (5/8) pL, which results in removal of 97% of
the rms error (for the first three vibrational modes). The larger E, the

smaller the deflections involved (for fixed loads). The criterion for
actuator spacing is

L& (14)




which, except for the Poisson's ratio, is essentially independent of material
properties. This indicates that to minimize the number of actuators, and thus
the cost, the thickness h should be large, and in a weight-constrained design
the density should be low.

In addition to E, p, and v, the MYS is likely to be important in areas
where the actuator forces are applied to correct for the mirror figure
errors. The flexural rigidity is of primary importance when moments, rather
than unidirectional translations, are used.17 This involves the E/(1 - v2)

tem L]

Hogge18 described zonal (assumed above) versus modal corrector method-
ologies. The modal approach involves deformation of the entire mirror surface
into a set of specific functions (e.g., Zernicke polynominals) to correct for
aberrations caused by vibrations or jitter. This approach probably will also
be affected by E, v, and p but in different combinations than for the zonal
methods. Actuators normally handle distortions at rates of <100 Hz. Resonant
frequencies are proportional to (EI/p)llz, but distortions are generally ~ p/E.
Therefore, E/p should be high to keep resonances above 100 Hz, but if it is
too high, the forces required by actuators may become excessive (if the
aberrations are large). Large aberrations tend to reduce mirror frequency
response to even lower values (e.g., 5 Hz, Ref. 20). A breakdown of the
required elastic constants involved for piezoelectric control is given by

Adelman.21

5. SUPPORT STRESS

Deformations can occur in the mirror support structure for reasons unre-
lated to mirror substrate behavior. In the absence of correction devices such
as actuators, these deformations may affect the figure and thus mirror perfor-
mance. Even with actuators, these deformations should be minimal to simplify
the role of the active controls. Spacecraft attitude changes induce stresses
into the mirror support system from temperature changes as in the Large Space
Telescope or during deployment (slew loads) and course adjustments. In high
energy laser systems, when the pulsewidth is sufficiently long for steady-

state heat transfer, a quasi-cw situation results where thermal distortions of

18




the support column and backup structure help determine mirror surface distor-

tions. Local mirror surface distortions may also be induced by the presence
of cooling channels for high power mirrors. Deflections caused by stress
changes in supports are generally proportional to E/D, where D is the flexural
rigidity.

2 2
D = Eh 5 (solid plate), or D = tth+t) E (sandwich) (15)
12(1 + v) 2(1 + v

where t is the thickness of the upper and lower plates. A low Poisson's ratio
is desirable.

Supports may also be subject to shear deformations and microplastic de-
formation, which all cause mirror distortion. The shear component of the
deformation in a mirror substrate is expected to be small for large span-to-
thickness ratios of solid plates but will be significant in any sandwich-type
cross section. The influence of shear forces on the total deflection may
equal or exceed that of pure bending behavior of a mirror blank.22 Selke
found that for moderately thick plates with thickness-to-diameter ratios
of 0.1, shear effects can contribute significantly to the total deflection.23
Large optics, i.e., with low flux environments, are not likely to exceed the
0.1 ratio, but, if thick foam supports are used, there may be a problem.
Important material parameters include the shear modulus and the flexural
rigidity [which contains the E/(1 - vz) parameter]). The effective shear
modulus will depend on core construction as much as on materials used, e.g.,
rib thickness, pore size, and foam. The core cell geometry and bonding
techniques should also be considered when efforts are made to maximize the
effective shear modulus to minimize deflections, since it may be undesirable

to increase G by increasing the core density.

The microyield strength must be high for the material to resist small
permanent deformations caused by short-term loads. It is doubtful if any
material is perfectly elastic at arbitrary small distortion levels. Stress

and plastic strain behavior of mirror substrate materials are discussed in

19
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Ref. 24. The gravity-release effect on support systems may result in
anelastic effects on many low-expansion materials. Recovery rates from
temporary loads are important for the estimation of residual mirror figures.
A possible guideline is that materials exhibit similar creep strains at equal
percentage of their MYS values. Microstrain behavior is also proportional to

shear moduli.14

6. BUCKLING OF SUPPORTS

A common lightweight mirror structure consists of two thin plates con-
nected by a low-density core structure. The cross section of this core may be a

1 and Barnes?? have presented

foam, a grid, or periodic I-beam supports. Ayer
equations for the flexural rigidity D and central deflections as a function of
rib thickness t, rib height h, and plate thickness th. The advantages in re-
ducing t to obtain high values of I/Is are ultimately negated by the suscepti-
bility to compressive buckling under polishing or launch loads. If the I
cross section is close to orthogonal (small vertical deviation), the I-beam
web can be regarded as a long, simply supported plate. The critical load for

buckling P., 18 conservatively estimated at

1 - v2 a2

2 .3
E ™t
Pcr(lb/in) = ( )'TE (16)
where the first term contains all the material parameters. The larger E/(1
- v2), the smaller the permissible web thickness, if we assume Por is fixed at

the MYS or proportional limit or similar criterion. The maximum permissible

I/15 can then be calculated; for example,

3
.3 - _ (1 ~nt)
pall (1 - t) [n a=o ] (17)

where n 18 approximately equal to the ratio of h to the height of a solid core

of the same cross-sectional area.

20




Light weighting as such does not necessarily reduce deflections, but it

improves bending resistance and E/p of mirror structures in general. Greszczuk

reviewed theories of microbuckling of unidirectional composites.25 In gener-

al, extensional and shear, elastic and inelastic buckling modes must be con-

The shear modulus of the matrix and elastic modulus of the fibers

sidered.

are major material parameters to be maximized. Geometry is as important as

material parameters. Elastic buckling stresses also vary, depending on wheth-.

er there are free edges (e.g., I-beam), or no free edges (e.g., a tube).2® 1In

f either case, flexural elastic constants, especially in the axial load direc-

tion, are of primary importance. At present, relations among crippling

stresses, compressive stresses, and incipient buckling must be found empir-

ically. The buckling failure mode in composites may also be influenced by the

ply-stacking sequence. Delaminations or flaws can be expected to affect

critical buckling stresses differently if they occur in O-degree or in 90-

degree plies. This, however, is more a structural design than a materials

consideration.

7. TEMPORAL STABILITY

Temporal stability is the change of dimension with time under constant

temperature and minimal stress levels. Creep 1s possible with this defini-

tion, and in practice, effects of gravity, residual stresses, long-term

viscoelastic recovery, slow phase transformations, anisotropy, or inhomogenity

may not always be separated out by measurements. In general, stability

depends on fabrication sequence (residual stress relaxation). Materials with

high values of MYS, E, or a high degree of isotropy or both, however, show

higher temporal stability. Mirror figure changes with time have generally
been small: ~ )/30 - A/40 for CER-VIT and silica mirrors.2’ Zerodur and Super

Invar exhibit the most temporal stability,28’29 but a single figure of merit
29

based on material properties cannot yet be defined. Jacobs“’ suggested a

coefficient of temporal expansion (CtE) or a, equal to AL/LAt and analogous to

. CtE e Covalent bonding and low dislocation densities promote good temporal

stability. Silicon and silicon carbon should be quite stable on this basis.

Birefringence is useful for measuring residual stresses in glasses or




other transparent materials, but comparable tests do not exist for opaque

mirror substrates, with the possible exception of x-ray methods.

Residual stresses often result in cracking, which results in distortion.
They need not exceed the ultimate tensile stress to cause mirror degradation.
Stresses may open already existent cracks or enhance interfacial strains near
imperfections or at coating substrate interfaces. Cracks may originate from
grinding, stress waves, and vibrational modes, which enhance microstructural
stress risers. They are influenced by variations in CTE, composition, porosity,
inclusions, crystal orientation, residual stresses that result from thermome-
chanical treatments, and pre-existing microcracks. A theory for handling
macroscopically homogeneous isotropic materials that contain randomly oriented
cracks has been developed at Aerospace.30 These results can be incorporated
into a finite element code that can be used to predict the failure probability
of a structure subject to arbitrary stresses. Material parameters include

-1)1/2 where y is the

fracture stress, which is roughly proportional to (2y Ed
surface energy of a crack and d is the interatomic spacing. While cracking
will usually result in a net dimensional change (and mirror distortion), sur-
face cracking also has significant effects on B, which then causes increased
and possibly excessive thermal effects. Cracks that open in the mirror sur-
face may affect the radius of curvature, but the nature of the stress state
relieved will also determine the magnitude of the resultant deformation §.
Extreme hardness, usually found with cohesively bonded atomic structures, pro-
motes the ability to grind to a high level of surface perfection. When the
surface can be ground to A/100 or better, radiation or EMP surface damage
thresholds approach the bulk values. Voids are undesirable. Another con-
sideration in grinding is the number of support points N required to achieve a

given level of surface perfection y. For A/20, x ~ 0.025um:31

2
- 1.5a P
N h \’ Ex (18)

This suggests that E/p should be maximum for effective grinding and polishing

of the mirror.
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8. COATING EFFECTS

Coatings are choren for different material properties than the mirror

substrate. These include spectral reflectivity, damage tolerance, adhesion,
dielectric properties, refractive indices, and abrasion resistance.
Anticipation of actuators and deformable mirror substrates requires special
attention to reflective coatings and substrate adhesion during thermal
cycling. Rowe demonstrated that while cracking or even appreciable
reflectance variation may not occur, small changes in absorptance are

found.? Damage thresholds are likely to be different than the substrate.

They also depend on the mode of fabrication; evaporated gold, for example, has
a lower laser damage threshold than plated gold.32

Thermal-expansion mismatches induce surface stresses in the substrate.

These may be estimated33 for a coating-substrate-coating sandwich,
o(substrate) = EAT(as - ac) (1 - 31 + 632) (19)

The AT rmay refer to the thermal excursion seen, or the temperatures involved
in the application of the coatings. If microcracking does not relieve these
stresses, microdeformation of the substrate may result, especially if o > MYS.

B. THERMAL-LOADING EFFECTS

Three categories of effects are considered here: 1) steady-state heating

deflections, 2) transient deflections, and 3) surface damage.
1. STEADY-STATE DEFLECTIONS

Separate distortions occur 1) if the rear surface is kept in radiative
contact with a heat sink, 2) when uniform temperature excursions occur, and 3)
when linear gradients arise, depending on the curvature of the mirror. These
six distortions are described in subsections B.l.a through B.l.f.
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a. Tb = To’ Curved Mirror

The back-face temperature Ty, 1is assumed to be equal to that of a backup
structure T, because of radiative coupling. It is also assumed that there is

no reradiation from the front face. The surface deflection is then1

-azu
1

11 m
§ = —=— (BQ) + (20)
2R |_2k1° 40T F

Bo e

The predominant material parameter is Kl/all, since m/p = h. To compare
materials on this basis, constant h and m must be assumed, and the fact that k
and a may vary with T must be considered. In addition, very porous materials

will benefit by being considered as foil-foam-foil sandwiches.

b. <Ib,=’To’ Flat Mirror

In this case, R + ®», so that 8§ in Eq. (20) approaches zero.

c. ATb = ATS, Curved Mirror

S —

For a uniform thermal change, e.g., to operating temperature,

a -—
§ = R all(T) A'l‘u (21)

the change in radius of curvature is RnllATu34.

d. AT, = AT _, Flat Mirror
b 8

The deflection of Eq. (21) goes to zero as R + ». However, an out-of-
plane growth for a flat plate, which is given by

=23
§ s %1 (T) AT, (22)
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can be considered. This is generally assumed to be correctable by actuators

when AT, has been achieved or by initial focusing.

e. Tg + Ty Linearly, Flat Mirror

For a circular mirror,

since BQ = kAT/h for steady-state heat flow. If T, is high, the flux is re-
radiated and the effective B is not constant. A similar expression has been

derived for a rectangular mirror of sides a and b34
2 2
5-(———-a ;")%m)-————a b ot (24)

f. Ta » T, Linearly, Curved Mirror

Equations (23) and (24) apply also in this case.

8. Variations in CTE

The preceding subsections indicate alland o are important. There may

be local variations in either of these, so that

§ = Aa,. AT (25)

a’o
m 11 u

&fw

which is derived in Ref. 1 on the basis of equal layers with different &ll

values (A;11 = 51 - ;2). This is also equivalent to a change in R. Localized

bumps occur as a result of variation in o, while traveling along the surface,

1
so an equation in Ref. 35 is also applicable.
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§ = hAalAT (26)

which is equivalent to local variations in out-of-plane growth.

Another approach to the effect of local a gradients is to consider non-
uniform (e.g., Gaussian) incident irradiation. The local distortion given by
Ref. 36 is:

2 2.2
sey = - {LE ‘;gc:”‘" [ e ( e ) 3,0 {1} zde (27)

1

where the lT term contains mainly transient equilibration terms. Local
deformation 8(r,t) then depends on (1 + v)Aa/pCp, and variations in surface
figure with time are also affected by variations in a. In this case, the
model assumes isotropic properties, so that transverse effects of Aall vs Aal
require further investigation. This analysis indicates that variations in a
may be vriations in B, p, Cp, and k, all of which affect the transient surface
figure. Nevertheless, a is the predominant material parameter for thermal

effects.
2. TRANSIENT DEFLECTIONS

All thermal deformation or damage modes are time dependent; it is of
interest to investigate the material parameters that control the time required
to reach a failure mode or to equilibrate to a constant deflection. A con-

venient approach to transient effects is suggested by the work of Sparks.8

For short times, that is t < pCphz/Bk,

BITIQ = /7oC (/o2 (r-1) (28)
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This implies that a temperature-dependent heat flux (with a beam diameter
that greatly exceeds the mirror thickness) is equal to the product of a
material parameter, an applicable time interval, and a failure criterion
expressed as an unacceptable temperature rise. For example, T - T, may be the
interval required to cause melting (Tm - TO), excessive thermally induced
stresses, or fracture. Equation (28) indicates that for a given time, AT of
the surface is minimized if kpCp is maximized. This time region applies to
the initial interval where damage or distortions occur before correction, by
such methods as actuators or active cooling, can be effective. A useful

approximation for B(T) is BO(AT/TO)IIZ. Another expression uses the threshold
intensity ID31’32

BID = (Tm - To) \/Kc; (29)

where T, refers to the lowest melting point in the coating-substrate system.
This equation applies fairly well unless there is poor adherence of the

surface films. Monsler3® defines a fluence limit, a maximum energy per pulse

in terms of melt damage as:

3 3/en?y ~ 8 T~ e T (30)

The maximum intensity allowed is then

1/2
Imax = Jm/rp (Tp)




In longer pulse times, dirt particles can explode and form an absorbing plasma
of material, which can transfer absorbed radiation to the surface by

electronic heat conduction. Then8

-2 -1
I ~ 32
T (32)

Vaporization damage is described37 by the rate of the inward vapor-liquid
boundary movement. To minimize the surface figure change, pLy should be
maximized., Additional discussions of melting and vaporization damage
mechanisms, which use similar mathematical models, are given in Refs. 39
through 42. The exact mechanism for incipient melting damage, for example,
may be more shifting of grain boundaries (before absorption of the heat of
melting). Rear surfaces of transparent materials generally have lower damage
thresholds than bulk or front surfaces, because plasma created near the
surface tends to absorb radiation., Back-scattered radiation or specular
reflectance to measure laser damage way be effective. However, clear-cut
definitions of threshold are not always available, Total reflectance may not
be appreciably affected until the boiling point of the surface material is

approached.42

For longer times, AT =f (z,t) can be first considered.

2 2 ® , .n 2.2
T(Z,t) = th ktz + 3z 3 h = Z > ; ) exp kn '« ; cos (_ﬂ_;ﬁ) (33)
pCph 6h n=]l n pCPh

The thermal diffusivity k/pCp is an important parameter in the ability of a

material to athermalize, The average temperature in the mirror, or

h
f T(z,t)dz

(o]

-3l
L}
=
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determines the average strain, so that, analagous to Eq. (28), the surface
distortion is described as:

WPRILRE CETV NS S :

gQt = (5%—) Ah (34)
P

which is applicable to t > pCph2/3k.8 Here, the input heat energy is equated
to the product of a material parameter term and a geometrical failure
criterion. The distortion is independent of the thermal conductivity, whereas
i the surface temperature depends very much on thermal conductivity [Eq.

3 (33)]. Similar forms of this equation are derived depending on interest in

1 bowing or uniform growth criteria for excessive deflections. For example,

3 oC 2

3 éh
| e - (22 (22) @)
21 a

. for bowing before the back face starts rising in temperature. The extent of
H
this deflection as a function of r is given a55

,-;M'»vw-@rn Ll o

5°C ) BQt (36)
P

% while more uniform growth is simply experienced 885’35’43

o 3 - _a
? § =2 (chp) BQt (37)

The situation is slightly more complex when Gaussian irradiance 18 considered,
as indicated by Eq. (27). The time required for the back face to reach one-
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half its ultimate temperature when exposed to a laser pulse is proportional
to pCpk.44

3. THERMALLY INDUCED FAILURE

Melting or vaporization failure criteria are discussed in the preceding
subsection. Thermal-loading effects, especially at higher flux levels, chal-
lenge the strength of the material. Permanent deformations may result if
stresses exceed the microyield strength; cracking occurs if they exceed the
ultimate strength. A major effect of cracking may be an increase in

absorptivity.

a. Cracking Caused by Thermal Gradients

Noniuniform heating of the surface will produce local stresses, which can
be estimated from the equation given by Apollonov.36 For stresses that result

from a Gaussian power density with beam parameter w << 2a,

2
o, . BQEw = 2 \ J(&r)
Opr = 7 HMZ—— [ e(— —2—%_) lgl‘—_ as (38)
9 | BQEW? /‘" £22 3, (en)
oee = - —Tk— ' el- T JO(Er) - _El‘_ dg (39)

These thermal stresses depend on ratios of k/aE. These equations and Eq. (27)
are used by Apollonov to designate incident power levels corresponding to
successively more severe surface deformation, from elastic to plastic flow to
melting. In each case, the material parameters are different:

l. Local power density to exceed elastic distortion ~ k/a(l + v)
2. Local power density to reach flow stage ~ flow stress x (k/aE)

3. Local power demsity to cause meltinge ~ T,
b.  Thermal Fatigue

If we equate the thermally induced strain € to a constrained stress
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:%- € = qAT = ESLE:—XL (40)

and insert AT T from Eq. (28) for short-time transient effects, an expression

is obtained for the thermal stress limit « :

/2

Ea -1
a = a7 (BQt) (FPCPkT) (41)

where a is chosen to correspond to the degree of distortion allowable, from
MYS to cracking to the ultimate tensile strength. The BQt term is the energy
per unit area and could be a pulse. Sparksl‘5 presents similar equations for

various heating and cooling conditions.

Thermal cycling induces thermal fatigue through such mechanisms as dif-
ferential expansion of inhomogeneities, thermal gradients, and thermally
j induced stress effects (e.g., visco-elastic recovery). Mirror samples huve
been measured for figure change as a result of thermal cycling.za Composites
are always susceptible to microcracking; it might be desirable to minimize the
spread of CTEs of the constituents and maximize the strain capability of a

matrix phase,

C. General Damage Mechanisms

A general introduction to laser damage of optical components has been
provided by Bass.%6 The importance of absorptivity 8, surface defects, and
inclusions is particularly stressed. Surface irregularities contribute to
scattering and image degradation. Parameters such as rms roughness and
geometrical features of the surface, although often critical in considerations
of laser damage, are a function of mirror fabrication and not (immediately) of
the mirror material, and so are beyond the scope of these considerations.

Inclusions, however, and compositional variations are often typical of a
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material. Grain size of the parent material may determine the location and
size of inclusions. Hardness and polishing characteristics determine the
polishing method, which in turn determines the types of imbedded particles
that may be found.

2 indicate the difficulty in characterizing the surface

Glass and Guenther
and isolating one particular feature to determine its exact role in damage
phenomena. Porteu32 demonstrates that stress-wave induced damage may include
slip, pit, or crater production; fon and light emission; and work-function
changes. Intrinsic material properties determine which damage mechanism
occurs first, as well as the fabrication procedures. Peak thresholds were 15
J/cm? for slip to occur, as compared to about 40 J/cm? for melting of the same
diamond-turned Cu mirror. Damage thresholds require energies of > 1 MW/mmz.
Diamond-turned Cu, for example, has a damage threshold of close to 10 MW/mm?
(Ref. 32).

Sparks gives a useful figure of merit for the amount of cooling required

to avold excessive optical distortion for a given value of 3Qtp.47
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IV. FIGURES OF MERIT

Table II summarizes the major material figures of merit related to the
principal causes of mirror failure. In a mirror design, the relevant geometr-
ical parameters of loading conditions must be combined with the material pa-
rameters. Alternative figures of merit, such as maximum permissible pulse
energy,48 are derived in a straightforward manner from the preceding analysis.
The figures of merit listed in Table II provide a guide to the development of
new mirror materials. The k/a or pC /a combinations for thermal effects are
strong incentives for minimizing a. Pirooz_gg_gi.,ag for example, compare a
near zero CTE material (Cu-doped CER-VIT) to other materials on the basis of
the pCp/a parameter. Similar considerations encouraged other zero CTE research,
including Al-Nby0g studies at the Massachusetts Institute of Technology, WC
coated graphite in graphite—carbon composites at General Dynamics, isotropic
hot pressed mixtures of positive and negative CTE materials at Aerospace, and

Lip,0-A1,03~-510, studies at Pennsylvania State University and Owens-Illinois.49

Although the CTE is the single most important material parameter involved,
there are eight CTEs: ul, all’ &l, ;ll’ Aall’ Aal, Aall, and Aal. The latter
four (distributions or variations in a) have rarely been measured and must
often be inferred from limited reports of refraction, ultrasonic velocity,50
or figure distortions by holographic interferometry. The combination of a
particular a into a generalized figure of merit is difficult, since it can be
absolute zero on occasion, but this does not necessarily ensure adequate
mechanical properties or even other a values that are adequate.

Mechanical considerations require a high E/p or E/p3 value and a high
microyield strength. The design parameters do not, however, account very well
for possible deficiencies in dimensional stability. Thermal cycling, micro-
creep, and viscoelastic moisture or radiation effects, for example, require
additional sets of material parameters for a full description. These include
the coefficient of moisture expansion (CME), the coefficient of cracking
expansicn (CCE), and activation energies for creep or time-dependent recovery

51

mechanisms. In nne instance, the optics housing for cryogenic sensors was

described by the figure of merit:
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Numerically, graphite-epoxy was about seven times better than Be, but the latter
material was used because of unknown microcracking tendencies of graphite-epoxy
at low temperatures. These cracking effects are often eliminated by extensive
low-temperature thermal cyciing. However, the effects on the other dimensional
stability and mechanical properties, such as moisture absorption or microyield
strength, are not determined. Dimensional stability effects on composites are
further reviewed in Ref. 52.

Table 11 indicates that material parameters such as E, k, Le» Tys G and all
the strength properties should be maximum, while all a's should be minimum.
The mechanism involved determines whether Cp, p, and v should be maximum or
minimum. For mechanical loads, p should be minimum, but for removal of tempera-
ture gradients and minimized laser damage, a larger density is desirable. To
minimize thermally induced distortions Cp should be high, but it should be low
to provide rapid equilibration (a high thermal diffusivity). Transient uniform-
ly irradiated distortions are governed by a/pCp, but temperature changes, flux
gradients, and laser damage depend on (k p Cp)' Variations in CP and v are
seldom more than a factor of 2 or 3 for most materials, so generalized figures
of merit do not require them. The simplest generalized figure of merit would

then be

k E
k) () o

which should be maximized for mirror materials. A relevant strength property
(e.g., MYS or UTS) is represented by o, A is a thermal criterion such as Tales
and ¢ is a dimensional stability parameter such as the E™! or cCcE”l. The
problem of an infinite figure of merit when a approaches zero is solved by
adding the variation in a. The residual variability in a also relates to
fabrication and polishing aspects of the mirror. Polishing characteristics

would otherwise be represented by E and a, in turn related to hardness.
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SYMBOLS

radius of circular mirror dish
flexural rigidity = Eh3/12(1 - v?)
specific heat (w-s/Kg-K)

height of I beam support

elastic (Young's) modulus

amplitude of dynamic disturbance
radiation coupling factor

shear modulus

earth gravitation acceleration (9.8l m-sz)
thickness of mirror substrate = m/p
far-field intensity; moment of inertia
zero-order Bezel function

ratio of coating to substrate thickness
thermal conductivity (w-n~ 1=k~ 1)
length

distortion or length

heat of melting

microyield strength

mass per unit area = h#*kkk%

number of support points for mirror
distributed load

incident heat flux or irradiance (W—m-z)
radius of curvature of mirror

radial in-plane coordinate

radius of gyration

displacement coordinate

ultimate tensile strength

localized beam parameter

in-plane mirror coordinate

in-plane mirror coordinate

thickness direction coordinate
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Greek Symbols

a
B
Y
$
€
14
n
6
A
u
v
13
p
o
T
¢
X
v
w
A
A
o

Subscripts

coefficient of thermal expansion kb

absorptivity, also coefficient of moisture expansion (ZM_I)

coefficient of cracking expansion (CCE)
central deflection of mirror

strain or AL/L

bessel function parameter in Eq. (27)
geometrical ratio [see Eq. (17)]

radial in-plane coordinate of mirror plane
wavelength

micro

Poisson's ratio

damping ratio of mirror assembly
aperture radius, material density
figuring error, stress

pulse time

phase aberration (rad)

surface perfection

selected dimensional stability parameter
27 frequency

change in

selected thermal-damage parameter

stefan-Boltzmann constant

back face

compressive

perpendicular to incident flux

parallel to mirror plane

initial or operating; back-up structure

root mean square




Subscripts (Continued)

s solid (rectangular cross section), front surface

cr critical

latent, also used in radiation coupling factor (Fé)
maximum or melting (for T )

pulse

figure (error)

e
n
P
4
u

uniform




LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military pts and syst . Ver-

satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problermns. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamice,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-

sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms oi carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in

nuclear weap envir t; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laborato%: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physice, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.

THE AEROSPACE CORPORATION
El Segundo, California






