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OPTICAL WINDOWS
William P. Barnes

Precision Optics Corporation
22 East Broadway
Gardner, Massachusetts 01440-3338

ABSTRACT

In the context of this review, an optical window is a
solid barrier with a principal function of transmitting some
portion of the electromagnetic spectrum between the short
wave atmospheric cutoff of 18C nanometer wavelength and the
12 micrometer thermal infrared. Uses range from protection
of optical instruments against hostile natural environments
to containment of exceptional man-made environments for
study (e.g., combustion) or for production of special forms
of energy {e.g., lasers). Flat, uniform thickness panels are
most common. Spherical segments and conical elements have
found use. Other curved elements and multiple flat glazings
are often used to better conform to the shape of a vehicle
or other enclosure.

Application of such barriers requires that we examine
the effects, other than the desired unimpeded and
undistorted transmission, which may be introduced.

1. INTRODUCTION

Perhaps "optical window" doesn’t need the above
definition. We are surrounded by windows. However, an
unabridged dictionary has nine definitions, my (somewhat
ancient) Britannica Timits 1itself to the architectural
fenestration definition, and Van Nostrand’s Scientific
Encyclopedia, Sixth Edition, completely ignores the word.
Thus, I have taken advantage of this window of opportunity.

The insertion of a solid barrier for protection of an
optical system, or isolation of an object or process, may
introduce several potential penalties including:

a) reduced transmission resulting from the reflection,
absorption, and scatter of the window material,

b) contrast reduction caused by lack of control of the
reflected and scattered energy,

c¢) further increase 1in scatter or reduction of
transmission by environmental effects such as erosion
or radiation darkening,



d) addition of wavefront aberrations characteristic of
the window shape, the window area in use, and
positioning of the associated imaging system,

e) further aberrations induced 1in the window by the
mechanical and thermal environments,

f) even absent the above, a possible significant
restriction of the field of view, and,

g) the possibility of catastrophic failure.

My objective 1is to provide a review of some such
penalties for several window configurations, and mounting
methods. No claim is made for completeness. I attempt to
provide some calculation procedures which may assist in
Jjudging whether a particular effect is important or to
determine that finite element or other digital solutions are
yielding reasonable results. The specification of units and
numerical values 1is left, for the most part, to the other
articles of this volume.

In critical applications the window behavior will
require more precise study which then should be included as
an integral part of the lens design analyses.

2. WINDOW CONFIGURATIONS
2.1. Flat Panes

The most common window is a single flat sheet of
transmitting material. If perfectly flat and perfectly
optically homogeneous, it adds no aberrations te subseguent
imaging of an object at infinity, but it may limit the field
of view. For close objects, a focal shift and other
aberrations may be added to subsequent imagery.
Accelerations, pressure differentials, other mechanical
forces and thermal perturbations will affect both surface
flatness and optical homogeneity.

Where the window replaces a shaped and otherwise
opaque structure, or to increase the available field of
view, multiple flat glazings may be used. These may
approximate a curved surface without introducing the
aberrations of a curved optical element. It is noted that
small aberrations are sometimes tolerated for aesthetic or
aerodynamic reasons- when 1is the last time you saw
completely flat automobile windshield glazings?

2.2. Spherical Domes
A near hemisphere is an natural shape for a wide field

scanning system such as the acquisition and tracking optics
of a self guided missile. It also provides a substantial
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mechanical strength advantage in applications subjected to
large pressure differentials, such as deep submergence
vehicles. Some aspects of these particular applications are
considered in more detail in subsequent sections.

2.3. Conformal Shapes

For a supersonic or hypersonic missile, considerations
of shock wave aerodynamics may suggest a preference for a
true cone rather than a spherical dome as the forward facing
element. Cylindrical segments may be recommended for other
locations in high speed vehicles. One possibility has been
treated in detail by Gearhart:.

3. FLAT WINDOWS
3.1. Reflection and Absorption

The presence of a window will affect both the
amplitude and phase of the useful wavefronts it is designed
to transmit. Useful energy may be removed by reflection from
the window surfaces, by absorption in the bulk material and
at times by mechanisms which can be described only as poorly
understood "surface absorption”, and by scattering, again as
both a bulk and surface phenomenon. A penalty arises less
from the loss of energy than from the ultimate disposition
of the "lost" energy.

For small values of bulk absorption and at normal
incidence, the fraction of incident energy reflected at each
surface is given by the usual Fresnel relation for an index
of refraction, n, as [(n—l)/(n+1)]2. Moderate values of bulk
absorption are well characterized by an exponential decay of
intensity, I, equal to exp(-Bz) in the thickness direction.
Bulk scattering is often included (intentionally or
otherwise) in the B coefficient. Ignoring multiple
reflections, the single pass transmittance of the window,
[/Ig, then may be calculated as:

1/1g = [4n/(n+1)212 exp(-Bh). (1)

For non-normal incidence, the variation of reflectance
with incident polarization becomes important at incidence
angles of 30 or more. In materials with Tlarge values of
refractive index and with surfaces not precisely parallel,
multiple reflections may also affect subsequent imagery or
instrumentation. Of course, anti-reflection coatings can
substantially mitigate all the reflection effects.



3.2. Window Bending Effects

Consider a thin, nominally flat, window of an
initially homogeneous and isotropic material. Transverse
forces or temperature gradients through the thickness cause
the window to bend. Within the Timits of thin plate theory,
the bending stresses vary linearly through the thickness and
average to zero. For normally incident rays, the possible
optical effects resulting from thickness change (via
Poisson’s ratio), and of stress induced refractive index
change and birefringence are, at least theoretically, zero.
Perceptible effects on optical path differences and on
distortion in the imagery of sensors following the window
may occur for Tlarge incidence angles or in wide field
imagery when the stress pattern varies rapidly over the plan
dimensions of the window. Such cases are vrespectable
challenges for the best current ray-tracing programs, and
will not be pursued here.

Bending alone, however, does introduce an cptical path
difference, even for small deflections, as a result of the
the local slope cof the deflected element. For circularly
symmetric cases, the OPD was estimated by Sparks and
Cottisz, and applied to pressure bending by Sparks and by
Kleinz. The derivation did not include the effect of
refraction at the first surface. If we include the
refraction (for a surrounding index of 1.0), and generalize
to the case for which the deflection, w, is a function of
both plan coordinates, the optical path difference, OPD, may
be shown to be:

0PD = [(N—l)h/2N]*[(5w/8x)2 + (6w/6y)2]. (2)

N is the window index of refraction and h its thickness,
with 6 used here to denote partial differentiation. With
this expression as our principal tool, we can explore
several cases of bending by transverse loads and axial
temperature gradients.

Let us note that windows of precisely circular plan
form are quite uncommon. Pressure and vacuum vessel
viewports are often circular because pipe flanges are
circular. Some lasers use circular output windows, but many,
such as the high energy device shown in Figure 1, use other
shapes and multiple glazings to resist substantial pressure
pulses. Reconnaissance applications, FLIR systems, passenger
aircraft and cruise ships all use a variety of elliptical,
square, rectangular or trapezoidal plan forms.
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Figure 1. High energy laser output window array.
(Courtesy Thermo Electron Technologies Corp.)

3.2.1. Twisted Window

As a first example, representing perhaps a worst case
of window bending by a poorly matched mounting or by
deflection of the frame of a vehicle, consider a square
plate supported at two opposite corners and loaded
symmetrically by forces, P, at the other corners. (A third,
potentialy small and negligible, reaction is needed to keep
the window from rotating, of course.) This case of pure
bending is sketched in Figure 2, and is one subject treated
in Chapter 2 of Timoshenkoa.

With my choice of coordinate axes parallel to the
sides of the plate, and origin at the center, the
deflection, w, is given by:

w = [6P(1+4)/ER31*(xy), (3)

where g is Poisson’s ratio, and E is Young’s modulus.



Figure 2. Corner loaded square plate.
Applying Equation (1) yields the following:
with C; = [6P(141)/E]2/h®

OPD = Cy [(N-1)/2NT*[(x%+y?), (4)
OPD,_y = C1 [(N-1)/4N]a? (5)
OPDyps = Cp [0.0526(N-1)/N]a?. (6)

This case can be viewed as the application of equal
and opposite pure bending moments (per unit width of plate)
along axes through the corners of the plate, or as a pure
twisting moment along the axes of Figure 2. The bending
moments have constant and opposite values %qua1 to P/2, thus
the extreme bending stresses are +3P/h4. Alternatively,
since the bending stresses are equal and opposite, the
extreme shear stresses have the same values. Additiocnally,
if the edges of the window are not otherwise constrained
(i.e., are kinematically supported), the solution is
applicable to windows of any plan form subjected to a given
torsional deflection. The torsional deflection is the angle
of twist per unit length in the directio% of the torsional
axis, and 1is equal to w(a/2,a/2)/(a/2)c for the square
plate. In these terms, the extreme stresses developed as a
function of the torsional deflection, 8/L, are given by:

Txy = +2Eh(8/L)/(1+u) (7)
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For final emphasis on this case, we note that the
optical path difference introduced is (again, small
deflections) a purely spherical change in the wavefront, the
same effect as a purely spherical deflection.

Adopting a somewhat similar approach for the case of a
window supporting a pressure differential, consider a square
plate supported at the four corners subject to a uniform
pressure on one surface.The solution for this case, sketched
in Figure 3, is more complex. Some numerical results are
included in Article 48 of reference 4.
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Figure 3. Uniformly loaded plate, corner supports.

A more explicit derivation, included as Appendix A,
results in:

with Cp = (N-1)q2/2NE%h?,

OPD,_y = Cp(4-3u)%ab/4.5, (8)

OPDyps = Cpab* 00.45526 for u =1/é/6,(9)
0.418 L..1/4,
0.359 ... 1/3.

The maximum bending moment per unit width _in this case
occurs at the supports and is equ§1 to qa2/4, producing
extreme bending stresses of t3qa2/2h .

The third case, which I consider useful for circular
windows, 1is that of an edge support reaction which lies
somewhere between a perfectly uniform simple support and the
unlikely case (unless so designed) of three equally spaced
concentrated forces. The supporting force at the edge is



postulated to vary as (l+cos(38)). For a plate of radius b,
and supperting force of (gb/2)(1l+cos(3@)),the deflection,w,
may be shown to be:

W= 3q{1-p2)/(16Eh3)*{2(3+p)b2r2/(14+y) - r4
+c0s(30)[8(5-4)br3/(9(1-1)(3+24))
- 4rd/(3(3+2u)b) 1) (10)

The algebra 1is less daunting if one chooses a value for g,
and notes that the maximum value of the slope should occur
at the edge. For g = 0.3, and r = b, the slope components
are:

6w/6r = (gb3/ER3)[1.05+0.460 cos(38)] and,

Sw/r60 = (gb3/Eh3)[-0.659 sin(30)]) (11)
The OPD is a maximum at ® = 0; for plate diameter D:

OPDpay = C.0178((N-1)/N)(q2D8/E2hD), (12)

Except for the additional N 1in the denominator, this is
twice the result shown by Kleins for a uniform edge support.
As a fourth case, we consider an axial temperature
gradient which is uniform over the plan dimensions of the
window. The window deflection is a purely spherical change,
and is independent of the plan form as in the first case
above. For a steady state heat flux per unit area, F,
through the window, a linear axial temperature dependence,
is developed, and the OPD may be obtained by substituting:

C3 = (a F/k)2h = (aaT)2/h, (13)

for C; in Equations 4, 5, and 6. Here a is the coefficient
of thermal expansion, k the thermal conductivity, and aT the
temperature differential across the window.

Often, for unsteady state cases, the thermal strain
may be expressed as a power series in the thickness
dimension:

aaT = Zcp(z/h)™.

Then, noting that aaT = Zc, -cq, the calculation of the
curvature change may be rearranged as:
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1/R = (1/h)Zcyll-(m-1)(m-2)/((m+1)(m+2))]

and then expanded to:

1/R = (aaT/h)* [1~

(C3/10+C4/5+2C5/7+5C6/14...)}

(cytcotcatcy. . ) (14)
Thus, unless the higher terms in the power series are quite
large, the deflections and optical path differences may be
closely approximated using the total temperature difference
alone.

3.3. Lateral Temperature Gradients

It is normally necessary to both support and seal a
window at the entire edge, thus providing a heat conduction
path. Aerodynamic heating, the absorption of part cof a high
power transmitted beam, or other radiation to or from the
window will develop 1lateral temperature gradients. The
circularly symmetric lateral gradient case in which the
temperature distribution replicates the intensity
distribution in a high power laser is treated by Kleins in
terms of the effect on the Strehl ratio of the focussed
beam. The derivation may be put in the form of the fellowing
optical path differences for the average over polarization
of the incident beam and for the birefringent OPD:

OPDynpot = hT[dN/dT+a(N-1) (1+2)+aN3E (ap+ag) /41,

OPDy jpef = h[aN3E(ay-qg)/41(T"-T). (15)

where T is measured as the temperature increase from the
center of the window, and T’ is the area weighted average
temperature increase between the center and the radial
position ,r,or:

il

r

T = (2/r?) j T r'dr’. (16)
0

gp and gg are the piezooptic constants for, in this case, an
isotropic material and stresses parallel and perpendicular
(senkrecht) to the polarization of the incident beam. Klein
treats the "short time approximation" case which neglects
the thermal diffusion of the energy absorbed from a high
power beam, but is important to assessment of the
performance of high power, pulsed laser systems.



Environmental effects, such as convective heat
transfer and radiation to or from the window may also be
treated under the assumption of cylindrical symmetry. We
assume convection to one window surface from a medium at
temperature, Ty, with convection coefficient, H;, and an
absorbed uniform radiation flux, Q. The c1rcu1ar window of
thermal conductivity, k, thickness ,h, and outer radius, b,
is thermally coupled at the edge by a conductance, C, to a
structure at a constant temperature T. The steady state
sclution is found as a Bessel funct1on ‘of the second kind
(I,) ass:

with I' = J(Hy/kh)

T(r) = C[Ts-(H1Ty+Q) /Hy I Ip(Ir)]
+ [2nkhIbI{(Tb)+CIg(Tb)]
+ (HT1+Q)/Hy, (17)
or simply, T(r) = AI3(I'r)+B.

The vitreous and polycrystalline dielectric window
materials are relatively good thermal insulators. For these,
this suggests that we model the edge conductance, C, as the
outer 5% of the window radius. Thus:

= k(2nbh)/0.05b = 20(2rkh).

Additionally vredefining T as zero at the center, the
temperature distribution is rewritten as:

T = (T¢-Ty-Q/Hy) [Ig(Ir)-1]
+ [TbI1(Ib)+20Iy(Tb)] (18)

The integration required to determine the T’ term of
Equation 16, is probably best addressed using the polynomial
approximations given, for example in Abramowitz and Stegun~
for values of the argument up to 3.75. For larger values,
the asymptotic expansion given there may be appended.

4. SPHERICAL SEGMENT WINDOWS

The decision to use a spherical segment as a window
element is usually driven more by environmental, rather than
optical, factors. Additionally, the optical effects of even
the unperturbed window are of sufficient magnitude that
they, and the perturbations, cannot be treated by the
separable and fairly elementary treatments outlined above.
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Analysis of the basic elastic, temperature, and thermal
stress effects of the environment is also made more complex
by the spherical boundary conditions. For example, in high
speed missile domes of near hemispherical configuration, the
pressure differential and rate of heat transfer will vary
significantly over the surface of the dome.

One applicaticn treated in some optical detail in the
past 1is that of underwater viewports. A (two volume and
appendix) design report was prepared by the U.S.Navy Ocean
Systems Centers and a portion reproduced for an SPIE
symposium by Loness. The presence of water (index 1.33)
reduces the optical effect of the outer surface by a factor
of 3 for the acrylic viewports considered. With flat
windows, the effect is to make objects appear nearer, the
"bent stick" effect. The spherical window is a much stronger
negative lens than when air is present on both sides. Its
effects on the apparent object distance, distortion and
binocular viewing are reported in some detail. A complete
underwater imaging system, the E. Leitz Canada "C201 ELCAN
Water Contact Lens" is discussed by McNeilio,

Kleini1 reviews the design criteria for shallow domes
of CVD diamond as might be applied in supersonic or
hypersonic missile guidance. (Flat windows for high power
lasers are also treated.) Much of the current thrust in
development of materials, processes, and application
evaluation is reviewed in the SPIE symposia proceedings
Window and Dome Technologies and Materials,Volume 1112

(1989), and Window and Dome Technologies and Materials II,
Volume 1326 (1990).

5. SURVIVABILITY
5.1. Fracture

From a practical point of view, all of the window
materials are brittle. Their failure mode, under constant
load, may proceed from the slow growth of cracks (from flaws
initially present) to a critical size at which the crack
then grows rapidly. For glasses, the location of susceptible
flaws 1is normally at the surface. For polycrystalline
materials, such flaws may exist throughout the bulk. Single
crystal materials may also be susceptible to cleavage along
particular planes, with this form of damage being caused at
times by only moderate thermal shock.

The relationship  between  crack size, crack
orientation, and applied macroscopic stress has been the
subject of considerable study. A large body of literature
exists on this subject, and on the similar slow crack growth
behavior of ductile materials under cyclic loading. Scanning



of a vrecent Jjssue of "Mechanics", a title <citation
publication of the American Academy of Mechanics, reveals
the following journals devoted to this technology:

Engineering Fracture Mechanics,

Fatigue and Fracture of Engineering Materials

and Structures,

International Journal of Fatigue, and

International Journal of Fracture.

In the same issue, related papers are included in the
European Journal of Mechanics A Solids, and the
International Journal of Engineering Science.

I can only provide a glimpse of this technology,
abstracted from reference 12.

For glasses, the velocity of propagation of a crack
has been shown to depend on crack dimension, L, and
transverse tensile stress, o, combined in a stress intensity
factor, Ky, as:

Kr = af(nL).
The value of {his factor when catastrophic failure occurs is
the critical stress intensity factor, Kj.. Crack velocity
and Ky data for several glasses were reported by Wiederhorn
and Boﬁ213, and a straight line correlation of the logarithm
of crack velocity versus Kj reported. Representative values
are those for fused silica (Corning 7940):

Ky(109N/m3/2) = 6.931+1.3421n(v),
Kic = 7.3 to 7.5 105N/m3/2,

For these correlations, the time to failure, ty at constant
stress may be expressed as: ’

Kic
te = 2/(ﬂ02)J (Kp/v)dKy |
K1

The results of this calculation for fused silica as
presented in reference 12 are reproduced in Figure 4.

A more recent communicationis, cites a studyis of the
effect of residual stress introduced with the initial flaw
by indentation. The principal effect appears to be a
reduction in the critical flaw size by a factor of four, or
reduction in the value of K;. by a factor of two.

These and similar data must be handled with great
care. In any practical situation, the presence, size,
orientation and spatial distribution of initial flaws will
be poorly defined. Additional flaws will be introduced in
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handling and exposure. Finally, the applied stress will be
constant neither in space nor time.
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Figure 4. Time to tailure at constant stress for fused
silica.

5.2. Stress Analysis

The stress levels noted in Section 2 for cases of pure
bending do not account for any edge or Tlocalized support
reaction stresses. The same is true for the sclutions for
spherical domes 1in textbooks such as Timoshenko. That
recourse to a careful finite element analysis should often
be taken is illustrated for a shallow shell by Qrringer and
Tong»se. For the design sketched in Figure 5, (Figure 19b of
Ref. 16) constant thickness shell theory indicates that only
compressive stresses will exist.
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Figure 5. A shallow shell window.



A modeling which accounted for the thickness variation
and the edge curvature yielded the stress contours of Figure
€ (partial of Figure 20 of Ref. 16) for a 300 psi pressure
load. That is, a local tensile stress of about 1.3 times the
applied pressure differential.
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Figure 6. Finite element analysis for Fig. 5.

This window design was analyzed and reported initially
by Bailey:7 for service as a radiation counter window to
resist a 20 atmosphere pressure differential. The window was
seated in lead, and subjected to a proof test and pre-
pressurization of 100 atmospheres for 5 minutes and 32
atmospheres for 14 hours, then put in service without
further disassembly. Bailey’s additional comments are of
interest:

the edge was made thicker to "...keep the unit
stress on the lead seat at a level where the creep
rate is acceptable...", "...it is of paramount

importance that the lead surface be relatively free
of oxides at the time of application...we used HCI
and methylene chloride...", "...the 1lead Tlining
which seats the window under went considerable
extrusicn during this 1initial pressurization...the
seat should not be disturbed...”.

5.3. Radiation Effects

Ionizing radiation, including the shorter ultraviolet
near the atmospheric cutoff, may cause color center
formation and fluorescence. The potential impacts of reduced
transmission or increased noise should be considered in
those applications where exposure to natural or man-made
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radiations exceeds that of our everyday environment. Even
long term exposure to normal solar radiation may cause
darkening- for example, special UV grades of polymethyl
methacrylate are available the resist this effect. Cerium
doping of optical glasses has also been shown to be
effective in improving resistance to radiation darkening.
Color centers also may be bleached by subsequent heat
treatmentis,

High dose rates of high energy electrons have been
known to result in electron discharge damage (Lichtenberg
figuresio). High radiation doses may also induce density,
and thus refractiveindex, changeszo-

A useful phenomenclogical and historical survey of
radiation effects in glass is the paper by Sun and Kreidlzz.
The effect of cerium on several glasses 1is detailed by
Kreidl and Henslerzz- Pellicori et al.zs, provides a
cellection of transmission loss data for a number of window
glasses, filter glasses, crystals, and transmitting fibers
in the 400 to 900 nm wavelength region.

5.4. Impact Erosion

In our 1975 Handbooki2, we included a very brief
review of the data then available. In part:
"Data on impact erosion by solids (dust erosion)
have been presented by Sheldon (Ref.za here). In
these data there is no evidence of an incubation
period or a threshold velocity. For brittle
materials the volume of material removed (W) given
by W = klravb is in reasonable agreement with
experiment. Here r is the radius of the impacting
particle and V its velocity. The other parameters,
which may dependon the statistics of the flaw
distribution in the materi%; iancted, approach the
values a=3, b=2.4, kj= g0. /0,¢ where E is Young’s
modulus and o, is related to the failure strength
of the materiéﬁ.“

I have not, at this point, pursued later citations of the

Sheldonz4 work.

The investigation of water droplet impact at high
subsonic and supersonic speeds has continued apace, however.
A substantial body of literature exists, and study of the
current state of the technology might best begin with the
papers of Session 5 of SPIE Proceedings Volume 1326, working
backward if necessary. To set the framework, I quote from
Adler and Bolandas:

"The mechanics of single waterdrop impact is fairly
well understood (Adler, 1979b). The waterdrop
contacts the surface and the contact area between



the drop and the surface expands as the square root
of the time. The Toading cycle is re]ativgly short:
on the order of a tenth of a microsecond. A
critical condition is reached where the pressure at
the surface 1is catastrophically released. The
magnitude of the pressure and the loading period
generate the transient stresses in the target
material which are directly responsible for the
primary damage produced in the target. The unique
feature of the waterdrop impact is the precipitous
demise of the drop during the loading cycle."
This proceedings includes complementary papers on coatings
for erosion protection and reflectance reduction. Continuing
development of diamond-1ike coatings (and perhaps free
standing diamond windows) offers future promise.

6. MATERIALS

In any discussion of materials, one is tempted to
generate a nearly all inclusive listing of all conceivably
useful materials and their important (and sometimes their
obscure) properties. I have easily resisted that temptation
because such an at once useful and compact tabulation has
been accomplished by Wolfeze. A more detailed collection of
optical property data is provided by Weberzz. The AIPz2s and
0SAze Handbooks are also valuable sources of data. Optical
"constant" data for a range of wavelengths well beyond the
scope I attempt to cover__here may be found in the two
volumes edited by Paliksos3l, Weast=z, and other scientific
and engineering handbooks are occasionally useful.
Manufacturers’ data is of particular value when you get into
the nitty-gritty of hardware, and 1is indispensable for
setting the final specifications and property certifications
needed.

Some comments here on the materials suitable for
certain wavelength ranges may be helpful.

6.1. 180 to 400 nanometer wavelengths

The alkali halides have limited value because of their
solubility in water. The alkaline earth halides are much
less soluble but subject to cleavage on (111) planes. Some
recently developed fluoride based glasses are useful in the
upper end of this wavelength range. Synthetic fused silica
transmits well throughout, fused natural quartz exhibits
reduced transmission below 250 to 220 nanometers.Both
sapphire and magnesium fluoride are quite transparent but
birefringent.
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The principal practical candidate materials for
windows (and lenses) are calcium fluoride and synthetic
fused silica.

6.2. 400 to 2500 nanometer wavelengths

Almost everything labelled an optical material
transmits in some part or all of this wavelength range.
Ordinary soda-lime window glass cuts out some of the blue
and red, and thus looks green when viewed edge-on. A number
of optical glasses have been formulated for reduced
sensitivity to optical path change with temperature (with
zero stress change), i.e. reduced values of [dN/dT+a(N-1)]
(see Section 3.3 above). It is worth noting that, although
the o of fused silica is small, dN/dT is larger than, for
example, BK-7 glass, and the optical path change with
temperature cannot be assumed to be small.

Above 550 nanometers, zinc sulfide and zinc selenide
"cut-on", and the transparent regions of silicon and
germanium begin at about 1+ and 2+ micrometers respectively.

6.2. 2.5 to 3 micrometer wavelength

Materials synthesized or processed at high
temperatures in the strict absence of water may transmit
well 1in this region. Others, such as flame-fusion
synthesized fused silica have strong 0-H absorption bands in
this region. Special processing, and the electrical fusion
of natural quartz can produce transparent silicas, however.

6.3. 3 to 5 micrometer wavelengths

The transparency of the alkaline earth halides and
sapphire extends to this region. Calcium aluminate and
germanate glasses are alse useful here, as is arsenic
trisulfide (rather soft, however). Most of the materials
used in the 8 to 12 micrometer region are also transparent
here, though some may scatter more than desired. In general,
oxide glasses are not recommended at these and longer
wavelengths.

6.4. 3 to 12 micrometer wavelengths

The transparency of silicon declines significantly
beyond 5.5+ micrometers, and zinc sulfide has a wmoderate
absorption band near 6 micrometers. The alkali halides are
transparent throughout and beyond this region (cesium iodide
to about 50 micrometers). The calcogenide glasses (GeSeSb



and GeSeAs), thallium bromide/iodide (soft), zinc sulfide,
zinc selenide, and germanium may all find application.

Here it is of interest to note the development of a
zinc sulfide/zinc selenide laminated window materialss which
takes advantage of the better erosion resistance of zinc
sulfide and the better transparency to 12-14 micrometers od
zinc selenide. Practical application has been made in the
U.S.Air Force LANTIRN (Low Altitude Navigation and Targeting
InfraRed system for Night) program. Kleinz treats the
flexural stress distribution which develops assuming zero
stress as the zinc sulfide is deposited on a thicker zinc
selenide substrate at about 650 Celsius. He also derives an
expression for the window transmission 1in terms of the
reflectance of the three interfaces and the material
absorption coefficients and thicknesses.

Two additional effects of the laminated construction
may be of concern in some applications. First, interfacial
shear and normal tensile stresses are developed at window
edges by the differential expansion. These may be estimated
from a closed form solution published by Suhirss. Pionke and
Wempnerss point out that neither the Suhir solution nor
finite element calculations can account for the likelihood
of a stress singularity right at the edge. They also note,
however that this singularity can be avoided by bevelling
the individual layers away from the interface at the edges
(suggested by Professor S.lukasiewicz, University of
Calgary). I'm not sure this discussion is ended.

Secondly, the refractive indices of the materials are
different. Thus, if one first prepares a polished flat
substrate of zinc selenide, deposits zinc sulfide, cools,
and then refinishes the now curved outer surfaces to flat,
one is left with a more or less spherical interface and a
window with some optical power.
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7. APPENDIX A

Uniformly loaded square plate,
4 corners supported.
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Figure A-1

For Cartesian axes as shown in Figure A-1, the bending
moments per unit width ,(M), may be expressed as:

M = qa2/4 -(q/12)(a-x2)2,

= -D((62w/6x2)+u(62w/6y2)),and (A-1)
My = qa®/4 -(q/12)(a-yJ2)?,
= -D(u(62w/6x2)+(6%/6y2)). (A-2)

for plate dimensions a, transverse force per unit area gq,
deflection w, and material properties given by Poisson’s
ratio g and flexural rigidity D. Solving for the derivatives
and expressing D in the usual terms of Young’s modulus, E,
and plate thickness, h, yields, for example:

(-Eh3/q) (62w/6x2) = 3(1-p)a? - (a-xJ2)2
+ ula-yy2)2, (A-3)

and a similar expression for the y derivative.Integrating,
and noting from symmetry that &w/6x is zero at x = 0 for all
values of y, and 6w/6y is zero at y = 0 for all values of x,
one obtains:



(-Eh3/q) (6w/6x) = 3(1-p)ax + [(a-xJ2)3-a3)/3/2]

+ux(a-yj2)2,and (A-4)
(-Eh3/q) (8w/By) = 3(1-p)aly + [(a-yJ2)3-a3)/3/2]
ruy(a-x42)2. (A-5)

More algebra then provides the following maximum value (at
the corners of the plate) for the optical path difference
factor:

(6w/6x)2+(6w/6y)2 = (2a0(4-31)2/9)(q/EN3)2. (A-6)

Even more algebra results in an rms value for this slecpe
factor given by:

(qa3/Eh3)2 [/(0.2457u% - 0.805643 + 1.351942
- 1.1592z + 0.3918)] (A-7)

Some numerical values for the total optical path difference
coefficients are tabulated in the body of the paper.
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