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1. SUMMARY AND INTRODUCTION

1.1 SUMMARY

This report describes a theoretical investigation of optical
materials and design techniques for achieving athermalized focus
and boresight. Although dealing primarily with the visible spectrum,
the results apply equally to any system whose behavior can be described
with gaussian theory.

The investigation deals mainly with homogeneous thermal soak, to
a lesser extent with simple thermal gradients, and not at all with the
atmosphere and other effects external to the optics. Regretfully, it
has only been possible to warn of the complexities of inhomogeneous
refractive index accompanying thermal gradients, which result in pecu-
liar and formidable problems in the analysis of prisms.

The wave aberration theoretical technique, already rapidly dis-
placing geometrical techniques in the specification and analysis of
optical components and images, is now applied to focus and boresight.

It is suggested that this technique provides greater economy and insight
than older techniques, and is a logical development toward establishing
a homogeneous merit function for system performance. Following devel-
opment of the wave theory as applied to focus and boresight, the accu-
racy of theory is demonstrated by exact raytracing.

It is explained that while certain optical systems can be
athermalized in retrospect rather than during component optimization,
better results are achieved by introducing thermal considerations at
the outset of the design process. The designer has at his desposal a
wide variety of special glass types, as well as a conventional array
of plastics, fluids, high and low expansion mechanical materials, all
of which can be included in the process of first-order layout to max-
imize resistance to thermally-induced deterioration of performance.
The properties of selected materials are documented, and a number of
techniques for athermalized design are illustrated.

1.2 INTRODUCTION

The majority of older techniques for tolerancing boresight and
focus are based on the empirical approach of repeatedly raytracing
an optical system as each optical parameter is disturbed, then reset
to its nominal value. The total allowable error is partitioned ac-
cording to RSS theory assuming scaler combination of the errors.
Modern performance requirements have become so stringent that it is
unlikely the vector nature of errors can any longer be ignored, for the
tolerances required to achieve absolute stability are inconsistent with
light weight and portability.




We propose a comparatively new theory, based on the geometrical
wave theory of optics, which permits a vectorial interpretation of
boresight and focus errors, and which provides greater economy of
calculation coupled with strong perceptual insight. The wave theory
has the further advantage that it is consistent with modern techniques
of image analysts, so that should a system merit function be devised
which must include focus and boresight, our theory is directly
applicable.

Relative to global coordinate system, the effects of any kind
of misalignment, vibration, thermal distortion, or element parameter
error can be expressed as a wave aberration. Customarily, opticists
deal with terms of the fourth order to describe failure of the system
to produce a stigmatic image; the second order terms, which pertain
to focus and boresight, have been given little attention. However,
nearly all prior treatments deal with the rotationally symmetric optical
system. Our purpose is to consider additionally the asymmetry re-
sulting from thermal influence.

Theoretical consideration indicates that all simple errors can be
dealt with using algebraic techniques. Peculiar effects, such as
stress~-induced birefringence and nonlinear distortions are beyond the
scope of the present investigation.

This report is limited in its scope to basic theory; however,
exact raytracing has been performed to test agreement with low order
calculations. No exceptions have been found to the qualitative predic-
tion of boresight and focus error, and indeed quantitative agreement

has been found exceptionally good.

We are concerned only with the basic optical system. We disregard
atmospheric and airflow effects. Our emphasis is on homogenecous tem-
perature distribution, but we discuss thermal gradients to the extent
our understanding of the subject permits.

A great advantage of the wave method ot analysis is that the cause
of boresight and focus error has a physical meaning, clear by inspection,
and requires no calculation to be understood. 7To quantify the effects,
we have shown how to calculate the sign and magnitude of wave aberration
arising from any homogeneous thermal disturbance of windows, lenses,
mirrors and prisms. We use the convention of analytic geometry, however
other conventions are known and the reader is free to chose his own.

The principles of athermal design divide into two classes. The
first deals with preventing the separate components from changing
focus and boresight. The athermalized achromatic lens is an example.
The second class deals with flexible elements, using cross-correction
to achieve stabilization. The two techniques can be used together for
maximum compensation of thermal distortion. We suggest that when an
inertial reference, such as gravity, is available, great accuracy can
be obtained by coupling the optical system to it,

A great variety of optical materials is available. The properties
of optical glass, plastic, liquids, mirror materials, and ordinary cell




materials are sampled in several tables which we have compiled using
manufacturers' catalogs and published data. No guarantee is made that
our transcription is perfectly accurate, nor should one show absolute
confidence in a manufacturer's data. We know of one case where a well-
regarded plastics manufacturer has consistently listed the wrong sign
for a critical thermal property.

We have provided conceptual layout and discussion of selected
techniques for athermalizing optical systems. Originally we had in-
tended to deal with shared aperture and parallel aperture optical
systems, however we realized the tolerancing of a pair of optical
trains to each other was sensibly indentical to tolerancing any one
system to a global coordinate system. We had also intended an ambitious
discussion of zoom systems, but came to realize this could constitute
a report in itself. A more modest discussion resulted.

A Selected Bibliography is provided which may of some value to
the reader who wishes to study various facets of the topic in greater
detail.




2. PERFORMANCE CONSIDERATIONS

2.1 DEFOCUS

Modulation transfer function (MTF) and encircled energy are two
key indicators of the quality of focus. Assuming an otherwise perfect
optical system, the effects of defocus are indicated in Figs. 1 and 2.

ar (V) Aderration free

@ -

SASEE; SRS T SR ASSCRIERC SR SR ST

Fraction of cutoff spatial frequency

Fig. 1. MTF in the presence of detocussing.

1 T T
Defocussing produces a
symmetrical point spread
function, a saving grace S E
for boresight. However, %
; the uncertainty with which S
the centroid can be found mé’ el i
is reduced for stellar é‘ g
targets, and becomes con- A%
fused if the target is 2y
buried in background 'gg ke o4
g clutter competing for rec- P
3 ognition.
E Error budgets usually 2F -
' deal with RMS values. The
RMS value of defocus equals
the peak-to-valley (P-V) P 4
defocus divided by 3.46. . Gt 4 <

RMS wavefront error,waves

Fig. 2. Effect of random wavefront
error on central intensity.




2.2 CENTRAL OBSCURATION

The existance of
a central obscuration,
typical in reflective
systems, causes light
to be spread out from
the central Airy disc
into the outer diffrac-
tion rings. This causes
the effects on MTF and
encircled energy shown
in Figs. 3 and 4. 1In
deciding whether to use
a refractor or reflec-
tor, the matter of
central obscuration
often decides the
matter. All things
being equal, it
would seem that the
refractor might have
a more liberal error
budget because it has
a higher nominal MTF
and smaller radius of
given encircled energy
than its reflective
counterpart. In recent
years, however, we
have seen a rapid
development of unob-
scured, off-axis

100
reflectors.
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2.5 BORESTGHT ERROR

Boresight has be be specified in terms of a probability function,
1 because the exact direction of the axis 1s never perfectly known, and
because 1t has no effect on MIF.  The diameter ot a circle within

which the target has a 50% likelihood of falling is known as the Circle
of Equal Probability (CEP), and is used along with MIF or encircled
energy to establish a figure of merit for a pointing or tracking
system.

It is beyond the scope of the present investigation to deal with
the derivation of specifications tfor CEP.

3 2.4 ERROR BUDGET

An error analysis of the total system has to be performed. The
first order errors will result in inaccurate determination of angle
and distance, as well as a loss of contrast (MI'F). The nature of the
system has to be well understood: whether it is to measure absolute or
E differential values. The accuracy required to acquire a target may

be coarse, while precision is required for centering and discrimina-
tion of detail.

When a large system is moved, it requires some settling time
before precise measurements can be taken, This reflects on the
mechanical design of the instrument, however the optical layout can
readily affect the obtainable performance. It 1s also known that if
3 an optical system is suddenly uncovered, it may require a long time to
'settle out'. The purpose of this report is to deal with athermaliza-
tion which hopefully will also minimize the time required to reach an
acceptable error level.

Parts can wear out, particularly in zoom systems. The effects
of wear and loss of lubrication should be investigated and allowed
for in projecting the lifetime and gradual deterioration of the in-
strument. A design subject to wear should be toleranced for greater
initial quality than designs that are resistant to change. It should
be pointed out that any design exposed to a non-laboratory evironment
will suffer a gradual loss of contrast due to pitting of windows and
residues deposited on the elements,

An instrument should be ruggedized according to the use to which
it will be put. Many designers overlook the tact that possibly the
: most grueling test an instrument can be put to will occur in shipping.
) [t is unwise to rely on user adjustments and calibration schemes except
‘ as a last resort. Therefore, the design must be thought through as
completely as possible, viewing it not only through the eyes of a
laboratory technician but ftrom those of the eventual user.

We will deal mainly with the problem of tolerancing components
for fabrication, assembly and alignment. The instrument will probably
require some factory adjustment to reach specitications.  That this is
50 can be understood by noting that modern precision pointing and track-
ing systems achieve better than microarcsecond accuracy. A tolerance
analysis shows that components cannot be built to allow drop-in achiev-
ement of such quality. Theretfore, the error analysis takes note ot




this. Those defects of optical radius, thickness, tilt, centration,
spacing and refractive index that can be eliminated by practical
adjustment are removed from the error budget. The remaining defects
are known as non-compensatable errors.

The non-compensatable errors of a system must combine to be
within system tolerance. An example of a budget is illustrated in
Fig. 5. In an uncompensated thermal system, the errors are mainly
systematic rather than random, so that while not compensatable, they
are surely repeatable. This kind of budget is different than the one
which has been thermally compensated. It is reasorable to expect a
good degree of randomness and the application of RSS tolerancing is
reasonably valid.

System Goal
Diffraction Limited € 8.0 um
/ 025\ m™ms \
Fabrication and Assembly Alignment/Dynamic/Structural
.010) rms / .022)\ rms \
2 mirrors Optical Element/FpP Focus & Progressive, long-term
2 lenses alignment boresight non-compensatable
‘ .014)x ™ms .014) rms distortions
l ~.070) p-p L0101 rms
each element T.88) p-p T.04) p-p
L0051 rms S elements €632.8nm “.64) @ 632.8nm
©.025) p-p each element .006) rms
“.32% p-p €632.8nm “.030) p-p

*.40) p-p 9632.8nm

NOTE: Image jitter not included
in this budget.

x Fig. 5. General error budget for passive
Optical System

'y
.

£
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2.5 MERIT FUNCTION

The merit functions used in lens optimization are based on
some measure of transverse aberration, such as the RMS spot size, or
on the wavefront variance. Defocus is included directly with the
other aberrations in determining the plane of best focus. It is
therefore natural to include defocus into a merit function for an
athermalized lens. The use of a zoom program is ideal for optimiza-
tion of performance, on the assumption sufficient experience has been
gained to be sure the techniques work as well in practice as on paper.

Including boresight into the merit function is a bit more com-
plicated, and involves some definition of the CEP. Since defocus and
other imaging aberrations have a bearing on the CEP, along with
boresight accuracy, weighting factors can be derived. The wave
aberration form for boresight and defocus are logically computed along
with the other image aberrations, so that a single figure of merit
would seem possible.




3. WAVE ABERRATION THEORY

3.1 FIRST ORDER GENERATION AND
PROPAGATION OF WAVEFRONTS

The wave theory of light, invented by Huygens and brought to a
state of refinement for the optical designer by H. H. Hopkins, holds
that each point on a luminous surface emits spherically expanding
bundles of light, parts of which may be intercepted and utilized by
an optical instrument. A surface of equal phase in the light bundle
is termed a wavefront. The focussed point is actually blurred since
not all the light emitted by the source is intercepted by the instru-
ment, resulting in diffraction-limited reconstruction of the point
image. The total image of the source equals this point spread func-
tion convolved with the geometrical image of the source.

Any departure from sphericity in the focussed wavefront results
in a broadening of the point spread function, thus departures from
a spherical reference sphere are considered aberrations. Some defects
do not disturb the size of the point image, but affect its desired
location relative to other points in the image. This is termed dis-
tortion. In practice, any departure from the desired focal point,
either axially or laterally, may be treated as an aberration. Focus
and boresight errors may be called aberrations since we so chose to
define them.

A primary advantage of the wave theory is its simplicity. A
technical advantage is that methods for computating diffraction-
based imagery utilize wave theory in one fashion or other. The mod-
ulation transfer function, for example, is determined either from the
convolution of the pupil function with itself, known as an autocorrel-
ation, or from the Fourier transform of the diffraction-based point
spread function, which itself is the Fourier transform of the pupil
function. The pupil function is nothing more than wavefront departure
from a sphere in the exit pupil.

An exact analysis of wave aberration is exceedingly complicated,
but for our purpose wave theory is simpler than geometrical raytracing.
We shall deal only with first approximations, and these we shall find
extremely straightforward. We believe the designer using wave theory
will become more comfortable in tolerancing focus and boresight errors
than he was with alternate models of the problem.
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At the first order
level, also termed second
order wave theory, we will
deal only with algebraic
calculations. All curves,
spherical or aspheric,
behave like parabolas.
Cosines become unity,
sines and tangents become
equal. We deal with
infinitesimal quantities
in our derivations, yet
the results are highly
useful for very significant R oW
disturbances to the normal
design. At this level,
only focus, phase and bore-
sight errors exist. Chromatic 1 F
aberrations are simply the ‘
change of these with wave- :
length.,  Errors arise from
disturbances to the nominal
construction of the system:
changes in curvature, spacing,
refractive index, dispersion,
and centration. Fig. 6. First order propagation

of wavefront

The nice thing about aberration.
low order aberrations (up to
the third order in transverse
terms, or correspondingly the
fourth order in wave aberration)
is that they act separately from each other. One does not induce
another, and we may add them up (vectorially if that be the case)
indefinitely. The result is an output wavefront which has the sum of
the defects contributed by each error source.

Fig. 6. attempts to illustrate the concept that the 'aberration',
wherever or however generated, propagates through the optical system
and has, to the first approximation, the same magnitude and sign as
when it was generated. There are no magnification factors or inver-
sions involved, as is the case with raytracing methods. It is clear
by inspection what the magnitude of the aberration is at all times.

As we shall see, it is easy to calculate wave aberrations given only
a single paraxial raytrace of the nominal optical design and a statement
of the disturbances to each component.

e A\;Mhu;,.‘




Despite the advantages of computers, it is still good advice

to keep things simple.
to divide a complicated
All optical

in Fig. 7.
systems, at the first
order level, and we
include diffractive
elements too, can be
subdivided into just
three fundamental
optical units: the
thin lens, the thin
prism (wedge),

and the plane-paral-
lel disk of glass!
It isn't asking

much to remember

the aberrations
generated by these
three simple units,
but it would be
overly demanding

to tackle a complex
optical system

that had not been previously subdivided.
benefit of simplification, valuable insights would be lost. Of
course, as one gains experience with the wave theory,

thick lens

Fig. 7.

his own building blocks for analysis.

that tolerancing focus and boresight need

experience.

An approach to this in optical analysis is
problem into fundamental parts as indicated

[T
IFGAL

Division of a complex

system into simple units.

Furthermore, without the

he develops

We merely wish to point out

not be an excruciating




3.2 APPLICATION OF THE OPD METHOD

A wavefront is a mathematical abstraction, a surface of light
all sections of which have spent an identical amount of time traveling
from a single point source. The product of path length and refractive
index along each path section is called the Optical Path Length, OPL.

The light will focus to an optimum point if the wavefront has
a spherical shape. Any departure from sphericity is termed aberration.
For our purposes, we also describe defocus and boresight error as
aberrations. These correspond to different spherical wavefront shapes
and tilts than those which converge to the desired image point.

The concept of OPL
can be used to ecasily
calculate the refraction,
reflection, and diffraction
of light. In this report, we
will not concern ourselves
with diffraction, that
being too complex a field
for our present interest.

Consider Fig. 8, in
which a prism refracts a
beam of light. Light
travels more slowly in Fig. 8. OPD method used to
glass than it does in air, determine refraction
and refractive index is the through a prism.
ratio of the speed of light
in a vacuum to its speed
in another medium like
glass. The wavefront leaving
the prism is a surface which has identical OPLs measured trom the
incident wavefront. OPL along A'B'C'D' equals that along ABC'"D".
However, first order theory sets cosines equal to unity, so that we
can set ABC'"D" equal to ABCD, a straight line. Similarly for any
other incident line. Subracting BC from BD gives twice the OPD, since
by convention we reference OPD to the axis. Since the prism tapers
linearly, the output waveform must remain plane.
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As shown in Fig. 9, we opD*
can apply the same thinking to ; .c[;h
refraction through a lens. The e ) _.1r_0m"
lens, however, has a curved w \,':\\‘\\H\‘
shape rather than a simple L e
taper. To the first approxi- Al e Jero
mation, any continuous curve B :
with rotational symmetry can QL ‘ ;
be expressed as a paraboloid.
Therefore, the thickness of ‘:\x,//”4«/’
the lens decreases with the

square of the distance off-
axis, and OPD will thus

increase quadratically with Fig. 9. OPD method used to
distance off axis. This is determine refraction
identical to saying the lens through a lens.

has power. The point which

the output wave converges

is its focal point, assuming

the incident wave was flat. Otherwise, that image point is referred to
as being conjugate to the object point. The same argument is applied
to determine the focussing properties of a curved mirror.

3.3 SNELL'S LAW IN PARAXIAL FORM

OPD theory is easily used to prove Snell's Law, N sinl = N'sinl'.
We set the sines equal to the angles to obtain the paraxial form.

ni=n'i"

The geometry required for
paraxial (first order)
raytracing is shown in Fig. 10.
If u is the incoming slope angle
relative to the axis, i the
angle of incidence (relative
to the surface normal at

the point of ray intersection),
i' the angle of refraction
(relative to the surface
normal), d the separation

to the next surface, and so
forth, useable paraxial

raytracing equations are Fig. 10. Snell's Law at
given below. a refracting surface.
u = incident slope
i=y/R
i' = ni/n’'
' =g« i* « 3
.

u'd, repeat from "i"
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3.4 DEFOCUS

We usually think of defocus in terms of failing to focus the
lens, or otherwise imperfectly making the detector line up with the
plane of best imagery. Defocus also arises from any symmetrical
parameter that departs from nominal: radius, thickness, refractive
index, and spacing. We relate

s + OPD
defocus to OPD error with the /ﬁy
aid of Fig. 11. We see we have
two spherical wavefronts, the
actual one centered at F',
and the desired one at F. The
difference in radii is equal
to the defocus. Using
parabolic approximation, we
can show that defocus and
OPD are related by the expression,

~ defocus

- yz(defocus) Fig. 11. Defocus and
opPD =
2 related OPD.
2R“
but y/R = -u', the numerical aperture, so
oPD = -[ullz(gefocus) = - (defocus)
5 8 ( £/# )2
In nominally collimated space, the error of a transmitter is
readily determined from the OPD and the radius ot the extt pupil.

Angular defocus = 2-0PD/(pupil_radius)
Range to focus = (pupil radiusz/(z-OPD)

3.4.1 THICKNESS OR AIRSPACE ERROR

The effect of an error is to change local object distances.
When a surface or element is moved, two spaces are usually changed

at once. This applies to mirrors as well as lenses, and the results
must be calculated and summed. We apply the defocus equation directly
for airspaces, but for glass thickness errors, we multiply the glass

thickness by (N-1)/N to obtain the air equivalent defocus.

3.4.2 RADIUS ERROR

An error in curvature adds or deletes 'glass' at the margin of

the ray bundle, which times the refractive index change at the surface

equals OPD. For a single lens surface or mirror,

2

oPD t N =N J.( ¢* = ¢)

o<

i

1/ radius of curvature

where ¢
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3.4.3 REFRACTIVE INDEX ERROR

A simple defocus occurs due to a change in the central airspace-
equivalent as well as a change in surface refractive power. The former
term is ANt /N-, which is then entered into the defocus equation.

. hl
Surface power can be written, OPD = y=(N'-N)/2R,
error in refractive index causes a defocus,

OPD = y° - A(N' - N)/2R
3.5 BORESIGHT ERROR

| As shown in Fig. 12, boresight error relates to the lateral
displacement of an image point. In collimated space, it is expressed
as an angular error, and for a telescope objective or collimator, the
angular boresight error is equal to the image displacement divided by
the focal length.

Boresight errors are caused by
unsymmetrical disturbances to the
nominal system. However, if
the optical path is folded
with mirrors or prisms, the
system is geometrically un-

symmetrical and susceptable
F to boresight error even with
isotropic temperature change.

A sign convention is
ﬁ indicated in the figure. The
value of OPD is the beam radius
multiplied by the tilt of the
wavefront. Conversely, the
angular boresight error is the
OPD divided by the entrance Fig. 12. Boresight
pupil radius. aberration

3.5.1 DECENTERED OPTICAL SURFACE

' If a surface is decentered by d, the wavefront will emerge
3 tilted by -(N' - N)-d/R, so that boresight OPD is,

e L & . .
oh » SIRCR) S

For a curved mirror, the error equals - d-y/f. For a lens the
same result applies, as may be shown by adding up the effects of the
two sides. For pure decentration, the thickness of the lens will not
affect the predicted boresight error.
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3.5.2 TILTED OPTICAL SURFACI

An individual optical surface, tilted about its vertex (the point
of intersection of the surface with the axis) will have the same effect
as a tilted plane surface. The angular deflection of the axis can be
derived with Snell's Law. For a mirror, the OPD is instantly determined
by knowing the angle of tilt and the radius of the axial beam.

For a thin lens, no deviation of the axis occurs because the
principal points of the thin lens coincide with the center. The two
sides thus cancel out each other's deflection. This is one of the
advantages of breaking down a complex lens into thin lenses, wedges,
and parallel glass slabs.

It is perhaps worth mentioning the reason a mirror doesn't act
like a thin lens in this regard is that its principal points coincide
not with the vertex, but with the center of curvature. To first order,
a tilted mirror is equivalent to a decentered mirror. At the first order
level, all mirrors are regarded as being parabolic so that whether
the mirror is spherical or aspheric has no bearing on this observation.

3.5.3 IMAGE TILT

If an optical surface or element is decentered perpendicular
to the axis, the image plane remains parallel to the object plane,
with a boresight error that can be calculated by techniques described
in this report. However, if a surface or element is tilted, the image
plane also tilts. Even if it has no effect on focus or boresight,
this tilt can cause a deterioration of instrument performance by
causing the off-axis field to defocus.

We know of only one clearcut treatment of first order image tilt
(Buchroeder, 1976) and present the general result without proof. We
consider the case of a system with a finite focal point; for telescopic
systems, the eyepiece can be separated from the objective, and angular
divergence subsequently calculated.

up ¢ P
T R —
ok ug ug &3 4.3

where u, and uf are the entrance and exit numerical apertures,

¢ is the surface or element power, B is the tilt of the surface or
element; and 6, and ei are the tilts of the object and image planes
respectively. Note that if the input light is collimated, a tilt of
the object has no effect on image tilt. A practical application of
this equation is the Scheimpflug Effect, in which, for a single thin
lens, the extensions of the lens diameter, the object plane, and the
image plane must all intersect in a common line. The advantage of the
formula is apparent for more complicated combinations of tilted and
decentered elements.

While a tilted focal plane is of little significance in many
instruments, it is likely to be of surprising concern in image stabili-
zation devices.

p———
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3.6 DIFFRACTION GRATINGS

Holographic and conventionally produced gratings find use
in an increasing number of modern optical systems, particularly those
using lasers. Gratings can be used as beamsplitters or act directly
in the imaging process. Their effectiveness is affected by thermal
distortions.

It is beyond the scope of this investigation to consider holo-
graphic optical elements. Suffice it to say the change in quality of
the element is directly related to the errors introduced into the fringe
or ruling spacings. This effect is easily calculated for a plane
grating used in collimated light. For normal incidence, the equation
for a linear grating is,

P

n-A =d sin 6

differentiation and rearranging terms shows that the angular
error is,

d = nelesec Bex+AT
d

As an example, a 20 line/mm grating on aluminum with 10 micrometer
radiation will experience a 1 arc-second error for approximately each
degree centrigrade of temperature change. One solution to this problem
depends on maintaining fringe spacing despite temperature change.

This poses problems, especially for high power laser applications where
aluminum and copper mirrors are necessary.

3.7 SURFACE POWER ATHERMALIZATION

For the single reflecting surface case, only a zero expansion
material provides freedom from defocus when temperature changes.
For a lens, the refractive index change can offset the change in
surface curvature. Most optical galsses have a tendency to be self-
balancing, and many are very close to being self-cancelling at one
wavelength.

The requirement for stablity is obtained by differentiating the
expression for surface power.

N-N', N-1
power = ¢ = R usually =
8okl . nay SR
GV gy

dN
v =0T e
N-1

This is termed the thermal nu value of the glass, and if zero,
the surface power is self-stabilized. Many optical glasses have negative
as well as positive nus, so it is easy to design complex lenses
athermalized for focus provided the temperature is homogeneous.




3.8 THICKNESS ATHERMALUZATION

No lens is perfectly thin,
therefore its thickness change
has an effect. With the aid of
Fig. 13 it can be shown the
condition to athermalize
thickness effects on focus and Ry oot
phase 1is: M e

Wavetront
* ouT

dN
H = d’] + «@
N-1

Therefore, when the effects of

surface power are minimized,

the effects of thickness are

enhanced. In general, the Fig. 13. Uniform temperature
effects of surface power are change causes length
much more important. to change.

3.9 1INFAR RADIAIL GRADIENT

Analysis of thermal gradients is virtually impossible unless we
treat the optical element as being mechanically unrestrained. In practice,
this is a reasonable approximation. Optical workers know that excessive
tightering of lens retainers can easily cause astigmatism in the image.
We are aware of no deliberate situation in which a designer has called
out a 'press fit' on a lens to cell clearance, and for large lenses, it
1s customary to have a springy side restraint to allow for expansion
and contraction of the lens cell. For large mirrors, elaborate floata-
tion systems are constructed, eliminating, insofar as possible, friction
and other restraint on the mirror.

Small elements such as prisms are held down with metal clamps;
this occurs most commonly on low-resolution systems such as binoculars.
The technique could be questionable for precision optics. Another
practice that requires deliberation is the potting of elements. 1If
the compound, usually RTV Gilicone Rubber, is sufficiently compliant,
little harm results if the potting is used for lateral restraint.
Bonding to flat plates is more difficult and relies on the rigidity of
the optical element to avoid distortion. The sensitivity of bonding
stress can be appreciated by considering cemented doublet lenses only
an inch or less in diameter. 1t has been found that if the mating curves
mismatch in depth by more than 0.0001-inch, the shrinkage of a
.001-inch cement layer can cause such warpage as to be visible in the
transmitted image. It is good practice to match cemented faces to
within two wavelengths of light.

Another approximation that proves reasonably accurate is treating
lenses and mirrors as though they were plane parallel disks. This
is fortunate, as arguments necessary to exactly deal with curves involve
elaborate mathematics and the solutions are best handled with numerical
methods.

o s
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Given these approximations,
we are ready to consider how a
disk will distort under a radial
gradient, which for the moment
we will assume linear from center
to edge. Consider Fig. 14. The
first opinion we could venture
is that since the gradient is
linear, perhaps the disk simply
tapers uniformly from center to T
edge. But this is physically
impossible, for there cannot
be a discontinuity, or kink, at 2
the center. We took a linear
gradient to show the danger of
intuitive thinking. The actual
answer, regardless of whether
the gradient is linear or not,
is that the curvature on the
faces must be given by a power
series of even powered terms, Fig. 14. Derivation of the
the first term being derived effect of a radial
by simple analysis. thermal gradient.

2

Deformation = EVQAT [}
OPD = (N'-N) _';_a AT p>

For a lens surface, the OPD is approximately

it 2
EC‘ATQ

while for a mirror surface, it is
t «AT pz.

3.10 LINEAR AXIAL GRADIENT '__ t,' R

The same kind of reasoning N
is applied to an axial gradient,
shown in Fig. 15. The disk N ’_L
becomes a meniscus lens, the \
derivation being as follows.

T AT T

ar

d' - d
R' =
d

R..Z 15. Proper derivation
5 t of the effect of
o« AT 2 an axial thermal
and OPD = (N'-N) %k per surface. gradient.

+ U

d= AT T
t

o =

=

T3

e
o<

. s e
For a mirror, oPD = Y th

..“."..-.“...............---nu‘iiili.il
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3.101 LINEAR TRANSVERSE GRADIENT

Fig. 16 indicates this case
is the linear axial gradient
turned sideways. The optical
faces remain flat but become
wedged. The included angle
is the thickness of the disk

divided by the radius of Wevefroat in T, ki i
curvature caused by the ~ <o g
gradient. X :
> e . -

To assure boresight is - N :
not affected by a transverse 2 | !
gradient, it is necessary for T, T B
the refractive index of the
glass to decrease if the
material expands with an
increase in temperature.
This is unusual for optical
glass, but typical of plastic, Fig. 16. Transverse thermal
suggesting an unexplored gradient leads to
advantage to plastic. prismatic effect.

OPD theory can be applied to formalize the relationship insuring
boresight accuracy in the presence of a transverse gradient. The same
result applies to radial thermal gradients.

ty (Ng + 1eaeaAT) = t (1 + «AT)(N, + g¥.AT)

dN
£+a:0
N-1

The expression to the left of the 'equals' sign is designated by
the greek letter Gamma, and is positive for nearly all optical glass.
In the case of lenses athermalized for radial gradients, Kohler and
Strahle have shown it is impossible to achieve the desired result
unless one of the glasses has a negative value for gamma, or unless
both galsses have a zero value. The possibility of using plastic to
provide a compensating material has not been investigated but would
appear feasible. It is apparent that compensating a lens for radial
gradients is likely to insure great sensitivity to simple defocus
caused by homogenous thermal changes. Consequently, it is necessary
to contemplate using special cell design to offset this latter effect.

3.12 THIN PRISM (WEDGE)

The analysis of prisms is simplified by separating them into
thin fictious wedges plus an encapsulated plane parallel plate of
glass. The plate is termed an orthoscopic unit magnification telescopic
device, while the thin prisms are affine telescopic devices. When exact
rays enter and leave the prism symmetrically, we have a condition
termed minimum deviation, and the anamorphic magnification of the two
prismatic segments is self cancelling.

T A R P I
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To the first approximation,

the tilt of a prism has no

effect on boresight error, so

we may set up the prism as shown

in Fig. 17, which permits us
L to easily calculate the OPD ]
of a thin prism. The same o Sl
result can be obtained by
doubly applying the paraxial
form of Snell's Law for any
other tilt of the thin prism.

Fig. 17. OPD generated by
OPD = (N-1)exey a thin prism or wedge.

The aberrated wavefront is taken to remain centered on the extension
of the original ingoing axis by our freedom to select the reference
sphere. Note that if we were analyzing an unsymmetrical optical system,
our reference sphere might in fact be perpendicular to the outgoing,
refracted ray. Relative to this axis, the aberrated wavefront would
no longer be considered aberrated. An additional point is that the
first order effects of disturbing the elements of an unsymmetricail
optical system, such as a tilted component telescope, are virtually
the same as obtained by eliminating the tilts and decentrations of
the parent layout and analyzing it as a centered optical system,so
unsymmetrical systems can be toleraced for boresight and focus using
very simple techniques.

T

3.13 TILTED PLANE SURFACE

A tilted plane surface
generates boresight error, R
but to the first approximation
no change in focus. As
suggested in Fig. 18, we
interpret the aberrated wavefront as
remaining centered on the extension
of the ingoing axis rather than
on the refracted axis. This N
applies to reflective surfaces as
well. In actuality, the wave-
front is centered on the re-
fracted axis, but since it is Fig. 18. OPD generated by a
just as permissable to decenter tilted plane surface.
a reference sphere as it is to
shift it axially, there is no
first order consequence except
to incompletely fill our presumed system exit pupil. This does not
affect first order calculation of boresight error.

OPD = AN-B8+y
PR ==

The equation for OPD generated by a tilted plane surface is
almost obvious by inspection,

OPD = AN+Rey

so for a reflective surface, OPD = 2¢R.y
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3.14 PLANE-PARALLEL GLASS PLATE: DEFOCUS

A glass plate always retards phase, regardless of the state
of colimation of a beam, which can be a problem with certain inter-
ferometers. If the beam is not collimated, the plate always intro-
duced negative OPD corresponding to positive longitudinal defocus.
Reference to Fig. 19
explains the sign convention.
Defocus can be derived from
the definition of refractive
index. Light travels fastest
in a vacuum, but glass is
usually referenced to the
speed of light in air. The
refractive index is the ratio
of these velocities and is
always greater than one. The
refractive index of air is

about 1.0003, important in ';'
some cases. The focal shift s *7 Sp—
caused by the plate is the o ol

difference in velocity, with
and without the plate,
multiplied by the time

light would have taken to

span the distance in a Fig. 19. Defocussing caused by
vacuum, t/c. disk of glass.
pefocus = (N - 1) ¢
N
Since defocussing can be converted to OPD by the previously
derived expression OPD = -defocus/ (8 £/#2), we obtain:
i AN
QP =
8 ( fh)?




3.15 PLANE-PARALLEL GLASS PLATE: BORESIGHT

Tilting a plate in a
non-collimated beam causes a //Ak -’\P’.(”D
boresight error, but not
first-order defocussing.
Referring to Fig. 20, we
derive this boresight error.
Note as always, we retain
our reference sphere on the
continuation of the original
axis.

Fig. 20. Boresight error caused
by tilted disk of glass.

orh =

where s is the separation between the object
point and the reference sphere

let u' = Y , marginal ray angle of the beam

7]

then OPD

(N-D) ooy oy
N
or OPD = (N-1)+0¢t-u
where u is now measured inside the glass.
In terms of the local f/#, we also have,

(N-1)-6-t

0= 2NTn




3.10 CHROMATIC ABERRATION

The power of a lens can be written in wave form, using a plane
reference surface.

2
Power OPD = y“/2f

The chromatic aberration of a lens is defined with the quantity
V, known as the Abbe Number or reciprocal dispersive power. The
chromatic aberration is the power OPD divided by the Abbe Number.

Chromatic aberration OPD = y2/2fV

For a lens to be achromatic, the sum of chromatic aberration
contributions must total approximately zero. For a thin achromatic
doublet, we see that,

faVa T - fbe

For chromatic stability, this should remain reasonably valid
over a range of temperature. J. W. Perry (1943) calculated the
temperature dependence of chromatic aberration for some simple lenses
over a 50°C range and found good stability. An examination of Fig. 30
for BK7 glass indicates this material, at least, will be quite stable
in regard to chromatic OPD. On the whole, glasses have the proper
tendency to allow chromatic correction over a range of temperature.
Whether there are penalties associated with picking matched glasses
remains to be determined.

Differentiation of the equation leads to an intractible analytical
statement of the detailed requirements. The problem is probably
better handled by generating more combinations of the available glass
data to facilitate predesign layout of chromatically athermal lenses.

3.17 "DECENTERED" SPHERICAL ABERRATION

The ultimate precision attainable with a boresighting instrument,
apart from its mechanical refinements, is one or more orders of magni-
tude finer than what we would imagine from calculating its diffraction-
limited resolution. Boresighting is a null technique and involves
determining the ''photometric' center of a presumably symmetric point
image. Naturally, there are many ways in which this symmmetry may be
disturbed. Some are blatant; for example, failure to illuminate the
entire aperture of the instrument. Others are more insidious, an
example being the use of an off-axis paraboloid to test different
sensors. The paraboloid might be perfect enough to insure resolution
requirements are met, yet by departing from the optical axis, an effect
known as the Offense Against the Sine Condition will cause a defect in
the illumination of the sensor. Furthermore, slight zonal spherical
aberration in the mirror can generate additional boresight error.

The manner in which low order aberration, such as focus and
boresight, can derive from higher aberrations is usually of little
interest in ordinary situations, but for precision boresighting and
focussing, it merits consideration. We consider an optical element
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which has spherical aberration and is located at the aperture stop of
the instrument. The corrector plate of a Schmidt telescope is an
example. If it is perfectly aligned and the aperture fully illuminated,
the telescope will show a perfectly symmetrical point spread function.
Even if the corrector is imperfectly cancelling spherical aberration,
the point spread function will maintain symmetry for such is the
nature of spherical aberration. Now, suppose the corrector is decen-
tered a slight amount. The new aberration appearing on the optical
axis will equal the difference between the spherical aberration W
centered on axis and that displaced a small distance,A. The apparent
aberration generated on axis can be described by the series,

W' o= W ( 4p380 + 602812 + 4pnr3 4 A14 )

where p is the normalized radius of the pupil,

= 28

and A' = o’ D being the diameter of the pupil.

The first term in parentheses is coma, leading to a lopsided
point image. The second term describes astigmatism, effecting a focus
shift. The third term is distortion, which for our purpose is in-
distinguishable from boresight error. The last term is a phase error,
usually urimportant.

Any misalignment of an optical element tends to introduce first
and higher order wave aberration. If the element has sensibly zero
power, as with the Schmidt corrector, the effect is almost entirely
due to sheared spherical aberration. In most optical systems, element
misalignment has a far more profound effect directly on first order
boresight and focus, and restraining the first order error will
generally insure that terms arising from the higher order aberration
are negligible.
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3.18 RAYTRACE TEST OF THEORY

! A retationally symmetric,

mock optical design was laid

out to test our methods. The iler
design is mathematically valid, p—g
but physically unrealizable 0
owing to extreme obstructions

of the light path caused by

several mirror elements. The

design is suggested by Fig. 21,

in which we have decentered

elements to make the light

‘ path clearer. Table 1 is an

] exact specification of the

nominal layout, in millimeters.

No effort was made to correct the

fourth and higher order aber-

rations of the design. It shows
significant spherical aberration,

and when elements are tilted,
astigmatism is obtained on the
reference axis. However, as

expected, the higher aberrations

are much weaker than first order Fig. 21. Conceptual layout and

defocussing and boresight which surface numbering of

we want to test with our design. design used to test
OPD theory.

Each power surface was individually tilted and decentered by 0.1
degree and 1.0mm respectively, raytraced, reset to zero, and the process
continued from the first element to the last. The tilted and decen-
tered array was raytraced with a central ray, whose angular orientation and
decentration relative to the nominal centerpoint at the focal plane
was exactly determined. We also examined the astigmatism at the center-
point to be aware of its possible influence on our test.

Each radius of curvature was changed by about 25-50 waves, the
disturbed design raytraced and the focus found by using a paraxial
height solve set to zero. The shift from the nominal back focal
distance was thus determined. The disturbed radius was set back to
nominal and the process repeated one surface after another to the end.

The refractive index of the plate and the two lenses was changed
by 0.1, approximately 100 times the typical refractive index error
we would encounter with optical glass. The plate was tilted and by
raytrace, the boresight error was found at the final focal surface.

B
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Each thickness was

changed by Imm and the
same procedure was followed.
The computer analysis re-
sulted in approximately
250 pages of output which
was checked for keypunch
errors and reasonability
of the analyses. The
predicted wave aberration,
using paraxial raytrace
values for the y-heights,
were converted into trans-
verse boresight error and
longitudinal defocus at
the final focal plane.
These predicted errors
were compared with ray-
traced errors.

Boresight was found
to be more accurately pre-
dicted, with an agreement,
for this design, of about
1% with 1000 waves of
predicted OPD. For radius,
thickness, refractive index,
and airspace errors, the
accuracy was poorer: about
2% for predicted defocus
on the order of 50-100 waves.
Part of this inaccuracy can
be attributed to the fact that
a defect in the parameter
changes the first order
focal length and numerical
aperture of the optical
system, SO our conversion
factors should probably
be scaled to reflect this
change. We did not invoke
this correction factor.

The relative accuracy
of first order prediction
as determined from exact
raytracing, will depend
considerably on the details
of the optical design being
studied. Very large bore-
sight errors will induce
central coma and central
astigmatism that add higher
order terms to the computed
value, while changes in the
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nominal radii, thicknesses, airspaces and refractive indices may

cause spherical aberration to shift the plane of best focus from
the paraxial focal plane.
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4. OPTICAL MATERIALS

4.1 DISCUSSION

TS W Y -

A wide variety of materials can be used to refract, reflect,
disperse, filter, and polarize light. This section offers selection L
of materials which are widely used for retraction and reflection of :
visible light.

ey

All things being equal, a preferred material will be durable, :
1sotropic, and comparatively inexpensive. However, lacking alternatives,
the designer takes what he can get. For the infrared, this occasionally
results in using water soluable crystals, whose permanence relies on ¢
maintaining a controlled thermal and atmospheric environment.

There is a continuing development of all-reflective systems
which avoid the complications of absorption and thermal distortion.
We feel that this will have an important bearing on the development
of improved thermal resistance in precision instrumentation.

4.2 DIELECTRIC FILTERS

Interference films, for filters, antireflection, or enhanced
reflectivity, consist of dielectric layers of materials whose re-
fractive indices alternate. Each layer has its own coefficient of
expansion and variation of refractive index with temperature. Some
instruments use narrow, high-efficiency stacks as bandpass filters.
Exposed to excessive temperature change, these will act as cutoff fil-
ters instead. Figures 22 and 23 show some data provided by OCLI.
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Fig. 22. Measured variation Fig. 23. Wavelength shift !
of a typical filter as a function of ‘
t

with temperature. temperature.
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4.3 OPTICAL GLASS

A modern glass catalog 1s actually a technical compendium of
virtually every glass property likely to interest the average lens
designer and mechanical engineer. One of the most highly regarded
catalogs 1s that of the Schott Glass Company, and Fig. 24 reproduces
the page which describes borosilicate glass type BK7. Figures 25
through 30 detail further information obtained from the Schott
catalog. Additional material obtained from a published report will
be found on Figs. 32-34 in Chapter §S.
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Fig. 24. Representative page from the
Schott Optical Glass Catalog
showing general information

! available to the optical designer.




Fig. 25. shows that as
atmospheric pressure increases,
refractive index coefficient
also increases. Since it is
customary to refer the refractive
index of glass to the air in
which it is surrounded, this
plot is more a representation
of the apparent rather than
the absolute variation of
refractive index. The
properties of air are
definitely far more sensi-
tive than those of glass.

Fig. 26. will be of
interest to the engineer or
designer concerned with
thermal gradients, and with
the time glass will require
to reach thermal equilibrium.
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Tempersture costhicent of refractive index

Pressure p [Torr]

Fig. 25. Variation of refractive
index thermal coeffi-
cient with variation of
atmospheric pressure.
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Fig. 27. for glass type
BK7, shows that refractive index
changes more rapidly with tempera-
ture for the shorter wavelengths
than it does for the longer
wavelengths. Since there is an
overall positive slope for all
curves, there is no inconsistency
so far with our hope that Abbe
number, or reciprocal relative
dispersion, will remain reasonably
constant as the temperature
changes.

Fig. 28. shows birefringence
caused in representative borosili-
cate crown and dense flint glass,
the solid dots for BK and the
open dots for SF. Behaving like
a crystal, the image experiences
polarization and deterioration
of the wavefront. Reitmayer and
Schroeder (1975) have discussed
the significance of this situation.
Stress and strain can be caused
by thermal gradients, or by
failure to design the cell properly
for the range of temperature
to which the instrument will be
subjected.
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Fig. 29. provides additional
information on the wavelength sensi-
tivity of refractive index change for
a variety of typical glasses. As
explained in Chapter 3, it woula be
preferrable to express this data in
the form of an Abbe number variation.
An observation is that all the
glasses in this figure behave in
the same qualitative fashion.

Fig. 30. provides further
insight on BK7, the most commonly
used form of optical glass. The
open dots pertain to refractive
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Wavelengtn A [nm]

Temperature coeffi-
cient of refractive
index of some optical
glasses.
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index measured with respect to s /Af/ /("
air, the solid dots with respect 5520 1 A 1A S A
to vacuum. Note that the coeffi- T ol
cients are not constant, nor is A ,’jlr"“"“""""
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temperature coeffici-
ents of refractive index
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In Table 2 we summarize the thermal data in the Schott catalog,
and calculate  absolute and relative thermal nu values which are
useful for homogeneous focus. Additional data is being taken by the
Schott company and the designer should inquire if he selects a glass
tor which no values are given. The Schott company has been engaged
in the development of experimental glasses that promise to be of
value for gradient temperature athermalization.
AN aN AN AN
Glass Type q . FOPL TEANE g1 o yabe Gluss Type a BT A ura v
FKS 487704 9.2 0.9 <2.3 1.0 15.9 BALFL 580647 6.4 s.2 3.8 -2.6 -0.2
FK6 440671 112 -39 -5.2 19.9  22.9  BALF6 589530 6.7 4.1 2.0 -0.3 18
| FKSI 487845 136 6.0 7.9 272 29.8  BALFK 554512 8.3 2.3 0.8 6.l 6.4
| FKS2  4B0818 144 -6.5 2.9 278 30.7  BALFSO S89514 .3 13 0.1 6.1 8.5
| . BALESI £74521 8.1 2. 0.7 a4 6.9
PK2 S18651 6.9 2.9 1.5 1.3 4.0
PRSO 521697 8.8 0.1 -1.3 9.0 1.3 LR §73426 8% 2.4 11 a3 6.
PSK3 552038 6.2 2.9 1.6 1.0 343 LS 5814090 9.1 2.6 1.2 s 7.0
PSKSO 558673  &.6  -0.8 {7 9.1 147 LES 564488 8.8 2.2 0.8 4.6 A
PSKSI 588683 8.3 1.5 -2.9 10.8  13.2
PSKS2 603654 8.5 -0.4 1.9 9.2 N7 ¥1 626357 8.7 3.4 1.8 5.3 5.8
F2 620301 8.2 3.9 2.8 1.9 5.7
i BK1 $10635 7.7 1.8 0.7 .2 6.3 F3 613370 8.0 a6 54 0.5 2.9
BK4 500658 6.5 2.6 1.8 1.3 3.9 ¥4 617366 8.3 3.7 2.4 2.3 4
LS 505650 6.0 2.1 0.8 1.8 4.4
BK6  SVle2l 7.8 2.4 1.0 3.3 5.9 BASFS 603425 7.9 9.7 8.3 -8.2 5.9
b (1% S17642 7.1 29 1.6 s 4.0 BASISS 70037 5.1 8.8 7.3 7.8 5.3
i BASESG 657367 8.1 4.9 3.4 0.6 2.9
b BALKL 526600 9.1 0.4 1.1 5.3 1.2 BASES? 651419 7.1 4.7 3.3 0.1 2.0
[ 518590 8.3 2.0 0.6 ‘.4 7.1 LAFN2 744448 8.2 1.9 0.3 5.6 7.8
K $1957¢ 7.3 3.5 2.4 0.6 2.7 LAFI3 776378 5.7 6.9 $.3 -3.2 -1.1
xS $22595 8.2 1.6 0.5 s.1 7.2 LAE2L 788474 5.9 4.9 3.3 0.3 1.7
K10 501564 6.5 4 2.8 1.7 0.9 LAE2S 784418 5.8 8.1 6.5 4.5 -2.8
x 500614 6.4 3.4 2.3 -0.4 1.8
£SO 523602 7.0 5.8 2.4 -0.3% 2.4 LASFS 881410 5.9 5.1 X 0.1 2.2
xs1 505596 4.3 6.6 5.3 8.8 -6.2 LASIO 850322 7.6 4.2 2.0 2.7 4
LASEL2 836428 6.0 S.% s 0.3 1.3
BAK4 569561 7.0 3.8 2.4 0.3 2.8 LASFIS 85530 6.2 9.3 7.6 47 -2.7
BAKS  S57587 7.8 1.9 0.5 4 6.9 LASELS 878382 6.3 5.6 1.9 0.4 1.9
BAKSO 568580 T 8.6 7.2 -1 90
SF1 717205 8.1 7.4 5.8 =3.2 0.0
sx2 6a1561 6.0 4.6 3.0 1.6 1.1 SF2 618330 8.4 4.5 5 1% 16
Ské 613586 0.4 .7 1.2 2.0 4.4 SE3 740282 8.4 2.5 5.9 1.7 0.4
e sagels 5.5 3.7 2.3 -0.8 1.6 SF4 755276 8.0 8.9 7.3 <88 1.9
SK9 614552 6.0 5.0 AT -2.1 0.8 SFS 673322 8.2 S .7 4.2 «0.3 2.0
SK10 623569 7.0 2.0 1.8 2.8 S.1 SF6 805264 8.1 10.% 8.6 = +2 .8
SK12  S83S95 6.4 3.1 1.6 1 3.7 SF8 689312 8.2 7.4 5.6 2.8 0.1
SK14 603606 6.0 2.8 1.4 1.4 3.7 SF10 728284 7.5 7.6 6.0 =28 -0.7
SE16 620603 6.3 1.8 0.3 3.4 S.8 SFI2 648338 7.8 5.3 3.8 0.4 1.9
5KS1 621603 8.9 -0.9 2.4 10.3 12.8 SF19 607830 7.7 6.0 4.8 -1.3 1.0
SFSO 655329 10.1 2.0 0.6 A 9.2
K2 $26510 8.5 3.4 2.0 2.0 4.7 SES4 41281 1.7 8.1 6.5 -3.2 “X.}
SFSS 762270 8.2 7.8 6.3 -2.0 -0.1
SSK2 622582 6.2 4.3 5.3 -0.7 0.9 SFS6 185261 7.9 73 5.7 s 5.6
SSK). 613512 M. 33 1.8 slcd 3.8 SFS8 918215 9.0 12.4 10.3 4.5 2.2
S5k eissst 6.l 3.0 1.9 bed ¥eS sF6l  IS1275 7.9 8.1 6.5 29 0.8
SSKNS  6ININS 7.1 3.7 1.2 37 5.2 SF62 681319 8.2 6.1 .8 0.8 1.4
SSKS2  eSei00 6.7 3.8 2.1 1.4 i SK63 748277 8.2 7.9 6.4 2.4 0.4
LAKS 694585 8.2  -0.5 -2.0 8.9 1.1 TIKI 479587 10.3 23 38 15.1 17.8
LAKS 718548 5.6 4.7 Sl -1.0 1.3
LARNY ov1547 6.3 1.8 v I 0.8 l.Q XIF1 551497 6.9 3.9 2.5 L0.2 2.4
LAKIO 720504  S.7 5.0 3.6 -1.2 0.7 KZE2 529517 6.0 4.3 2.9 -2.1 0.5
LARIL 658573 7.2 1.0 0.5 L 8.0 KIFS  S21527 5.7 ¥, 2.4 1.4 11
LAKNI6 734617 &3 6.2 4.7 -3.1 -1.1
LAKL7 788505 5.9 5.9 2.8 1.0 5.0 KIFSNT 613448 5 5.2 5.7 4.0 35
LARDS 691518 7.9 0.8 -1.8 8.3 10.5 7FS6 02485 $.1 19 03 1.8 0.9
A 6925¥ 0 6.9 .3 0.3 5.2 143 KIFS? 681374 $.3 44 2.9 .2 1.0
LARZS 744508 5.7 5.7 4.2 =30 Ol KIFS8 72086 5.3 7.8 6.0 5.1 L.
KZFS9 599470 §.1 3.7 2.3 -1 1.3
LLEI 548458 8.1 5.0 1.6 2.6 5.2
Lhes  Selas: 8.2 2.6 LA g - LGSK2  SBeul0 12,1 -3.1 4.5 17.4 198
LLF6  S32488 7.8 3.4 2.0 1.1 7
BAF4 600459 7.9 3.6 2.2 2.0 a8
BAFD 64380 6.5 5.1 5.7 1.4 0.7
BAFS2 609160 8.4 1.8 0.4 5.4 7.7
BAFSY 670471 6.5 4.4 5.0 0.1 20
PAFSE 667482 6.2 4.5 3. 0.8 1.6

Table 2. Thermal properties of
Schott Optical Glass




4.4 PLASTICS

Plastic is still trying to live down a bad reputation given it
by early workers in the field. Most plastic lenses were, and some
still are, produced with the same machinery, tooling, and time-
pressure-temperature cycling used to produce ordinary mechanical parts.
Obviously, plastic will never have the intrinsic stability and amen-
ability to surface accuracy as optical glass, but companies such as
Kodak, Polaroid, Bell & Howell, Consolidated Optical Industries, and
MU Engineering are demonstrating the feasibility plastic lenses
replacing glass in many difficult applications. Although manufacturers
are reluctant to certify the repeatability of optical properties from
batch to batch, private communications indicate that in fact plastic
is already produced with a high degree of repeatability without special
attention. This would seem logical for a single constituent compound
such as acrylic, but is more dependent on quality control for copolymers.

The advantages of plastic are its low cost, light weight, and
its ability to be molded to finished shape and surface quality for a
great cost advantage. An important but apparantly unresearched
technical advantage is that all the plastics for which we have data
show negative Gamma coefficients. Only a few glasses have negative
values, so athermalization for radial gradients should be easy if some
plastic is deliberately included in an otherwise all-glass design.
The reader is warned that some published literature gives the incorrect
sign for refractive index variation.

Most plastic lenses are made from acrylic and polystyrene,
although Kodak and Polaroid have concocted special mixes to obtain
particular advantages. The polycarbonates, more difficult to injection
mold, are desirable for their higher softening temperature. Table 3
summarizes such data as are commonly available on plastics used in
lenses.

AN
AT s
Plastic ) o o0 (ot
1 Poly (methyl
methacrviate) 1.490 §7.8 =90 83
Poly (ally diglycol
carbonate) “CRAO* 1.498 S9.0 <140 138
V. Polystyrene 1.591 0.9 -120 78
4 Polyvingl toluene 1. 580 3a =220 9
S Fpoxy (OW Qe 1.648 ALIR } -100 60
& Polycarbonate “Lexan” 1585 ATUNM -- 60
Polymethy! peatene "TPY" 1 407 82 11?
8 Styrene acrylonitrile “SANT 1,563 ALY o6
9. Polysultone 1.6 - - 56
10 Fluovooarbons 1
1.44 . .- 150-70

fable 3. Selected plastic materials for optical
lens elements,
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4.5 FLUIDS

Any transparent substance is potentially useful for optical
purposes. The first microscope, constructed almost 350 years ago
by Leeuwenhoek, used a drop of water as its lens. Although Dolland
is credited with the first practical achromat, experiments with dis-
persive fluius, in lieu of flint glass, preceded it. Today,
designers find fluids useful for coupling dissimilar materials, for
conducting the heat away from high intensity CRT faceplates, for
filtration, for image stabilizers, and for hybridization with in-
jection molded aspheric plastic shells to produce low-cost high
aperture projection lenses.

Any fluid used for optical purposes should ideally be nonflammable
and nontoxic, but special applications warrant special risks. Some
of the fluids for optical design are indicated in Table 4.

Volume

Expansion

Fluid < SN ILMAS)
1. Acetone 1.359 sS4 1.487
2. Methyl alcohol 1.329 6l 1.199
3. Beniene 1.501 Al 1.2%37
4. Carbon disulphide 1.628 18 1.218
§. Carbon tetrachloride 1.461 48 1.2%6
6. Ethyl ether 1.354 S8 1.65¢6
7. Glycerine 1.47% 61 0.508

8. Mercury 0.1917%
9. Olive oil 1.47¢6 §S 0.721

10. Petroleum,

density (B46? 1.516 58 0.955
11. Turpentine 1.472 LR 0.97%
12. Water 1.333 S6 0.207

Table 4. Selected fluids for
optical applications.




4.6 MIRROR SUBSTRATES
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All rotationally symmetric reflective optical systems have
central obstructions that reduce transmission and expand the dif-
fraction image. Asymmetrical reflectors exhibit polarization and
generally have slightly imperfect diffraction point spread func-
tions due to anamorphosis and aberration of the exit pupil. Apart
from this, most designers would approve wholeheartedly of using re-

flective designs in lieu of refractors.

Whenever thermal gradients
are anticipated, zero expansion
materials are preferred. Even
CER-VIT, though, in not perfect
as may be seen in Fig. 31. As
far as we know, there is no
such thing as a perfectly stable
material.

Provided absolute thermal
isotropy can be assured, easy
athermalization of focus and
boresight is obtained simply
by making the cell structure as well
as the mirrors from the same ma-
terial. Although the focal
length will change, a temperature
change scales the entire design
and the image remains in focus.
Thus, an all-aluminum telescope
has some advantages if it can be
shielded from the sun. High con-
ductivity alone is not sufficient
to preclude gradients, only
reduce them.

oC x 107C

- SRCEEL SEEEERCR (O TE KRS

3

;Ui W SR A 1D 08 R |

kS

LR A IRIS 18 N S

PRI N

i 7
i 9

b
f ol

n
). S

# .1

o

[=

jireme

"-..’

%

FELSL IS SERE

BTEE S NN
JLIS R, T T U8 . A
g

1

-

ISEARE -8
x

b3

.
|

4
{

&

gt -

SIS TSN S SR

[ S S S EP SR -

'l —4_;1

DEGREES CENTIGRADE

Thermal expansion of
CER-VIT compared with
ordinary fused silica.

Table 5 compiles data on some of the more widely used mirror
substrate materials. For special purposes, germanium and silicon
are useful as mirrors. It is understood that the substrate is usually

given a reflective coating of some metal.

FbJ\EJlu! K C
o of Thermal Specific
Density Elasticity Conductivity Heat
Material gn/cn’ 10%/cm? cal/em-scc-OC  cal/gn®C
Pyrex 2.23 6.7 0.0027 0.18
Fused Silica 2.2 7.0 0.0033 0.188
ULE 2.21 6.74 0.0031 0.183
Cer-Vit 2.5 9.23 0.004 0.217
Aluminum 2.7 6.9 0.5% 0.218
Rerylilium 1.83 28.0 0.38 0.45
Graphite/Epoxy 1.72 6.9 0.12 0,24

Table 5. Properties of Selected mirror

a
Coefficient Specific

Stiffness Thermal
E/o Diffusivity
10%m K?&n
3.0 0.007
318 0.008
3.08 0.008
3.7 0.008
2.56 0.92
15.4 0.46
a0 0.29

substrate materials,

B8 e e~ v sum-®-muses-eebia




4.7 MECHANTCAL MATERIALS

Optical elements must be supported and housed with great
precision, and this is accomplished by mechanical design which
respects thermal influence on the optical design.

The arbitrary choice of zero
expansion cell materials is
naive indeed, if not excessively
expensive. The materials se-
lected might be mainly based on
weight considerations. Most
lenses are mounted in aluminum
whether this be good for them
or not. The elements must then
be spaced with materials whose
expansion insures that the
focal point remain fixed de-
spite the great expansion of
aluminum. We find consid-
erable interest in high ex-
pansion materials such as
plastic and fluid.

There is an infinite variety
of materials which can be used
in instrument design. An over-
view of available materials is
given in Table 6. Some of the
more interesting materials in-
clude machineable ceramics and
filled resins. Injection molded
plastic parts are worthy of
consideration.

3R
a
Material Qe ®%)
1. Silicone rubber 810
2. Rubber and elastomers 700 480
3. "plastics", including
filled and reinforced 300-0
4. Zinc, alloys 35-10
S. Magnesium, alloys 29-2%
6. Aluminum, alloys 2412
7. Copper, alloys 21-16
8. Irons 19-11
9. Stainless steels 19-10
10. Steels 15-10
11. Nickel, alloys 17-0
12, Beryllium, alloys l6-11
13. Titanium, alloys 117
14. Glass 15-3
15, Carbon § graphite,
composites 8-1
16. Ceramics 7-0
17. Molybdenum, alloys 6-5
18. Tungsten 4

19. Ultra-low expansion
glasses, alloys,
miscellaneous o

Table 6. Thermal expansion of
selected materials
uscable for mechanical
clements.,
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5. DESIGN TECHNIQUES

5.1 DISCUSSION

The purpose of this section is to discuss some of the known
ways to athermalize or desensitize an optical system. We deal mainly
with homogeneous temperature change since this is the only area that
has been researched in depth. The case of thermal gradients in
complex systems is very difficult and is discussed conceptually.
Athermalization is ripe for invention, and some of the better ideas
are based on scientific logic and common sense rather than any de-
tailed understanding of optical materials and elaborate formulations.
The reader should consider the approaches described herein only in
introduction to the subject.

5.2 ACHROMATIC LENS

This topic is well treated by Perry (1943), Grey (1948), and
Kohler and Strahle (1972). To summarize, the focal length of an
individual thin element is athermalized for homogeneous changes when
is thermal nu value is zero, where nu is defined as:

AN
AT
Vv = ————— .

(N-1)

The individual element is unaffected by radial gradients if instead
its Gamma value is zero, where Gamma is defined as:

AN
S
o iNeR)

r "

Note that the two requirements are mutually exclusive unless
both the expansion coefficient and the refraction coefficient are zero.
No such glass is known, indeed, materials such as fused quartz, with a
very low expansion coefficient, seem to have unusually high refractive
index coefficient.
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Figs. 32 and 335, taken
tfrom Kohler and Strahle, are
valuable for picking out
attractive glass choices.
Note there are almost no el
glasses with a zero or neg- ::'r-"-:'-'v" o
ative Gamma. Plastic, on i :,;::','j,
the other hand, abounds in large S
negative Gammas, and should thus ”,'.Y’Jf"".".'-f. v
be useful in designing lenses - e S
insensitive to radial gradients ) g g e
if combined with optical glass. . -'of-_';-,':ﬁ;vb"‘?-fﬂ‘.'_..'if
< .l"‘ﬁ.«;\' 3 sy
3 . 'c e sy
The design of an achromatic - ' sume
doublet is amenable to simple v g o Tns
i analysis. First, the pair must I “":'1:'\.."":-%.
| satisfy the usual requirements on " e
' component focal length versus i e
Abbe number: Je
 pod
d ~u
fa = £(Vy - W/, : .".' &
fh = f(Vh - V;‘)/Vh * ) n‘;“n vo .fcm Vv
Second, for athermalization
under homogeneous temperature
change, we should also satisfy
the condition,
Fig. 32. Data tor homogeneous
Vavﬂ = thh temperature athermalization.
1o e
Fig. 34. was designed for wesrs
this purpose. Finally, if we SRS
want our doublet to show radial o
gradient insensitivity, we N Bl T
must satisfy the condition, W e e
”~~
0 = JN-Dyeter S 5
\? o} T e 3" :q.wn
where t is the element o e TR Py avs_ien amel
thickness. As with a singlet, ey et Bl
it appears impossible to make ) N g
our doublet insensitive to both ‘: e
homogencous and gradient i ‘A."':’.w...
temperatures. — B e
wr g
l"‘":""i‘_., o~
Y
i wo A
~s

Fig. 33. Data for radial gradient
athermalization,




Apart trom the work reported by
Kohler and Strahle, we know of no
serious eftfort being paid to glass
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choice for insensitivity to radial L]

gradients. The designer will also

remark that the gplasses thus far - i
indicated are the most fragile in e

the glass catalog, prone to break . P

with light shock, even that caused aty F% g e

by preparing the lens surtace for 2 Cesrq ‘7YY
antireflection coatings. We have ;\ . '3“'3}'-. ,;-,'.,"::,".::mn

already explained that plastic w 23 Pl e &0 amt

could be used to compensate the - —55~;3~$7x=‘1i'—q‘“-‘1—t v
radial effects in glass, and we g2 . g odre 0
suggest that to be an area worthy g b

of investigation. We also suggest S

the mechanical designer might

design spacers responsive to %

thermal gradients and thereby

obviate the need for complicated e

glass. In effect we feel the

solution to the problem of radial - -
thermal gradients has a number

of choices, with new developments

in glass being only one. Fig. 34. Data for selecting

achromatic glass pairs
for athermal doublets.

The conventional method for athermalizing a lens is shown

schematically in Fig. 35.
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The logic behind this lavout follows. First, the lens exists
and 1s used in the current Air Force television Maverick guidance
unit. The operating system requires the lens remain in focus with-
out cockpit feedback. The lens replaced an older version with half
the focal length, but as no additional space was available a tele-
photo construction was required. A tolerance analysis showed tele-
photo lenses are more sensitive toward focus and centration sensitiv-
ity than a conventional lens of the same focal length. This led to
the rejection of aluminum as a cell material because of excessive
differential expansion between the metal and the lens diameters, and
because of the exaggerated defocussing caused by longitudinal expansion
of the aluminum. Steel was rejected because of its weight. Titanium
was chosen over initial protests from the pricing and manufacturing
departments. During design, it was established that a telephoto
could be athermalized in either of two ways. First, the glass for
the negative group could be chosen for an extreme rate of change,
SO as to compensate the effects of expansion in the forward lens group
plus the combined residual effects of the titanium and the aluminum
bulkhead. The effect of the vidicon shifting in its potting was
experimentally measured and included in the computation. MTF analysis
of the subsequent design showed it unsatisfactory at the temperature
extremes. The second solution was to use a high expansion 'pusher'
spacer as shown in Fig. 35. This approach is somewhat undesirable
because friction can cause the spacer to bind. However, MIF analysis
showed good performance over the temperature extremes, and so this
was the solution used for the lens. It is worth remarking that in
the end, the exact length of the plastic spacer was determined ex-
perimentally, with a variable makeup spacer of aluminum to obtain
the nominal lens position. The lens has been in large scale production
for several years, and the cost of the titanium cell, a major initial
worry, was reduced to modest proportions by quantity production.
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5.3 MIRROR FOLDS FOR STABILITY f
The cube corner reflector is an interesting device. A light §

beam incident on it always returns in the same direction no matter

how the cube corner is tilted. A single flat mirror, on the other
hand, will reflect light at twice whatever angle the mirror is tilted.

-

Is there such a thing as a "right angle cube corner"? We don't know. t
The next best thing is a pair of mirrors as shown in Fig. 36. %
For a pair of inclined flat mirrors, light travelling parallel to
the meridional plane will always leave at the same angle regardless
of the angle between the mirrors and regardless of the angle the
pair is tilted. The mirror system is therefore insensitive to tilts
in one plane. The pentaprism is equivalent to a pair of mirrors, but
has the disadvantage that it is temperature sensitive while the mirrors
could be made from zero expansion material and mounted on a zero
expansion holder. True, the mirror pair is not insensitive to tilts in
other planes, but it is easier to design an instrument when not all
degrees of freedom need restraint.
We suggest the designer
can find many practical applications
for the double mirror. We further
suggest it is prudent to avoid the poor
use of prisms in precision
' systems because of the impossibil-
ity of making a prism insensitive
to both thermal gradients and
homogeneous temperature
changes at the same time.
Furthermore, it is presently
impractical for the average
designer to model the effects
of thermal gradients affecting Bt tes &
refractive index as well as
surface shape with light 8 B
doubly traversing a pentaprism, ‘ﬁ/@ i /\ s
much less some of the more ' f
complicated folding and 2y
transfer prisms that are in regular ¥
use. ;
i
Fig. 36. Technique for maintaining %

parallelism of boresight
axes.
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5.4 OPTICAL LEVER COMPENSATION

A long barrel will bend when exposed more heat on one side
than the other. Likewise, a barrel will bend when exposed to
changing g-forces, vibration and so forth. The optical lever method
can be used to compensate these effects.

Consider Fig. 37, where
light is incident or exiting
at the left. Suppose the tube
is deflecting with a parabolic
shape;, although the method
applies to any repeatable
curve. Light passes through
the center of the negative lens
and forms a virtual focus.
This is relayed by a positive
lens to the final focus. If
the input beam is sensibly
collimated, the deflected
lens motion is self compen-
sated when the magnification of
the positive relay equals the
deflection of the negative lens
minus the deflection of the
positive lens, divided by the

deflection of the positive lens.

This establishes the focal
lengths of the objective and
the relay.

Other opportunities exist
in periscopes and systems with
transfer optics. One can also
: envision schemes using the
tilts of mirrors mounted on
the sides of the barrel.

Heat

Collimated

N D man d s~ \
)

No deflection

Fig. 37. Boresight stabilization
using the optical lever.
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5.5 INERTIAL REFERENCE 3

P An extension of the optical lever concept is the inertially
stabilized optical system. Gravity is an ideal reference for quiet,
nearly stationary instruments. Gyroscopically controlled elements
are completely applicable but noisy and require a power source. This
section of the report is intended to provoke thought on the use of
moving elements, contrary to the other school of thought which seeks
to eliminate element motion as perfectly as possible.

T

S I

Fig. 38. is the protoform ¢
= of many image motion compensa-
tion schemes: the use of an
inertially fixed or otherwise
controlled mirror, with a tele-

-
e

'
ik

scopic attachment to create £
something near a 2:1 or 1:2 2X Telescope :
magnification to counteract \§7' &
the angle doubling that occurs g
with reflection. The mirror §
could be stabilized with a ¢
plumb bob, or with a gyro-
scopic attachment. It is %
perhaps worth saying that L Yﬂ j
stabilizers can be used = S N 3
forward or backward, which \J ;
is an aid in laying out new ;
configurations. X Telencoge ‘
: Fig. 38. Symmetrical nature of z
‘ image stabilizer. £
é
v
i
y
3
§
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Fig. 39. shows the use of a
semi-inertial reference mirror to
compensate for vibrations in a
hand-held telescope of moderate
power. No power supply is re-
quired, yet a good damping
spectrum is obtained. Many IMC objective field lens
schemes are similar to this one, X
but use a gyroscopic connection
to the IMC mirror. Since mirrors
double the angle of error, mag-
nification factors near two are
typical. Since the observer
himself may be in motion, a
detailed study of the optimum
magnification is required, and
the reader is referred to a
paper by R. Gross (1971) for fluid relay
explanation. eyepiece ;

In this design, we used
a fluid-filled lens to obtain
an achromatic relay; the fluid's Fig. 39. Fluid-filled relay image :
viscosity is selected to obtain stabilizer concept. b
proper semi-inertial response
characteristics. The mirror
is lightly restrained, so when repointed, the restoring forces permit
the compensator to return to nominal axial alignment. The optical
details of the design, especially image tilt and wobble during sta-
bilization, are interesting but beyond the scope of this discussion.
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Prismatic compensation lends itself to in-line layout and
greater compactness. Since the refractive elements are nominally
centered, they can be given curvature and serve additional use.
This is not practical with reflectors because oblique incidence on
other than a plane results in anamorphic aberration.

While a mirror deflects Fhutd wafractive indey
at double its tilt, a low index N=1.5
prism halves the angle of tilt.

The idea is shown in Fig. 40, e
where an appropriate fluid is 2 ¢
encased between two windows. f L ¥
If the instrument is vibrated, o ( nominal b
one of the windows remains :
inertial and forms a fluid
prism. Two prisms are used.
A design of this sort won an
Academy Award for the Dyna-
Sciences Company.

For those that aie re-
luctant to risk the use of
fluid, an all-glass equiva-
lent is shown in Fig. 41.

prees

L7iw

'y

I'/;ﬁ
—

\

.
:
ezl

gimballed windows

stabilizing

damped weights

Fig. 40. Image motion compensation
using fluid filled prisms.

The designer will realize i
that prism can be generated in :
more complicated ways, and Fig. 42 :
shows one in which only a single
element need be moved. However,
if there be good reason, and such
reasons may pertain to the state
of aberration correction, a very
large number of elements may be
ganged for best system perfor-
mance. The point is that when-
ever a lens is decentered, a
prismatic effect is generated
which in addition to changing
boresight introduces image
aberration. This aberration can
be compensated by decentering
additional optical elements.

naminal

—-

stablizing

7
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Fig. 41. Prism equivalent using lenses
for image stabilization.
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In fact, full correction
over the field of view can be
maintained during stabilization,
but only if the decentered ele-
mants consitute the equivalent
of one rotationally symmetric
optical system, while the static
elements constitute another.

To achieve this mechanically,

each decentered group would be

selfcorrected. This, however,

is impractical, leading to

excessive size and weight.

What is done instead is that

the decentered elements must

be tilted and decentered so

that relative to the refracted

axis produced by themselves

and the static axis, they are

optically centered on a re-

fracted axis. This may be

inconsistent with mechanical

considerations, so that approi-

mations are accepted. The

; design of such systems requires

F a good computer code for
multiple configuration, or Fig. 42. 1Image stabilization based

zoom, elements. on lens decentration.

naminal

stabilizing
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5.6 ZO0OM LENS

Zoom lenses are placed in two classes: the optically compensated

and the mechanically compensated. In the former class, groups of
clements are linked together and move as a whole. In the latter,
a smaller number of groups are linked by cam or computer drive and
follow separate, nonlinearly related paths. Most wide range zooms
are of the mechanically compensated type, and it is these that we
will discuss.

The mechanically compensated zoom usually consists of three
parts: a fixed objective group, a zooming relay group, and a fixed
backing relay group. Errors in focus are obtained when any parameter
departs from nominal. A maximum of two thermal compensator spacers
will permit athermalization of focus. If no backing group is used,
only one spacer is required. The problem of tolerancing a zoom for
focus is essentially no different than tolerancing an ordinary fixed
focus lens.

The problem of boresight is infinitely more complicated. Image
runout arises from numerous sources. Two dimensional meandering of
the image is due to not separating the moving groups along a perfectly
straight line. One dimensional wander, which may reverse itself
several times, is due to every source of tilt and decentration in
the lens and its mechanical parts. The problem is aggravated by the
requirement a long zoom range be packaged as compactly as possible.
This makes the powers of the moving elements stronger than the overall
lens focal length. As we've shown, sensitivity to defocussing is
proportional to lens power. Needless to say, the tolerances needed
to minimize boresight error are extreme and can lead to very complex
cell design.

It is impossible to deal with every aspect of the problem, so
we shall illustrate with just the decentration of lens groups in a
comparatively straightforward long range zoom.

The equations governing the ralative lens motions in a mechanically

compensated zoom are given below, the significance of terms being shown
in PIg: %5

5 1
% s (k R uluflf‘. Ik ( fl * £a )) ")
£ K t(1l -m)

fl (I =m ) ¢+ mt




First order equations like these are allowable in laying out a

zoom, and in subsequent cam derivation, because to the first approni-
mation, cvery thick optical system behaves like a thin lens provided
measurements are taken relative to the principal planes. For one

design, we used the values below.
1 <m <10

K =+ 25 mm

+ 50 mm

h
"

e
"

-50 mm

Representative solutions to
the equations are given in
Table 7. It is customary

in designing a zoom to pick \
three focal lengths: the
shortest, the longest, and e—— t —

the geometric mean. Final e

analysis usually allows je—r
two additional intermediate
focal lengths.

Fig. 43. Parameters of the moving
elements in a mechanically
compensated zoom.

(] t t e
1 25.000 50.000 -50.000
2 $0.000 75.00 -100.000
3 71.573 73.286 -119.859
3.1623 74.569 72.924 -122.493
4 88.535 71.178 -134.713
s 102.812 69.453 -147.265
6 115,328 68,065 ~158.390
? 126,576 66.929 -168.506
(] 136.873 65.982 -177.858S
9 146.418 65.177 -186.59§
10 155,350 64.483 <194 834

Table 7. Representative zoom Separations
relative to principal planes.

T ATV,
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Fig. 44. shows the optics at three representative magnifications.
The dotted lines represent a ray perimeter and is not a raytrace. We
find that providing a ray perimeter, which shows the 'stand clear'
region, 1s a better way to communicate with the cell designer than to
provide conventional raytraces.

.d’ —gﬁiﬁf;:;;%a
1\"“'1‘!‘ P

Mo S 333X

100 mm l

Fig. 44. Zoom Imaging Section at extreme
and mean magnifications.

This lens is a relay for a fixed aperture objective. The beam of
light presented to the relay is around f/6 and has a central obscuration,
SO we cannot put an iris in our relay.

Let us now discuss tolerances. If we want to keep a constant
resolution in object space, we would specify that our zoom hold a
constant OPD error over its range. But this would be foolish because
then we'd magnify the image without increasing resolution. Thus, our
OPD must decrease by a 10:1 range during zoom in order to maintain a
fixed resolvable cell size on the detector. We may also assign a
boresight tolerance on this basis. If we adjusted the lens to have a
fixed output f-number, then it would be proper to tolerance the lens on
the basis of fixed OPD. Most conventional zoom lenses have a fixed iris
location in the backing relay and hold a constant f-number so long as
the entrance aperture permits. The ultra-range new television zooms,
with ranges of 30 or even 40:1, cannot maintain a fixed f-number over
the whole range because the objective lens would become prohibitively
large and secondary chromatic aberration intolerable. They hold
f-number over a range of shorter focal length, then reduce speed at
the longest focal lengths.

We can assign mechanical runout tolerances to the cells of both
moving groups by using OPD theory. We require a paraxial marginal
raytrace at a sampling of zoom positions, three usually being sufficient.
The total error assigned to the mechanical parts is settled with an
overall error budget that is based on the practicalities of lens

o — — ———
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making versus metal working. In theory, if the lenses are adjustable

in their cells, nearly the whole budget can be assigned to the mechanical
mechanisms. If this mechanism is adjustable for overall centration

and tilt, boresight is optimized but still susceptable to thermal ex-
pansion effects, as well as wear and friction.

We elected to hold a fixed cell size on the detector, which
meant the OPD should reduce with magnification. We have two moving
elements, and if we partition the error equally between the two,
each gets root-two of the budgeted error. We need the paraxial ray
heights and the group focal lengths to determine the decentrations
corresponding to the allowable wave error at each zoom position.

The results of our thinking are summarized in Table 8.

Magnification,m 1 10 10
Object distance

(mm) $0.00 72.92 64.48
Group separation

(mm) 25.00 74.57 155.35
"1 (wm) 4.17 6.08 §.37
Yy (wm) 4.17 3.23 1.62
Total permissable
error* (waves) 2.00 0.63 0.20
Error per group
= total/ ¥ N 1.40 0.45 0.14
Permissable
runout (radius)
of Group 1 (mm) 0.010 0.0022 0.0008

Permissable runout
of Group Il (mm) 0.010 0.0041 0.0026

Table 8. OPD Tolerance analysis of group
decentrations in sample design.
(*derives from goal of .014mm
image runout)

Let's consider the tolerances before we hand them over to the
mechanical designer. We see that Group I reaches a runout tolerance
of only .0008 mm, one wavelength of light. We know that tolerances
of even .0lmm are severe, particularly with moving parts. In point
of fact, we had no illusion of meeting these tolerances. The customer
was told before the design was initiated that a boresight runout of
2% of the frame size would constitute the best we could achieve in
practice. Greater precision would come at a prohibitive price and
one might as well reconcile himself to the need for feedback loops
in precision boresight zoom systems.
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6. CONCLUSIONS AND RECOMMENDATIONS

: 6.1 CONCLUSIONS

We hope we have helped make the reader feel more at ease with
wave theory as applied to boresight and focus. We hope he agrees with
us that this approach offers some clear insights on the source of the
problem. If the reader wants to continue his study of wave theory,
the text by Hopkins (1950) is recommended.

As we've shown in this report, it is not difficult to relate
parameter error to boresight and focus error. The wave theory lends
itself readily to being programmed for computer. We have made little
about the fact that boresight and focus are vectorial; this is implicit
in the fact that the errors of one component can be cancelled by those
of another. We have also said little about statistics, which do apply
in the limit. The answer to the random walk problem is the same for
vectors as it is for scalers, if the number of variables is great
enough.

We've assembled a great deal of general material that should be
of use in preliminary layout, but we warn that much of the data is of
questionable accuracy. Some of the materials are exceedingly nonlinear,
particularly plastics and fluids. The data supplied is intended for
use only in the initial stage of design, with the manufacturers to
be consulted prior to optimization.

The design of athermal systems depends on selecting the right
materials and upon employing a good design technique. We are inclined
to think design technique is more important than material selection,
but this is merely a matter of opinion. We have offered some ideas
on the design of athermal systems. We're sure the reader will see
opportunities of his own.

6.2 RECOMMENDATIONS

We recommend further investigation of the effects of thermal
gradients. We believe emphasis can now be directed toward practical
optics rather than the simple abstractions dealt with in the present
report. We would like to recommend a collaboration between Dr. Buchroeder,
author of this report, and Dr. Malvick, professor of engineering on
joint appointment with the Optical Sciences Center of the University of
Arizona. Dr. Malvick is well versed in the finite element computer
analysis of optical elements, and well qualified to quantify the effects
of convection, conduction and radiation.

We recommend a parallel experimental investigation of mock instru-
ments built to yield data on the success or failure of mathematical
modelling. Since the image forming qualities of such instruments are

o e I."m ’ e P S o




not directly important, they may be of uniquely economical design.

Following the completion of theoretical and experimental research,
we recommend that an unclassified military optical system, such as an
aircraft periscope, be analyzed and tested in the framework of theory.
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