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' PREFACE

"The purpose of this study is to determine. the
practicability of constructing a large aperture, three mir-
ror lens system. The two practical problems whlch are
considered are sky baffling and manufacturing errors. If
the system cannot be sky baffled, or if minute fabrication
errors .greatly degrade the image, construction of the sys-
tem should not be attempted. During the study, it was
~found to be necessary to design the system around the sky
batfllng requirement in order to arrive at an optimum de-
sign. The procedure which was used is included in ‘this"
study. A method of determlnlng a design's sensitivity to
manufacturlng errors is also presented.. ~These two prac-
tical problems must be considered before construction of
an expensive lens can begin.

The author wishes to express his sincerest thanks
to Mr. Gary Wilkerson for his assistance in completing
the designs of several mirror systems. He also wishes to
thank Professor Aden B. Meinel and the other members of the
Committee of Optical Sciences for their guidance in the
preparatlon of this thesis. :
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ABSTRACT

In an attempt to design a tHree—mirror,aépheric
camera, a proéedure was devélopedvto arrive at,évdesign
with a minimum obscuratidn ratio. It was found that, in
somercases,:the-sky baffling became the diffracting ob-
scuration rather than thé obscuration caused by the secornd-
ary. The procedure allowed for this and was able to
select a system with the smallest diffracting obscuration
‘in the pupil. | |

Initially, two designs werevselected aﬁd opfimized'
through the use of asphéric surfaces. The designs‘repre— |
sented two extremes .in that one had much faster surfaces
thén the other. The faét mirror system was easier to opti- -
rmize; performed better, and had the shorter overallllength.

~Further, evaluation of mgnufacturing errors on the
ifast‘mirror design showed that an‘acceptablé‘level of per-
formance couid be expected if the érrbrs were'kept smallﬁ
The maximum'errors are:
| | Spacing errors +0.0005 inch
' Tilt of surface errors +0.001/D inch
Rédii of curvature errors - +0.125 inchr

_Wheré»D is the diameter of the mirror surface.



CHAPTER 1
INTRODUCTIOCON

Automatic design techniques which utilize modern
computers have made it possible to design optical systems
that promise high levels of performance. One way to
achieve this performance is to include aspheric surfaces
of rotation in the design. Such a surface (Smith 1966),
can be represented by an equation of the form

cs?
4

zZ = + ADs

141-c2s?

The value of z is the coordinate along the optic axis of a

6 8

+ AEs™ + AFs 10.

+ AGs

point on the surface which is a distance, s, from the optic
axis. The curvature of the surface at its vertex is de-
‘noted by c, and the constants AD, AE, AF and AG are the
aspheric deformation coefficients. In earlier days, these
were avoided because of the great computational difficul-
ties involved in the design process. Computers have re-
duced these difficulties, and high performance designs with
aspheric surfaces are readily attainable.

The actual performance of a fabricated system may
fall short of the design values due to the cumulative ef-
fects of manufacturing errors. Presently, no automatic

1



design program consiaers the sensitivity of an optical
system to the degradation in performance which is caused
by these errors. The great difficulty in fabricating-
aspheric surfaces makes it unattractive to risk 1arge
sums of money in an untrled d651gn Howeyer computers
may still be used to estimate the performance of the con-
structed system. A number of computer programs exist
Which simply evaluate the performance of a given design.
We can construct several mathematical models of the types
of systems we expect to achieve in practice  and use the
evaluation programs to estimate their performance. |
This'thesis is addressed to. the study of manufac-
turing errors in the Meinel-Shack Three-Mirror Camera.
It consists of three aspheric mirror surfaces and yields a
flat field. The good theoretical performance of this type
- of system, which is a result of using three'aspheric sur-
_ faces,'makes it a good system inAwhich to studytthe_effects
of manufacturimg errors. One would like to know if the

design can tolerate reasonable construction errors and

. still approach its theoretical high performance.

A common problem with the.Meinel-Shack Three-Mirror
Cameta is ellmlnatlon of stray 11ght or sky llght .The
;iayout of the d651gn results in-a compact system but the
resulting geometry of the system also allows a.great deal

of stray light to strike the image plane. This light is



3
objectionable because it reducés the contrast of the image.
“Elimination of'sky‘iight is tefmed sky baffling, and part
of this thesis is coﬂcerned‘with the problem of sky baf-
fling in the Meinel—Shagk Three-Mirror Camera. |

The first stage of this study was to optimize the
~geometry, sky baffling and aspheric surfaces for a good
~design. Originally,; a great number of systems were opti-
mized for geoﬁetry and sky baffling.  From these, two de-
Signs were selected, and the performance of both was opti?'
mized by using aspheric surfaces. |

The second stage wés'to sélect the design with.the
best performance and stud& its sensitivity to manufacturing
errors. The errors included here were tilts and displace-
ments of the surfaceé and changes in their spacings and
curvatures. A table was made which shows the predicted ré?
solving'pQWer of the system as a function of the magnitude
of the manufacturing errors.

. Since the fihal design is intended to be part of a
design proposél, it must satisfy a number of reﬁuifements.'
These are:- 1. 24 inch aperture - N

| - 2. f-number between f/4 and £/5
3. .Onebdegree fulllfield (edge to edge)
In addifi@n;lthe éystem musf pdssess as low an obscuration
'ratio.as possible. The obscﬁration ratio is the rétio of

'the'diameter of the obscuration caused by the secondary to



:thevdiameter of the aperture. Finally, the image must be. .

accessible outside ‘the barrel of the camera.



"CHAPTER 2
 NOMENCLATURE AND STGN CONVENTION

Figure 1 illustratesAa typical'layout of a three-
mirrOf system. Elements 1, 2, and 3 are the'primary,.
secondéry; and tertiary respectively. They afe thé only
image forming elements in the design.  Surface 4 is a fold-
ing flat which is inclined at an angle of 45° with respeﬁt-
to the optic axis. It folds the image outside of -the
_camera barrel. The image plane is labeled as Sﬁrface S.

" The sécohdéry functions.as the aﬁerturé Stop of the system.
A hole is punched through its center to allow a shaft to be
inserted. This shaft sérves as the mount for the foiding
flat. The secondary“is mountedAinfa ring mount as shown 
~,in,the5drawing;  The cylindrical tube around the tertiary .
serves as a sky baffle to block some of the étray light. |
'Inlthe figure; we see that the final image is-formed inside
" of a tube calléd'the imége cell. Thié tubé élso serves as
a sky baffle.  The cup.shaped,hausing labeled "A" is ﬁsed |
to Covéf-a motor whiéh is mounﬁed behind the»secbndary;

The moﬁor is connected to a shaft:which rotates the fold-
ing flat. In this way the'final image cah>be made to fall
on any.bﬁe“of-a sefiéé'of detéttbrs mounted on the camera
barréi; The barrel'of the camera is shown and completes

5
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Fig. 1. Typical Layout of a Three-Mirror Camera




the 1ayouf of a typical system.

Figure 1 also_illustrates.the‘notation which will
be used. The coordinate system is. a right—hénded cartesiah
Coordinate system with its origiﬁ at the vertex of the -
‘primary, and the z-axis coincides with the optic axis. The
plane ef Figure_l is the y-z plane. Distances measured
from 1eft to right and from bottom to top are positive.

The heometric distance betweeﬁ‘any-two surfaces, m andrn is -
| measured from thelr vertexes and is denoted by d n? with

dmn = —d } The dlstance between the prlmary and secondary
is d12'7 The marginal ray height at any point is y, and y

is the chief ray height at any point. The marginal ray
height at surface m is denoted by Y The thickness of the
ring,mount for the secondary is &§. A dummy surface, labeled
4a;and'norma1.to the optic axis, is located where the -
upper'riﬁ ray strikes fhe fbiding flat.

The radius of curvafure of a sﬁrface ie measured
from its vertex to the center of curvature, and is positive
if the center of curvaturebisito"the right of the sﬁrface.
“In the case where»theAprimary is concave and the secondary
is_conyex; this results in both-radii of curvatﬁfe:Being
“negafiVe. The-radiue of curvature of the ith surfeceeis

denoted'by Ri’ and the curvature, . is defined as



The indices’of refraction before and’after-the iih
éurface are ﬁi and ni respectively. After a reflectipn,
the §ign of ni_is the oéposite of n. . The. angles 6f the -
rchiéfiand marginal rays -with respect to the opticvéxis are
u énd u‘respéétively. To détermine the sign, rofate the
.ray through the'smallest anglebwhich will maké-it parallél
to. the optié axis. A clockwise rotation4is positive and

counter-clockwise is negative.



CHAPTER 3.
SATISFYING THE GEOMETRY OF THE CONSTRAINTS

In the introduction some design requirements were-
listed as being necessary to satisfy a design proposal.
One way of arriving at a sysfém to satisfy theée‘require—
ments is to do the first order désign work. using y,y dia-
~grams (Delano 1963). Reéders not familiar with y,y diagrams
should read Appendix A. In this chapter, we will impress
each requirement, one at a time, onto a y,y diégram and
eventually arrive at a limited number of designs which

will satisfy the requirements listed in the introduction.

‘Plot of aEThree—Mirrbr Camera

Figure 2 is a plot.of a-general three-mirror system
on a y,y diagranm. lPoint A, whose coordinates are ?1 and yq,
-1o¢ates the primary.‘ Point B (92,y2) locates the secondary
on thg diagram; Points D (is,ys), E (94,y4)vand F (is,yS)
-1bcéte the tertiary, folding flat, and image plane re-
spectivély. ‘Point C (?C,yc) représents a dummy surface
‘which'wilirbé useful later. Since>the seéondary serves as
:the épertufe-stop, we have §é=0,'and B lies on ﬁhe y axis
- at all times. Now, the.entfance pupilil is thelimage of
the stbp in object space. In'this particular case, the
entrance ?upil is the image fdrmed by'the primaryﬂbfAthe

il

9.
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A1,y y, = 12.0

Al

Fig. 2. Plot of a General Three-Mirror Camera
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secondary. One of our requirements is for the aperture to
be 24 inches in diameter. Therefore the marginal ray
height at the primary, Yy, must be equal to 12.0 inches,
and the primary is always locatcd on the line Y1 = 12.0
(Fig. 2).

Other specifications which are given include the
field angle, ﬁo, and the f-number, F. Using these, we can
find the location of the image on the y,y diagram. At the
image, Yg = 0, and §5 = 2Fy1ﬁo. The image point always

has these coordinates.

Condition on the Diameter of the Folding Flat

In Figure 1, we see that a cone of light is re-
flected from the secondary toward the tertiary. However,
some of the inner rays of this cone may be intercepted by
the back of the folding flat. This would have the same
effect as increasing the obscuration ratio of the system.
‘We would like to find the maximum diameter of the folding
flat which doesn't obscure any of the inner rays in the
cone.

A ray which is parallel to the optic axis when if
enters the system and just grazes the central obstruction,
before striking the primary, will be called the '"inner-
most axial ray." The obscuration ratio, p, can then be

written as the ratio of the innermost axial ray height to
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the marginal ray height. That is,

(3.1)
Where yi is the height of the innermost axial ray at the
primary.

Now, at the primary,
yi =y, * 6. (3.2)

Since the marginal ray and innermost axial ray are initial-

ly parallel, and they both converge toward the same focal

point, we have, at any point along the optic axis,

(3.3)
To avoid vignetting the light which is reflected

of the folding flat, D

from the tertiary to the folding flat, the minor diameter
4

must satisfy the relationship

2(|yg] * |4l 22Dy (3.4)

And, to avoid obstructing inner axial rays reflected from
the secondary, D, must satisfy

D4i2|2y&|. (3.5)

Where Zya is the innermost axial ray height at the back of
surface four immediately after reflection from the second-
ary.

Now, we combine the last three equations to get

Yol * |val 20|24l

(3.6)
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The Dummy Surface

So far, the fact that the folding flat is tilted
has been ignored. This can be allowed for by considering
a dummy reflecting surface which is normal to the optic
axis and placed just before the folding flat. This is

surface 4a in Figure 1. Equation 3.6 then becomes

L 2Y4a|' (3.7)

ly4a, * 1943
Equation 3.7 will be used later to eliminate some of the
possible systems which we will determine.

With a need for the dummy surface established, it
is now possible to enter more data on the y,y diagram. The
requirement that the image be folded outside the camera
barrel establishes a minimum length for d45. With this,

it is possible to determine Y4a

dgs * dga

y
4a 2F (3.8)

For fixed values of d45 and d4a4’ Yaa is a constant and we
can plot 3.8 on the y,y diagram. All the coordinates for
the dummy surface must lie on this 1line.

For any system which we design, there will be a
minimum distance, d24a’ between the secondary and the back
of the dummy surface. This distance must be large enough
to admit placement of the folding flat. In Chapter 5, we

will choose a value for d24a which is large enough to be
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used on a grcat many systems.
The optical obscuration ratio, p', ignores the

thickness of the ring mount, and it is defined simply as

Y1 (3.9)

Given d24a and the optical obscuration ratio, it is
possible to plot all the coordinates of the location of
the back of the dummy surface. On the y,y diagram in
Figure 2, the distance d24a is probortional to the area of
triangle OBC. Then, from Appendix A,
Y2 24a
d =n, ————

24a H ' (3.10)

Where H is the Lagrange invariant (Longhurst 1957), and,

at the entrance pupil, it is given by

H = NaUoYo - (3.11)

From 3.9 and 3.10, we have

2Y4a T T
Yy (3.12)

and 294a is a constant and, as shown in Figure 2, can be
plotted on a y,y diagram.
Several things have now been established on the

y,y diagram. The locations of the secondary and the image
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plane are known by defining four system parameters. These
are the aperture, obscuration ratio, f-number, and field
angle. In addition, fixing the disfances d45, d24a’ and
d4a4 determines the loci of all possible locations for the
front and back surfaces of the dummy flat. Also the locus

of all primaries is established by the size of the aperture.

Curvature and Spacing of the Tertiary

Figure 1 shows that the distance from the back of
the dummy surface to the tertiary must equal the distance
from the tertiary to the front of the dummy surface. That

is,
34a - (3.13)

On the y,y diagram of Figure 2, this is equivalent to re-
quiring area OCD equal to area ODE.

Area 0OCD

"

1/2 (Y,Y3"Y22Y4,) (3.14)
Area ODE = 1/2 (ycy3-YYVyy) (3.15)

From equations 3.14, 3.15, 3.9, 3.10 and 3.8, we have

' d

“24a (d

4a4%945)

ZUOF 2F (3.16)

Equation 3.16 is the equation of a straight line which is
the locus of all tertiaries which will satisfy the given

system parameters.



Now, for any set of coordinates Y3 and y

16

3 it is

possible to determine 2Yaa and §4a' From Figure 2, we

see that

Y2 "2Y4a Y2 T V3

2V 4a Y3
2y4a
Yag = = U3y * v,
Y3
Also, from Figure 2,
V3 y4a

(3.17)

(3.18)

(3.19)

(3.20)

We can now check the inequality 3.7 for any pair of coor-

dinates y, and yz. If it doesn't hold, we know that the

folding flat will be large enough to obscure some of the

inner axial rays. We then reject those coordinates. If it

does hold, we can immediately determine the distances d23

and d343 and the curvature, Cz, of the tertiary.

They are
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given by the equations:

Y2 V3
d = n!
25 2y (3.21)
Y3 Yaa ~ Y4a V3
d = n!
34a 73 H (3.22)
\ 1 (YS—Yz) (Y4a')'3)‘()[4a")’3) (YS_YZ)
cg = - -
2dz4 (y,Y3-¥3Y,) (3.23)

We have arrived at a curvature for the tertiary which
guarantees that the diameter of the folding flat will not
be large enough to obscure any inner axial rays. This was
done without knowing the powers of either the primary or

the secondary.

Curvatures and Spacing of Primary and Secondary

At this point, choosing any pair of coordinates for
the primary will completely specify the system; the powers
of the primary and secondary and their spacing can be de-
termined. This occurs because the coordinates of both the
secondary, tertiary and image have been determined. The
flat field of the Meinel-Shack Three-Mirror camera re-
quires the Petzval sum to be zero. Introduction of this
requirement into the system allows us to determine the

powers of the primary and secondary.
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The condition for the Petzval sum to be zero 1is

5 1 1
k ('—' - -——) Ck = 0,
nk nk

By expanding and substituting values for n, we get

€p - ¢ * ¢c3=0. (3.24)
To find the focal length of the primary, extend
line AB (Fig. 2) until it crosses the y axis at point H.

The area OAH is proportional to the focal length, fl.

Y1 YH
f1 = ni ”
Y1 Y2
f, = n}
1 H Mo

Where Mab is the slope of line AB.

Since c = — ,

we have cp =" — .
2ny y.y
17172 (3.25)
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From Appendix A, the focal length of the secondary

is proportional to the area OBG.

Yo Vg
f, = n!
22y (3.
The equation of line BD 1s
Yy = Ty, y + Yoo (3
with
Y3 = Y2
Mg = — .
Y3 (3.

Now, Yo is a constant and values for Yz and 93 are known.

The equation of line OG is

Y E Map Y (3

By setting equation 3.27 equal to 3.29, we can determine

the coordinates of G.

Then, from 3.26,

26)

.27)

28)

.29)
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and

H (mab - mbd)

2n. 2
272 (3.30)

The condition for zero Petzval sum may now be written in

terms of one variable. Place 3.30 and 3.25 into 3.24 then,

H m H(m

ab ab_mbd)

2
Zniy v, Injyy,

We solve for moy and get,
€372 M d

—_—

H 2n!

ab
1 1

nYy ny Y (3.31)
All the terms on the right are known, and a value for LN
can be determined. Then, equations 3.25 and 3.30 may be
solved for the curvatures of the primary and secondary

respectively.

The distance from the primary to the secondary 1is

proportional to the area OAB.
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Therefore,

H (3.32)

jan
1

By using equation 3.25,

12

12 )
1 (3.33)

We now have the focal lengths of all three as-
pheric mirrors, the spacings between them, and the loca-
tion of the folding flat. The system parameters which
must be known are:

1. Aperture

2. Field Angle

3. f-number

4, The distance between the back of the

dummy surface, and the secondary mirror
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5. The distance between the.dummy sur-
- face and'the'image:

6. Optical Obscuration Ratio
Parameters 1, 2 and 3 are dictated by the'use for which the
system is designed. Reasonable values for parameters 4 and
5 may be cﬁoséﬁ based on‘the need.to HaVG the imagé foided
outside of the camera bérrel. One through five are used
in equation 3.16 to arrive at the locus of all tertiafieé,v
if'we ha&e a valué for p'. Then we can use equations 3.8,
3.18 and 3.20 to solve for y, , ,y,, and §4a-reSpe;tively.
- By substitutiﬁg'these values into the inequality 3.7 we
';éan determine if a system is ﬁossible with the Coordinatesi

y, and Yz



CHAPTER 4
“SKY BAFFLING .

The.geometry of a three—mirror.camefa (Fig. 1)
allowsealgfeat deal of stray light to reach the image
plane unless precautlons are taken. This:light produces
a background light level in the image plane which results
in reduced’cohtfast in the image. Further'degradatien |
in.the image will result if the background level is not
constant over the image plane. This chapter considers
the possible paths for stray light andtways to eliminate

them. .

‘Possible Stray Light Paths

There are three p0551ble paths for sky llght to
reach the image field. = One is for off-axis light to be
“reflected from the primary, directly to the folding'flaf
gne then to the image field. This is shown by paths A
and D in Figure 3. Another path is shown by B.in Figure 3.
»Here 11ght strikes the tertiary without strlklng the
primary or secondary and then is reflected from the flat
to the image fleld The third path is a result of requir--
1ng the image field to be outside ‘the barrel. L;ght enters
the open end of the barrel and directly strikes the image
field.as shown by path C. |

o 23
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Calculation of Effective Obscuration Ratio, P



Elimination of Paths A and D

Figure 3 illustrates the method of‘eliminating

25

paths A and D. A cylindrical baffle is wrapped around the

‘tertiary and is inserted far enough into the barrel to
intercept thése péths{ 4The paths illustrated were actual-
'le drawn frbm the‘edgeé‘of the imégé‘field to opposite
edges of the foldihg flat and then reflected to the pri—
mary. These are extreme pafhs in the sense that any other
path from the image field to the flat will lie inside the
cone AZASDZDS after reflection; Examination of Figure 3
shows that an extension of the baffle to interceptrpath D
will'automaticélly'éliminate path A. Reduction of the |
diameter of the baffle and further extension of it Will

reduce the amount of stray light using path B. However, a

lower rim ray of the main optical path between the second-

- ary and tertiary might then be vignetted Accordingly, we

-want the end of the baffle to be placed at the p01nt where-

path D and the lower rim ray intersect.

In Figure 3, D, is the point where the lower rim
ray between the tertiary and final image intersects the
rfolding flat. This point determines the size of the flat
 and the path for the extreme ray .of stray light. |

The equation for the lower rim ray between the

-secondary and tertiary is easy to determine. The teftiéry'

is located at z = d;; and the lower rim ray strikes it at
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a height, h3'
“hy = |Y3| ¥ |93| (4.1)

The secondary is located at z = d12’ and the lower rim

ray strikes it at a height, h2.
hy = - |7 (4.2)

These locate two points, and we use the two point form

of the equation for a straight line.

h, - hsg
y - hy = (d12 - d13) (z - dq,)
y = el - sl 1 (z - dyy)- ]Y l
djz - 13 e ‘ (4.3)

The equation for the extreme ray of stray light
between the flat and primary is more difficult. First, we
‘must determine the point D,. Imagine the folding flat is
removed, and the final image is formed behind the secondary.
Two known points on the lower rim ray are one on the
tertiary, and one on the edge of the image field. For the
tertiary, the coordinates are:

7 = d13

H
<
i
[}
=
(3N
I

REAEE
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For the image plane, the coordinates are:

y

zZ = d15

hg = - | vs)

Again we use the two point form for the equation of a

straight line.

By solving equations 4.4

coordinates of point DZ'

) hg - hg
y * y5| S T - (z - dy¢)
15 13
IR I AL -
y = P (z - dyg) - Iys’
15 13 (4.4)
with
dys - dyz = d3y + dyg
The equation for the folding flat is
y =2 - diy (4.5)
with
dyg = dy3 + dzy-

and 4.5 for z and y, we have the

These coordinates of D2 give us one point on the

extreme sky ray. The slope of this ray, m, can be shown
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to be

2z

2y (4.6)

where D, is the z coordinate of D,. The equation of the
sky ray is then

y = Dyy =m (z - Dy,) (4.7)
Equating equations 4.3 and 4.7 then allows us to determine
the z and y coordinates of the end of the cylindrical
baffle.

Now, it may happen that the baffle may intercept
some of the inner axial rays which were reflected from the
primary. This would effectively increase the obscuration
ratio. We would like to know where an inner axial ray must
strike the primary in order to clear the end of the baffle.
Figure 4 is a sketch of the primary with focal length fl'

. Let SZ and Sy be the coordinates of the end of the baffle,

and yg be the height of the inner axial ray which grazes

the end of the baffle. From the figure,

Yy Sy
£, £S5,
S
" —— y
-5 0

1 "z (4.8)
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We can compare this value of yg with the value of yi
in equation 3.3. If yg is greater than yi, then we have

an effective obscuration ratio, Pe> given by

Y1 (4.9)

The effective obscuration ratio will be discussed more

fully in Chapter 5.

Elimination of Path C

Path C (Fig. 3) can be eliminated in two ways. One
is extension of the tube length, and the other is by in-
creasing the depth of the image cell. The housing around
the mount for the secondary also blocks some of the light
which uses this path. The maximum depth of the image cell
is determined by the distance d45 and the requirement that
the cell obstructs none of the image forming light which
~enters the barrel. This leaves only the barrel length to
be determined.

As one looks into the image cell (Fig. 5-d) from
the sky, he observes a ''cat's eye'" formed by the edges of
the image field and the upper end of the image cell. There
is a set of rays which grazes the upper rim, passes through
the optic axis, and strikes the edge of the image field.
The '"'cat's eye" diminishes to a point when viewed along

onc of these rays. The barrel and central obscuration will
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-intércept some of these rays, and, for the minimum barrel
1ength5 all but one ray will be intercepted. We want~tol
find the z coordinaté of thelinterseétion of this ray with:
the camera barrel. | |

Figure 5 demonstrates a graphical method of deter-
mining the minimum tube length. Secﬁion d is a magnified
view of the image cell. The distances labeled Ya and d
are the .radius and dépth of the célliresﬁectively. To
find the point wheré'the réy érosées.the optic axis, we
draﬁ-a ray from the edge of the well to the edge of the
field; Point G 1is thé interseétion'point.( Label the dis-
tance from the image plane to the iﬁtersection L. We next
transfer L, scaled down of course, to section a. In
Figure 5-a, the inner circle is an -end on view of the cen-
tral obscuration and the outer circle is the camera barrel.
Draﬁra line from point G, tangent to the central obscura-
- tion, and intersecting the barrel at point B. This line
establishes two points, the x and y coordinates of the in-
térééctions ofkfhé réy witﬁ the en& of4the bafrel and -the
intersection with the open end of the image cell. -These
~intersections are points B and E réspectively.A In Figufe
.S—bgrthe small circle is an.end on view of the image cell.
_Tfansferrthe x coordinate of point;E'from seCtionAarto the
small circle in section b (Pig.fS): The center of fhe

~circle is the xz projection of point G. Draw a straight
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Determination of Additional Tube Length

5.

Fig.
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line from boint G through E, and extend it upward. Now
drop a liné vertically downward from B in section a
(Fig. 5). The intersection of thése two lines eétablishesi
the end of the éamera.bérrel, ‘The distance BH, in se¢tion
b, is the extension beyond the folding fiat which is neede&
for eliminating stray light which falls directiy'on théf
image -field. Chapter 5 sketches a numerical solution for
a particularrsystem. The steps fdlloWed, however,,afefthé

same .as above.



CHAPTER 5

SELECTION OF THE FiNAL SYSTEM AND
ELIMINATION OF STRAY LIGHT
In Chépter 3, equatioﬁs were derived which descfibé
a set of three-mirror cameras aé functions of several input
parameters. These paraméfers were:
1. ~Aperture
2. Field angle =~
3.  f-number
4, The distance between the back of a dummy surface
_ and_the secondary.
5. The distance between .the dummy . surface and the
image. | |
6. Obscufatidn.ratio
Chapter 4 considered the problems of sky baffling for the
Systemé. ‘The effective obscuration ratio was introddééd?
4uaﬁd'é‘graphical solutidn to the tubeylength_was'éutlined.
This“chapter-will describe the use of the equations in
Chapter 3 to find a suitable system and will include a
' humerical solution to the minimum tube length for that

system.

33
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and d

as

Selection of Values for d24a’ d24,'d4 45

Thé'first threé‘parameters listed are set by the
requirements of the system. Now, we must decide on values
for the last three. With the folding flat in place, we
want the final image to lie outside the camera barrel;\
Also, it 1is deéirable to have the image'cell outsidé the
incident, image-forming light. In Figdre 6, this requireé
the entrance to be below»the;lower rim ray_frém an objeét
point Below the axis. The lower rim ray near point A will .
bé some distancé below the marginal ray. A good guess for
this distancebis one inch. This requires tﬁe entrance to
the image cellAto be thirteen incheé from the vertex of;the
4'folding flat. 'Iﬁ Qrdér to provide some sky béffling,-the

‘image céll must have some length. Let us use three inches.
,'Therefore,‘the final imége will be ‘a total of Sixteen :
inches from the vertex of the folding flat. The distance
.between the secondary»and folding flat, d24, was set ét
 Athree inches. This value was foqnd to be satisfactory when
uéed-in a system which Was ﬁroposed earlier but 1s not in-
cluded in this report. To allow for tiiting of the flat,
l.rxthe dummy surface was placed 2.4 inches in frént of,the.

’.flat; ~This makes the distance between the secbndary and
dummy surfaée,-d24a,,eqﬁal“to 5.4.inches} and th¢ distapée
between the dummy'surface gnd~image plane, d4a5’ equal-fo;

18.4 inches. These two distances will insufe that the
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Fig. 6. Paths of: (a) Marginal Ray and Lower Rim
Rays (b) and (c)

The lower rim ray (b) comes from an object point
above the optic axis and the lower rim ray (c) from
an object point below the optic axis.
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image plane lies outside the camera barrel and that there

is sufficient clearance between the secondary and folding.

flat.

Selection:bf Obscuration Ratio

A value for the obscuration ratio, p, must also
~be picked. Figure 7 shows the radial energy distributidns
Qf'the image of a péipt sourcé for thfee aberrafion free
systems with annular apertures. The only difference be-
tween the threersystems is their obscuration ratios. Here
we see that as p is increased;4energy is redistribﬁted
from the core of the image to the outer rings. For this
reason, we want to pick a final design which has as low an
obscuration ratio as possible.

To find this system, we have no choice but to use
a process of elimination{ We pick:ény value for p and then.
use eQuation 3;i6 to find the locus of all tertiaries.- We
“then take a few points on fhislline and see if the inequal-
ity 3.7 holds. This is aone.by using equations 3.8?L3.20
and 3.18 to solve for y, ., ?4a and 2y4a respeétively. If
3.7 doesn't hold for any point on the 1iné,»then we must
try a 1arger_va1ue for p and continue doing'this until we
 find 3.7 holds. With this, we Can.uSé'the:equations in
Chapter 3 to solve'for.the.rest of the system. In fhis.way,
"“wé can determihe.thé lowest possible falue’of . B

v
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Fig. 7. Comparison of Radial Intensity Dis-
tributions for Three Aberration Free Systems
with Different Obscuration Ratios

Plots are normalized intensity curves
for Fraunhoffer patterns of annular apertures
with (a)p = 0.0, (b)p = 0.5, (c)p » 1.0,
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The above process is tedious indeed. To save
drudgery, a computer program was written in Fortran IV to
do it automatically. The parameters listed on page 33
were entered as input and the program generated many com-
plete systems. The maximum value of §3 which was used as

one such that
REEREEC I RE R
The value of Yy wWas obtained from equation 3.16. It was

felt if
ysl o+ |7 |
then the stray light using path B in Figure 3 would be

too great. The lowest value of ?S used was for the case

where

Y3 7 2Y4a
Because it is at this point that

d433 =0

The resulting interval was divided into thirty equal in-
crements 1in 93 and corresponding values of ys were de-
termined. This gave us thirty points along the locus of
tertiaries. Each point was tested as outlined in the pre-
ceding paragraph, and complete systems determined for all
points which passed the test. Several runs were made using

many parameters which satisfied the requirements.
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Simply choosing a system with the lowest obscura-
tion ratio may not be the whole case. In Chapter 4, we
found an effective obscuration ratio, Pos which was caused
by the sky baffling requirement. If P is greater than p,
then we should look for another system which may have a
greater value of p but a lower Por A routine was placed
in the program which computed the length and diameter of
the sky baffle and the corresponding value of Pe for every
system which was determined. With this information, we can
find the most desirable system in terms of the obscuration
ratio.

Appendix B is a sample of the output. The focal
lengths and spacings of all the mirrors are listed under
the appropriate columns. XSKY and YSKY are the x and y
coordinates respectively of the end of the cylindrical

baffle. REQOB is equivalent to yI of Chapter 4.

Selection of the Final Design

Nine runs were made with the program. Three values
of 6§ were used with each of three values of Yo In the

sample output,
Y, = 6.5 in and é = 0.25 in.

This gives a value for p of
o = 0.5625

In cach of the runs, it was possible to find a minimum



value of REQOB. This corrcsponds to a minimum effective

obscuration ratio, Pe min’ given by
R}:QOBmin
Pe min ’
71

Figure 8 is a plot of »p as a function of the

e min

obscuration ratio, p. The three curves represent three

40

different values of 6. The crosses locate the points which

were actually computed. The dashed line represents

p = p . . For points to the left of the line,
e min

p P,

. >
e min
and for those to the right of the dashed line,

> . .
e pe min

For any system, we must use the larger of p or o as

e min
the diffracting obscuration ratio, P ds when computing the
MTF. The diffracting obscuration is the one which has
the largest projection in the pupil. Hence, we seek the

system which has the smallest value of p,. In Figure 8
y d g ’

this is point A. However, this was achieved with § = 0.0,

To allow for the mounting of the secondary and beveling of

the edge, &, must be at least 0.25 inches. This leads to

point B where

Pq = 0.5625.
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Fig. 8. Selection of Minimum Obscuration
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Point B represents the design marked_B‘in the sample output.

In the sample output, REQOB is the radius of the.
obscuration, in the pupil, which isicaused by sky baffling;'
Fof designs B and C in the output, we see that REQOB is less
~ than the radius.of the.obscuration, Yy, * 6, which is caused
bby the secondéry;r Hénte,.the secondary causes the dif-
fractipg‘bbscuration for these systems. For this reason,
either system will be satisfactory as the one with smallest
i diffracting obscuration ratio. Design C was chosen because
it had slowef surfaces and a shorter overall length.

The primary of design-C:is abouf £/2. 1t was
feared that this would make the design difficult to
optimize. For this reason, another design called*D, with
slower surfaces but a larger obscuration ratio, was also
f selected. Figures'9 and 10 are y,y .plots of designs C.and’
D respeétivelygw; |

| The two systems were then optimized by:varying fhe
aépheri& deformation'coefficieﬁts. .The actual work was
performed by.Gary Wilkerson af the Optical Sciences Center
- of The University of Arizona. He used an automaﬁic design
program on a CDC 6400 computer. The name of the program.
was ACCOS, and it was prepared by Gordon Spencer.
Mr. Wilkersonuhad little trouble in-achieving diffra¢tioﬁ
limited perforﬁance with the fa$t ﬁirror system,.but, Su}—.

prisingly, the slow mirror system gave considerable trouble.
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A Yy = 12.0
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10.04 »
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C \
D
E Y4a = 1.84

Fig. 9. vy,y Diagram of Design C

Fig. 10. y,y Diagram of Design D
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It never did get to a_point»where it was definitely a
.diffraction limited system. The final»systema'are de-
‘scribed'in Table I. Thrs,table‘lists powers,_spacings,
ana aspheric coefficients of all-tﬁevsurfaces.' Figures 18
through 22 compare the MTFs of the two designs.

| The advantages of the fast mirror design, whrch
_incloded a lower obscuration ratio, better performance and
tshorter length, led to its selection as the final design'

to be used in this report.

Calculatlon of Barrel Length

Now that the flnal system has been selected we

. ﬁeed'to consider the sky baffling. Part of this was de~-
'termined when Pe was'oaiculated. Here it was necessary to
calcolate the diameter and length of the cylindrical baffle
‘aroun& the tertiary; - A1l we need now is the_distancerthe
camera_barrel extends beyond the folding flat. Chapter 4
'ooﬁtained a graphical‘soiution to thie'orOCedure,vbut here
we w111 use algebralc equations to determine the dlstances.
It may be necessary to refer to page 29 to get an overview
of the procedure. |

'-j 'L'; Imagine'a*right<handed rectaﬂgular coordinate sys-
.tem w1th its or1g1n at the vertex of the foldlng flat
'(Flg, 5). The ray EB is the one Wthh was sought in
‘Chaﬁter 4, Point B is the 1ntersect10n of the ray whlch

‘closes the '"cat's eye” with the end of the barrel. Now,



TABLE 1

Parameters of Designs C and D

Fast Mirror System

Curvature (in-l)

Spacing (in)

Primary -0.0090284364
-25.382763
Secondary 0.0088969513
+25.867802
Tertiary +0.0001314351
22.867802
Flat 0.000
+16.000
Image 0.000
Aspheric Coefficients
Primary Secondary Tertiary
ap §+2.3345630x10° %7  +2.6588390x10 0° +2.7367840x10° 00
AE | +1.3720399x10° 11 -1.2449869x10 97 -8.9620556x10 0
AF N -1.4896806x10" 1% 2.1649256x10 12 -4.4552829x10 11
AG N +7.0987927x10° 17 +4.2466697x10 14 +1.6881541x10 12

Sy



TABLE I (Continued)

Fast Mirror System

f-Number = 5

Aperture = 24.

Focal Length = 120.

Field of View = 1.

Format Diameter = 1.

Diameter of Stop = 13.

Diameter of Obscuration = 13.
Effective Obscuration Ratio = 0.

Diameter of Sky Baffle = 10.
Length of Sky Baffle = 11.

.000

000 in
000 in
00 deg
047 in
600 in
500 in
5625

622 in

389 in

9y



Curvature (in-l)

TABLE I (Continued)

Slow Mirror System

Spacing (in)

Primary -0.006465982
-38.66388
Secondary -0.002226496
+20.57202
Tertiary +0.004239487
-17.57202
Flat 0.000
+16.000
Image 0.000
Aspheric Coefficients
Primary Secondary Tertiary
aD I +1.2268850x107%7  +2.0896200x10° 0%  +4.6076960x1070°
AE B +3.2892450x10" 12 -1.5361721x10°%° ~6.2905046x10°9°
ar B +2.1208083x10° 1% +1.0850102x10" 1Y +a4.3487512x10° 10
18 14 11

AG +1.1249851x10"

-5.4902826x10"

-1.2807366x10"

Ly



TABLE I (Continued)

Slow Mirror System

f-Number

Aperture

Focal Length

Field of View

Format Diameter

Diameter of Stop

Diameter of Obscuration
Effective Obscuration Ratio
Diameter of Sky Baffle
Length of Sky Baffle

24,

120.

12.

14

26.

.000

000 in

000

.00 deg
.047 in

000 in

.400 in

.60

8v
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our goal is to find the z coordinate of point B. The
value of this coordinate is the additional barrel length
beyond the folding flat which is required.
Let us first find the x coordinate of B in the

xy plane. The equation of line EB in this plane is

y = (CIN 8)x + (dc + d')

Yo (5.1)
Where
r, = radius of the central obscuration
d45 = -16.0 inches,

since p is greater than Pos WE set
T, TP Yg

From Table I,
p = 0.5625

r, = (0.5625)(12.0 in) = 6.75 in.

From Figure 5, section d, we have

L -
d' = (——) ¥;
+
Ya © Vs (5.2)
with Ya equal to one half the diameter of the image cell

and L equal to its length. Now, we want the entrance of
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the image cell to be outside the converging conc of image

forming light which is incident on the primary. That is,

L = ha -d45.

Where ha is the height of the incident lower rim ray at
point A in Figure 6. ACCOS was used to trace several real

rim rays. Here we found that

ha = -12,4622 1in.

Then
L= -12.5 + 16.0.
L = 3.5 in,.

To avoid vignetting, Y4 should be greater than the diameter
of the converging cone of light at the entrance to the image

cell. That is,
Yo 2 by,

where hé is the distance from the optic axis of a rim ray

at the entrance to the image cell. From the real ray trace

by ACCOS,

h' = 1.337 in.
a

Then

3.5
d' = ( ) 1.04715 = 1.535 1in.
1.34 + 1.04715
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Placing ros d45 and d' in equation 5.1 gives
y = 1.913x - 14.465 (5.3)

as the equation of the xy projection of the desired ray.

The equation of the end of the barrel in the xy plane

is
XZ . 2 _ . 2
y t - (5.4)
r. = one half the diameter of the camera barrel
r, = 13.25 inches

t
The value of T, was chosen to avoid vignetting rim rays
for barrel lengths of 100 inches or less. Solving equa-
tions 5.3 and 5.4 for x results in the x coordinate of

point B.

B, = 11.234 1in.
X

We now wish to find the z coordinate of point E.

The x coordinate of E is found by setting

y = dgg * L

(5.5)
into equation 5.3.

-16.0 + 3.5 = 1.913x -14.465.

Ex = 1,027 1in.

Point E also lies on the small circle in section b of

Figure 5. The circle is given by

Xtz =Yg - (5.6)
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From which,

z =¢1.7956 -1.0551"

Ez = 0.8607 in.

The x-z projection of line AB is given by

tm1

Z = X

A
E

X
Therefore,

z = 0.8381x. (5.7)

The z coordinate of point B is found by setting x = BX

in equation 5.7.

z = (0.8381)(11.234)

BZ = 9.415 1in.

That is, the end of the camera barrel must extend at

least 9.5 inches beyond the vertex of the folding flat.

Stray Light Reflected From the Tertiary

We must still consider the stray light which enters
by path B in Figure 3. Figure 11 is a drawing of only the
secondary, tertiary and cylindrical baffle of the system.
The stray light path touches the cdge of the ring mount,

passes just inside the cylindrical baffle and is reflected



Stray Light
Folding Flat

5 ==
. 21N T T
Final Image J—— =T
Y ; ¥ _l---—"""""_——--_ }’1 r
Yg = 3
b4

)4
/
Marginal Ray

Fig. 11. Elimination of Stray Light Reflected from Tertiary

€S
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from the tertiary to the image plane. Let y: and Ye be the
heights where this ray intersects the tertiary and image

plane respectively. From Figure 10,

6.75-yy  5.311-y}

25.868 11.885 (5.8)

yy = 4.1304 in.

The stray light ray is incident upon the tertiary at an
angle u, with respect to the optic axis.
6.75-4.1304

= - = -0.,099335.
25.868

U3
We apply the refraction equation (Smith 1966) to find the
angle after reflection, ué.
ng uz - yy (ng -ngjcg (5.9)
é = -0.098249.
The transfer equation (Smith 1966) gives the height that the

ray strikes the image plane

U=yl o+ (féi) (nt uy) (5.10)
Y5 = V3 3 s '
3
yL = +0.31167 in.

Since the image field is 1.04715 inches in height, we sce

that the stray light is within the field of the camecra.
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To prevent stray light from using this path, we
may again increase the size of the central obscuration.
Doing this will cause the stray light ray (Fig. 11) to
pivot around the end of the cylindrical sky baffle. The

incident angle of this ray, Uz, will then be given by
5.311-y}
11.885 (5.11)

After reflection, the angle is given by equation 5.9 with
usg given by 5.11. Now, we want the stray light to strike

the image plane at a height Ye with

Y5 = Vs
From 5.10,
_ d. 5.311-y}
“Ye = yy + (—)[-ng ———— -yt (n} -nz)c.].
>3 ny’  ° 11.885 0 S 303
-38.868 5.311-yé
-1.04715 = y% + (———) (- ———— + 0.0002629702 y%)

-1 11.885
ylL = 3.8134 in. (5.12)

From Figure 11, the height, h, that this incident stray

light ray passes the obscuration of the secondary is given

by .
5.311-yé

h =y! + 25.868 (— ). (5.13)
Y3
11.885
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Substitution of 5.12 gives
h = 7.0728 in. (5.14)

Therefore, the diameter of the central obscuration must
be increased to 14.146 inches if all the stray light is
to be eliminated. In this case, the obscuration ratio
is increased to 0.59.

Figure 12 is a drawing of the final system, with
all dimensions included. Two sizes of central obscuration
are shown. The one drawn with solid lines prevents stray
light from using paths A and D. The other, drawn with
dashed lines, prevents light from using path B as well as
paths A and D. With the larger obscuration, the system

is entirely free of stray light.



i
|
j—06. 689"-—*~S.31l"-’- 4,5" —

L

-Is.s L—lz.s"

je—— 11.4"

1.34" 22.8678"
f— 6. 5" 25.8678"
Fig. 12. Scale Drawing of Final System

0.4850"

LS



CHAPTER 6
MANUFACTURING ERRORS AND THEIR EVALUATION

Uﬁavoidable errors which occur during fabrication
will cause a degradation in the performance of the final
system. An observable effect of this degradation on the
image of a point source is a spreading out of the light
beyond the predicted distribution for the ideal design.
In addition, the spreading may be unsymmetric and will
- vary over the image plane. This results in a blurring 'in

the fine detail of the image of an object.

Types of Errors

The image degradation is caused by ééveral kinds of
fabrication errors. Among these are tilt and displacement
of a surface. Artilt is a slight rotation of the surface
labout'both the x and y axes of a coordinate system located
at th¢ point whére the surface intercepts.thé:Optic axis.
A-diépiacéﬁent is a slight displacement in the x,y plaﬁe of
the_#értex of the gurfade‘from the origin of the coordinate
system. Errors can élso-occur in the, spacing,-curvature,«
and aspheric correction of a surface. These consist of
slight deviations from the design values. Another soﬁrce
~of error is‘iocaliied; random changes in curvature over a
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surface. These can occur during the polishing_and figﬁring
stages of manufécture and are the fesult of localized
action by.the poliéﬁing tool. Since localized polishing
is commonly used to'geﬁerate aspherics, this type Qf‘error
‘may be significant iﬁ systems with highly aspheric'surfaCes.
These errors are ali small, bﬁt they do dégrade the per-

formance of -the system.

Requirements of a System Performance Criterion.

Before considering the effects of errors, we must
first decide on a method of evaluating the system. Now,
there are several cfitefion iﬁ use today which describe the
’performahce of optiééi systems. Sbme of theée are spof
,'diagrams,‘RMS spot size, and optical transfer functions
(OTF). The first two listed are pufely‘geometrical calcu-
lations which do not consider theAéffects of diffraction.
For high performance designs, it is quite possible to have
‘fhe spotvsize smaller than the airy disc. Thig iﬁﬁlies that
the image of a point source is smaller than thét predicted
by diffraction.theory{ In particular, the design selected
for this stﬁdy has a épot»sizejabout_éne tenth that of the
airy disc. Figure 13 shows the on axis spot diagram for
the final design. Compafison wifh_Pigure 7 shows that dif-
fréction has the majér_effett on the point image. For'this

“ reason, diffraction effects must be considered.
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Fig. 13. On Axis Spot Diagram for Final Design

The diamcter of the spot diagram is about
one-tenth that of the core of the point spread
function (Fig. 7).

60



61
The optical transfer function can be computed
either on a geometric or a diffraction basis. Basically,
the OTF describes the ability of a system to image objects
with sinusoidal intensity distributions. If we assume an
object consisting of alternating light and dark bands
with a sinusoidal brightness distribution, then we can

describe the distribution by

G(x) = bO + bl cos2muy. (6.1)

Where b0 is a DC brightness level, b1 is the amplitude of
the brightness change, and v is the spatial frequency of
the brightness variation. It is measured in cycles per
unit length. The maximum brightness 1is bO + bl’ and the

minimum is b0 - bl' Now, modulation, M, is defined as -

b - b .
max min

M .
bmax * bmin (6.2)

"From this, the modulation of the object, Mo’ is

o
-

=
o]
I
o
o

(6.3)

Since each point in the objecct is imaged as a finite sized
spot, the modulation of the image, Mi’ will be decreased,
The ratio of the modulation in the image to that in the

object as a function of the spatial frequency is termed the
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Modulation Transfer Function (MTF) and is denoted by t(v).

1(v) = —

(6.4)
In the case that the point spread function is asymmetric,
the sinusoidal image will be displaced an amount A from

its geometrically determined position. We can express this

displacement as a phase shift, ¢(v), in the sinusoid.
d(v) = 2ava(v) (6.5)

The optical transfer function describes both the modula-
tion and phase shift of the imagery of sinusoidal objects
as a function of spatial frequency.

Transfer functions are becoming increasingly popu-
lar in the evaluation of complete photographic systems.
One reason for this is that two or more transfer functions
may be easily cascaded. For example, we can multiply the
“camera MTF by the MIF of a film to get the resultant MTF of
the combination. Another reason is that they provide an
objective measurement of the imagery produced by the
system (Shannon 1965). These functions can completely de-
scribe the image produced if they are known in several
azimuths at several field positions and several focal planes.
Figure 14 is a plot of the MTF for two aberration free
systems (Smith 1966). One has no central obscuration and

the other has an obscuration ratio of 0.5. We sce that the
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Fig. 14. Effect of Obscuration Ratio on MTF
For curve a, p=0.0, and for b, p=0.5.
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addition of a central obscuration éauées the modulation
in the lower and midfrequencies to be reduced. HQWever,
‘the modulation in the higher frequencies is slightly ih-r
creased. - .The reduced-modulatibn is further evidencé of

the need for a low obscuration ratio.

" Methods of Error Evaluation

bnce we have selected a performance criteria, we
-would then like to know what would be.the e{fect of manu-
facturing errors on that criteria. We can be sure fhe'
image will be degraaed,'but by what factor is an obvious
question to ask. Furthermore, this knowledge should allow
us to assign a confidence factor to the system, Thét is,
we would likevto knbw what percéntagefof fabricated systems
will perform at a Specified_level or higher. Ideally,"
this would be predicted from a knowledge of the design and
the probability distribution of errors which an optician
'willvmake} The probability distribution is a ﬁlot of the
probability of making an error of é.éiveﬁ magnitude versus
the magnitude. Suppose our performénce”tesf_is RMS spot
size, aﬁd we know thét the distribution of tilts and de-
CenferS»is given by two functionsvg(e) and h(x,y) with
limits 64, 65, Xy, Y1, X, and Yy Thén, throughAappropri—
ate mathematical maniﬁuiations of gCe) and h(x,yj With thé_
ray tracing equafionérwe would get a distfibutidn functioﬁ;

H, for the RMS spot size. Generally, the shape and limits
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of H wéuld be functiohs bf thé shapesrand limits of g(e)
and h(x,y)._ We may suppose that Iaiger limits on the
-efror'diStribution_functions would result in a greater
spreéd'and lower levels in.the performance distribution of.
the-system. This type of approach would give the dis-
tribution of performance 1evei§ df many fabficated systems.
Another approach to the problem of manufacturing

eTTrors cén be used, Thislconsists éf deliberately chang-
ing the design values of the ideal design by a slight
amount and then calculating the resultant'pérformance of
the altered‘desigh. By determining the performance of
mény altered désigns with random errors in them, we4can
then apﬁroximate the probability distribﬁtion of the per-
forﬁancé criterion.

| The choice of the random erforsimust‘be done with
care. Let us assume that we are going to evaluate a hun-
'_dréd alteréd designs and that“all errors are present at
'eachvéurface..'Now,-each kind of érror,vsuqh as tiit, will
hafe a probability distribution gt,.with Spécified 1imits..
The subscript "t'' designates tilt.  We caﬁ form a list of .
one hundred numbers with the same:distribution and limits
:aslgt;b From that list, we pick a number at random and as-
'sigﬁ it to the tilt error on the idealhdesign. vWe_coﬁtinue
_dOiﬁgnfhis for the remaining designs, being careful not to

répeét a number, until they all have assigned errors. The
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result 1s one hundred altered designs -with the same dis- .’
tribution.éf tilt errors at the first surface as might be
expected of one hundred manufactured systems. Repeating
the above“procedure.for all types of errors at each sur-
face, results in a hundred mathématicél models of the kinds
of fabricéfedrsystéms which we can expect to encounter in
practice. We can then plot théiprobability distribution
of their performahce levels.

Cléarly, the4procedure outlined inrthe'pfeceding
paragréph would be time—consuming and éxpensive; The se-
lectién of iists of numbers with the proper distributions
wouid be-a;fqrmidable task in itself. Furthermore, this
approach yields ohly an approximation to the prbbabiiity
distribution'of performance levels.

Because of the disadvantages of the second approach,
the first one which was outlined is preferred. Unfortunate-
'1y,,$uch a technique has not been worked out inAdetail.

For thiS»feason:and>the disadvantages of the second ap-
proach, a modified form of the second approach was used for
this report;f Iﬁ this approach, the emphasis is chaﬁged
from finding a‘distribution of performance numbers to es-
tablishing the maximum tolerable errors we can allow and
still expect reasdnable perfﬁrmance. | |

| ‘The-basic strategy is to establish several groups

of maximum allowable errors and then evaluate the perform~'
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ance of a few alte;ed designs Within each group. .A'group
of maximumrallowablé?érrors»consists of a collection of
-numbers which 'are the limitslof therérror distribution
function for each type of error. A single group therefore,
consists of ten numbers which are the upper and a 1ower
1imits for each of the fi?e typés of errors: Different
~groups simply have different values for the limits. Five
‘aiteréd_systems;are evaluated using errors chosen randomly
.from a.grdup. The evaluations then’ give an indiéation of
- how much degradation to expect when a»systeﬁ is constructed’

with to1efénces established by the corresponding group.

Selection of Errors

-The basis for establishing the 1limits within a .
group was simply experiénce.-.The group with the largest
range was based on easily obtained, reasonable tolerances.

- For spacing and centering of the surfaces, this is * 0:001
' inCh. Limits on tilts were established by'relating it to a
spacing_measurement. A measure of the tilt is the axial
distance; A, that the rim of a surface is displaced from

' the plane which was established by the rim when the surface
was céntered on the optic axis and normal to it. The tiit

angle, 6, is then



-Whéfe D is the diameter of the surface.b In this‘Way, we
can relate the maximum tilt to the maximum spacing and
centering errors. A reasonable maximum curvature error
was ‘obtained by consulting with the optical shop. For the
 priﬁary andléecondafy, an error ofvf 0.25 inch in the radius
Uof‘curvature wés considered attainable. The maximum error
for the long radius of the tertiary was set at + 50.0 inch-
.es. _The limits for changes in- aspheric coefficients were
based on the amount of change needed in the fourth order
asphéric éoefficient to alter the sag of thé surface a
'givén amount at its rim. The amount‘of sag change for the
most liberal case was one fifth wavelength.

Three different error groups were established for
the report. They were labeled A, B and C respectively. The
limits for A were the most liberal. The limits for B and C°
'~ respectively were one half and onebfifth those of group A.
';An exCéptiQn is that the curvature aﬁd aspheric error:

B limits for C were unchanged frome. " Table II is a 1i§t of
_.the limits for each surfaée in eaéh error group..

| Besides 1limits, - the shape of the error distribution
functions must also be défermined.,‘Due to a.lack'of any
.réxperimentally derived curves and to be pessimistic, an -
’eqﬁal'ﬁrobability fof any size erfor,_between theblimits,

was assumed. = That is, the probabiiity'distribution for

" errors is a "box-car" function.



TABLE II

Range of Limits for Error Groups

Error Group A

Error Primary Secondary Tertiary
Spacing (inches) +0.001 +0.001 -
Decenter, x-direction (inches) +0.001 +0.001 —
Decenter, y-direction (inches) +0.001 +0.001 -
Tilt about x-axis (10'4 radians) j+0.800 +1.550 +2.220
Tilt about y-axis (10”7 radians) ]+0.800 +1.550 +2.220
Radius of curvature (inches) +0.250 +0.250 +50.0
Aspheric term AD +0.0020x10° %7 +0.0026x1079% +0.0028x1077®
AE +0.0010x10° 1Y +0.0012x107%% +0.0090x10" 10
AF +0.0010x10" % +0.0022x1071% +0.0045x107 1!
AG +0.0060x10° 17  +0.0042x10"** +0.0017x107 12
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TABLE II (Continued)

Error Group B

Error Primary Secondary Tertiary

Spacing (inches) +0.0005 +0.0005 -
Decenter, x-direction (inches) +0.0005 +0.0005 -
Decenter, y-direction (inches) +0.0005 +0.0005 -
Tilt about x-axis (10™ % radians)| +0.40 +0.78 £1.11
Tilt about y-axis (10-4 radians)} +0.40 +0.78 +1.11
Radius of curvature (inches) +0.125 +0.,125 +12.500
Aspheric term AD +0.0010x10° 97 +0.0013x107 %% +0.0028x10"

AE +0.0005x10" 21 +0.0006x107%° +0.0090x10"

AF +0.0005x10” 1% +0.0011x10° +0.0045x10"

AG +0.0030x10" 17 +0.0021x1071% +0.0017x10"

0L



TABLE II (Continued)

Error Group C

Type of Error Primary Secondary Tertiary

Spacing (inches) +0.0002 +0.0002 —

Decenter, x-direction (inches) +0.0002 +0.0002 -

Decenter, y-direction (inches) +0.0002 +0.0002 -

Tilt about x-axis (10°% radians) | +0.16 +0.31 +0. 44

Tilt about y-axis (10 % radians) || +0.16 +0.31 +0.44

Radius of curvature (inches) +0.125 +0.125 +12.500

Aspheric term AD t0.0010x10-07 fO.OOlSXlO-Oﬁ £0.0028x10°Y0
AE £0.0005x10" 11 +0.0006x107°° 40.0090x107 10
AF +0.0005x10™ 1% +0.0011x107*% Lo 0o45x10” 11
AG +0.0030x10° %7 £0.0021x10 Y +0.0017x10" 12

1L
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Five ideal designs were assighed to‘each error
group. For each type'ofVerrof'at eath surface, five
numbers were chosen at réhdom. The makimum size of each
number was established by the error‘gfoup limits in
Table IT. To iﬁsure fhat the five‘numbers for each error
did fit a box-car function, two tests were made. One test
requirea their sum to be nearly zero, and the other re-
vquired.the average value of their absolute magnitﬁdes to
be about halfrthe magnitude of the limit. Each number was
then assigned to the corresponding error inleach.of the
five ideal dééigns. This resulted in fifteen altered de-
signs with all types bf.érrors at each surface. Table III
lists the actual errors used in each of the systems in the-
three'efror groups. ‘Table IV describes the effects of'the
errors on the wavefront. The numbers given are the opticalA
path differen;és between the vertex and rim of a surface

which is caused by thé‘COrresponding errors in Table III.

Computation. of the OTF

The actual determination of the OTF for a system
with errors in it is difficult. The basic computational
 techniques of H.H. Hopkins and J.L. Rayces were used £0T
_thi§ fhesis. They were incorporatea into a computer pro-
 gfam.ca11ed‘Pngraﬁ fof fhe”Analysis of General Optical
Systéms (PAGOS): The prbgram was written_by Mr. S.H. Brewer

and Mr. B.J. Gold, for the Aerospace Corporation. .



TABLE III

Errors Used in Tests

Group A
a1, ot Aty 8dy, bd,3
System# (in) (in) (in) (1072 in) (1077 in)
1 +0.160208 +0.188418 -24.67162 -0.7671  -0.3076
2 +0.231373 -0.039015 -38.00951 +0.2103  +0.7286
3 -0.127574 -0.234656 +50.73571 +0.7334  -0.9777
4 +0.093495 +0.128617 +15.04309 -0.6766  +0.1769
5 +0.055905 -0.039992 - 7.73932 +0.3227  +0.3835
System# AAD1 AAD2 AAD3
1 -0.0018354x10" +0.0014998x10 ° . +0.0014558x10"°
2 +0.0009788x10" -0.0021643x107° +0.0012440x10°°
3 -0.0008075x10" " +0.0012224x107° -0.0010640x10°
4 +0.0015227x10 7 -0.0010257x107° +0.0027311x107°
5 +0.0001551x107 7 +0.0004743x10° -0.0025085x10"°
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TABLE III (Continued)

Errors Used in Tests

Group A
DLTX, DLTY, DLTX, DLTY, DLTX, DLTY,
Systemt | (1074 in) (107% in) (107 % in) (107* im) (107t in) (107* in)
1 +2.1795  +8.2964  -9.2215  -3.4714 8.0217  -4.5432
2 +7.3956  -2.5915  +5.9611  +5.1518  +4.2739  -2.0132
3 -4.1421  -6.8719  -4.6446  -6.9237  -7.3414  +6.0907
4 7.5017  -3.8389  +1.0124  -2.3428  -2.3940  +5.5881
5 +3.7811  +3.4041  +4.8874  +7.1986  -3.5249  -5.5884
THTX, THTY | THTX, THTY, THTX THTY
System# [(10™%4 rad) (1074 rad) (10°% rad) (1074 rad) (107 rad) (107% raa)
1 -0.2467  +0.6051  -1.4491  -0.5197  +2.1560  -0.5320
2 +0.6627  -0.3674  +0.6224  -0.0481  -0.1324  +1.3040
3 -0.7793  -0.5896  -0.2998  -0.6606  +0.9073  +1.0458
4 +0.1816  +0.3780  +0.2415  -0.5554  -1.4342  -1.9937
5 +0.2255  -0.1117  -0.2464  +1.8651  -1.1301  +0.6893
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TABLE III (Continued)

Errors Used in Tests

Group B
Arl Arz Ar3 A§12 A:ZS
System# (in) (in) (in) (10 7 in) (1077 in)
1 -0.063305 +0.022946 +15.18192 +0.1835  +0.1565
2 +0.033608 +0.075763 + 6.63048 +0.4734  -0.2887
3 +0.102177 -0.043098 -22.46318 20.3394  +0.4542
4 -0.085534 +0.058871 -19.48829 -0.2368  -0.2841
5 20.022953 ~0.114955 + 1.18866 -0.0902  -0.1569
System# AAD1 AAD, AAD3
1 +0.0008037x10 +0.0012133x10°° -0.0007896x10"°
2 -0.0005433x10 "/ -0.0007617x10°° +0.0021491x10°°
3 +0.0003440x107 7 -0.0009443x107° +0.0009595x10°
4 -0.0006634x10™/ -0.0010601x107° +0.0007250x10 %
5 +0.0001632x10" +0.0003561x10° -0.0013917x10°°

SL



TABLE III (Continued)

Errors Used in Tests

Group B
DLTX, DLTY, DLTX, DLTY, DLTX; DLTY,
system# | (10°% in) (107% in) (107* im) o™t im) 10t i) (107% in)
1 1.7608  +4.3422  +2.4464  -1.6021  -3.6549  +4.9952
2 3.9404  +1.3244  -4.2638  -4.4488  +4.1434  +1.7011
3 +2.4922  -0.3924  -0.6124  +0.5909  +1.7553  -3.8988
4 +4.3223  -2.4661  -1.2413  +4.3311  -1.7333  -0.1304
5 -1.0168  -2.4961  +3.9044  +1.5485  -1.3212  -1.6601
THTXl THTY1 THTX2 THTY2 THTX3 THTY3
system# | (107% rad) (107% rad) (107% rad) (107% rad) (107 rad) (10°% rad)
1 +0.1042  +0.3909  -0.2282  +0.5251  +0.7349  -0.1055
2 +0.3884  +0.0562  -0.2331  -0.2511  -1.0083  +0.1551
3 -0.3947  -0.2918  +0.3359  -0.3016  +0.3270  +0.6969
4 +0.0244  -0.2433  -0.4929  +0.5536  -0.4648  -0.7608
3 0.1191  +0.0322  +0.7184  -0.5063  +0.2822  +1.0112
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TABLE III (Continued)

Errors Used in Tests

Group C
oty or, oty 8d;, 8d,3
System# (in) (in) (in) (10°% in) (1073 in)
1 -0.019408 -0.031568 +8.013498 +0.1030  -0.1319
2 +0.022517 +0.026142 +4.822328 +0.1526  +0.1008
3 -0.006796 £0.020792 -4.332402 -0.0105  +0.0735
4 -0.031016 -0.015443 -6.49224 -0.0582  -0.1359
5 +0.036804 +0.035884 -2.312542 0.1724  +0.1136
Systent BAD, BAD, BAD,
1 +0.0008037x10" +0.0012133x10"° -0.0007896x10"°
2 -0.0005433x10" 7 -0.0006617x10° +0.0021491x10°°
3 +0.0003440x107 7 -0.0009443x10"° +0.0009595x10 " °
4 -0.0006634x10" 7 -0.0010601x10° % +0.0007250x10°
5 +0.0001632x107 7 +0.0003561x10° -0.0013917x10"°

LL



TABLE IIT (Continued)

Errors Used in Tests
Group C

DLTX, DLTY, DLTX, DLTY, DLTX, DLTY
systemt | (107% in) 0% in) 0% in) 07t in) o™t in) (107* in)
1 0.5761  +1.4835  -0.0092  +1.4487  -0.7376  -0.0813

2 -0.4296  -1.5455  -1.2523  +1.3764  -1.0909  +1.1528

3 1.1313  +0.2781  -1.0558  -0.0697  -0.5624  -0.6969

4 1.0575  -0.6941  -0.8839  -0.5682  +1.1090  +1.5264

5 +1.8262  +1.1528  +1.7745  -1.6742  +1.7900  -1.5481

THTX, THTY THTX, THTY, THTX THTY
Systemt [(107% rad) (107% rad) (107% rad) (107% rad) (107* rad) (107% rad)
1 +0.0782  -0.1249  +0.2702  +0.2288  -0.3941  +0.2751

2 +0.1428  +0.0139  +0.0929  +0.0218  +0.0202  -0.1434

3 -0.0816  +0.1379  -0.1535  -0.2739  -0.2156  -0.2311

4 20.1119  +0.0014  -0.2118  -0.0259  +0.1132  +0.2645

5 20,0077  -0.1285  +0,0756  +0.1702  +0.3249  -0.1212
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TABLE IV
Effect of Errors on Wavefront

Error Group A

Systemt Azl Aiz Ais 2dy, 8d,3
1 +41.332 +13,755 -0.162 -0.818 -0.083
2 -59.693 - 2.848 -0.250 +0.224 +0.197
3 -32.913 -17.130 +0.333 +0.782 -0.264
4 +24.122 + 9.389 +0.100 -0.721 +0.048
5 +14.423 - 2.919 -0.050 +0.344 +0.104
System# AQDl AﬁDZ AﬁDS
1 -0.1671 +0.1177 +0.0266
2 +0.0893 -0.1693 +0.0223
3 -0.0735 +0.0964 -0.0197
4 +0.1381 -0.0802 +0.0508
5 +0.1412 +0.0371 -0.0451
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TABLE IV (Continued)
Effect of Errors on Wavefront

Error Group A

Systemt DL"I):X1 DLIY1 DL"l}:X2 DL}\"Y2 DL"{X3 DL'{Y3
1 +1.020 +3.884 -2.321 -0.874 +0.054 -0.031
2 +3.463 -1.213 +1.500 +1.297 +0.029 -0.014
3 -1.939 -3.217 -1.169 -1.743 -0.049 +0.041
4 -3.512 -1.797 +0.255 -0.590 -0.016 +0.038
5 +1.770 +1.594 +1.,230 +1.812 -0.024 -0.038
THTX1 THTY1 THTX2 THTY2 THTX3 THTY3
System# A A A A A
1 -12.965 +31.799 -41,249 -14.793 +40.600 -10.018
2 +34.826 ©-19.307 +17.717 - 1.369 - 2.493 +24.555
3 -40.954 -30.984 +36.999 -18.804 +17.085 +19.693
4 + 9.543 +19.865 - 6.874 -15.810 -27.007 -37.543
5 +11.850 - 5.870 - 7.014 +53.090 -21.281 +12.980
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TABLE IV (Continued)

Effect of Errors on Wavefront

Error Group B

Systent Ail Aiz Ais bdq, Aizs
1 “16.333 +1.675 +0.100 +0.199 +0.042
2 + 8.671 +5.531 +0.043 +0.505 20.078
3 +26.336 _3.146 -0.148 20.362 +0.123
4 -22.068 +4.298 -0.128 -0.252 0.077
5 - 5.922 -3.392 +0.008 -0.096 -0.042
s tons 8AD 4AD, sAD
1 +0.073 +0.095 20.014
2 -0.049 20.060 +0.039
3 +0.031 0.074 +0.017
4 -0.060 20.083 +0.013
5 £0.015 +0.028 0025
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TABLE IV (Continued)

Effect of Errors on Wavefront

Error Group B

e tent DLTX; DLTY, DLTX, DLTY, DLTX DLTY
1 -0.824 +2.033 +0.616 -0.403 -0.025 +0.034
2 -1.845 +0.620 1.073 “1.120 +0.028 +0.011
3 +1.167 -0.184 _0.154 +0.149 +0.012 -0.026
4 +2.024 “1.155 20,312 +1.090 20.012 20.001
5 -0.476 “1.169 +0.983 +0.390 20.009 -0.011

e tent THTX) THTY, THTX, THTY, THTX THTY g
1 + 5.476  +20.542 - 6.496  +14.947  +13.839 - 1.987
2 +20.411  + 2.953 - 6.635 - 7.148  -18.987  + 2.921
3 -20.742  -15.335  + 9.561 - 8.585  + 6.158  +13.123
4 +1.282  -12.786  -14.030  +15.758 - 8.753  -14.326
5 - 6.259  + 1.692  + 5.078  -14.412  + 5.314  +19.042
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TABLE IV (Continued)

Effect of Errors on Wavefront

Error Group C

Systemt Ail AZz Ais Ailz Aizs
1 75,007 ~2.304 +0.053 +0.110 -0.036
2 +5.809 +1.952 +0.032 +0.163 +0.027
3 -1.753 -1.518 -0.028 0,011 +0.020
4 -8.002 -1.127 -0.043 -0.062 20.037
5 +9.495 +2.620 20.015 -0.184 +0.031
System# AﬁDl AQDZ AQDS
1 +0.073 +0.095 -0.014
2 -0.049 -0.052 +0.039
3 +0.031 -0.074 +0.017
4 -0.060 -0.083 +0.013
5 +0.015 +0.028 -0.025
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DLTX

TABLE IV (Continued)

Effect of Errors on Wavefront

DLTY

Error Group C

DLTX

DLTY

DLTX

DLTY

System# A 1 A 1 A 2 A 2 A 3 A 3
1 -0.270 +0.695 -0.002 +0.365 -0.005 -0.001
2 -0.201 -0.724 -0.315 +0.346 -0.007 +0.008
3 -0.053 +0.130 -0.266 -0.018 -0.004 -0.005
4 -0.495 -0.325 -0.222 -0.143 +0.007 +0.010
5 +0.855 +0.540 +0.045 -0.042 +0.012 -0.010
Sys temt TH}\“X1 TH’{Y1 TH}\‘X2 TH"{Y2 THl}:X3 THIY3
1 +4.,109 -6.5604 +7.691 +6.513 -7.421 +5.180
2 +7.504 +0.730 +2.044 +0.621 +0.380 -2.700
3 -4.288 +7.247 -4,369 -7.797 -4.060 -4.352
4 -5.881 +0.074 -6.029 -0.737 +2.132 +4.981
5 -0.405 -6.753 +2.152 +4,845 +6.118 -2.282
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PAGOS has thé'abilitycto computé, on a diffraction
basis,vthe.opticalvtransfer function for a‘wide_ﬁariety of
systemc.c It is faifly suitacle for the evaluation of
manufacturing errors because it has the capacity:to in-
clude tilts and displacements of any surface. Spacing,
Curvature,‘and aspheric coefficient errors may be intro-
‘duced by altering the design values. However, no provision
is made to include random;flocalized surface errors.
“Figure 15 is a plot of the oﬁ-axis MTF for the final system
as computed by PAGOS. Inclu&ed, for compafison, is. the MTF
for an aberration free sYStem with the same obscuration

ratio as the final system.

Prediction of Resolving Power of a Fabricated System

A method has been described by G,C.vBrcck to pre-

'  dict the resolving power of a camera when used with a film
(Brock'lgés). This method uses curves which describe the
-emulsicn resolving power.as a function of target modulation.
vThc cﬁrves are obtained by imaging standard U.S. Air Force
three—ﬁér targets of Vafioﬁs modulations on the emuléion,

A Dlot of the modulation necessary to achieve a resolvable

o 1mage versus the inverse of the bar spacing (cycles/mm) is

then constructed ThlS is called the ‘aerial film modula-
tion threshold. The aerial fllm modulatlon thresholds for
three different emulslong_are plotted in Figure 16. The

_pibts were published by the Eastman Kodak Company. To
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(a)

(b)
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Fig. 15. Comparison of MTF for (a) Aberration
Free System with That of Ideal Design (b)
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Fig.
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16. Aerial Film Modulation Thresholds

Lens MTF
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17. Prediction of Resolving Power
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~obtain the resolving power, dfaw.the camera MTF on the
plots in Figure 16. Af the point where the camera MTF
CTOSSES each~threéhold curve, the aerial imagercontrast
equals’the contrast required- by the emulsion. This point
establishes the resolving power of the camera-film com-
bination. Aﬂ example of this is shoWnlin Figure'l7.

The value for the resolving power .obtained in this
ménner should be used only with caﬁtién. The threshold
Cufves of Figure 16 were produced under a $pecial set of
circumstances. The curves apply to developﬁent in D-19
at an exposure level that gives maximum'resolving power.

- Equivalent results under other ciycumstaﬁces should not

‘be expected.



CHAPTER 7

RESULTS

This chapter consists of plots of the Modulation
Transfer Functions for the designs described in chapters
4, 5 and 6. These designs include the theoretical ideal
designs and those with various manufacturing errors. The
modulation for each plot is normalized to one. The abcissa
of all the plots is labeled spatial frequency. The scale
for the abcissa can be determined from the cut off fre-
quency of the system. The spatial frequency where the

modulation drops to zero is called the cut off frequency,

Meo? and it is given by the formula,
1
Heo © ‘
A f-number (7.1)

In the calculation of the MTF, the value of the wavelength
which was used was

A= 0.58 um
For an f-number of five, the cut off frequency becomes

Moo = 340 lines/mm

The plots in the following figures indicate a lower cut off
frequency than 340 lines/mm. This was caused by an unknown
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factor in the computer program. The cut off frequency as

given by the computer, “éo’ can be approximated by,

Co 94 €O (7.2)

This equation may be used to scale the abcissa so that the
MTF at any wavelength may be determined from the following

plots.

MTFs for the Ideal Design

Figures 18 through 22 compare the MTFs for designs
C and D. The plots are given in the sagittal and tangen-
tial directions, for three field points. The figures show
that design C has a higher MTF than D for spatial frequen-

cies below 250 cycles/mm.
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Fig. 18. Comparison of On-Axis MTF for (a) Design
C and (b) Design D

Both plots are for the ideal theoretical de-
signs.
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Fig. 19. Sagittal MTF at Half-Field for (a) De-
sign C and (b) Design D

92



Modulation

1.

(a)
(b)

L v v L] ¥

0 100 200 300

Spatial Frequency (cycles/mm)

Fig. 20. Tangential MTF at Half-Field for (a)
Design C and (b) Design D
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Fig. 21. Sagittal MTF at Full-Field for (a) De-
sign C and (b) Design D
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Fig. 22. Tangential MTF at Full-Field for (a)
Design C and (b) Design D
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MTFs for Error Groups A, B and C .

Figures 23 through 26 describe the MTF of design. --
C with méhufacturing.errors from gfoup A in it. The first
__figuré.shows thé.tangentiai MTFs'for eaéh.ofAthe five
“agberrated systems considered. Both the modulus and phase
are plotted. The phase shifts weré plétted in radians.
The second figure éhows the sagittal MTFs for the five sys-
tems;_ The average-ValuéS of the five tangential aﬁd sagit-
tal'MTFé_aré shown in figures 25 and 26. Also, the trans-
fer»factofs of the average MITFs are plotted in these fiéﬁres"'
as functions of spatial frequency. These transfer factors
are the ratio of the average MTF to the ideal MTF as a
1function of spétial frequency. The short vertical lines
'  indicate the average difference between the individual MTFs
and the average MTF. In the.same mannér, figures 27
_,through 30 and 31 throﬁgh 34 describe the effects of error

- groups B and C respectively on the performance of design C.
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Fig. 23.
Group A.
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Fig. 24. Tangential MTFs at Full-Field for Error
Group A.
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Fig. 25. Average Sagittal MIF at Full-Field for
Error Group A.
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Fig. 26. Average Tangential MTF at Full-Field
for Error Group A.
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Fig. 27. Sagittal MTFs at Full-Field for Error
Group B.
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Fig. 28. Tangential MTF at Full-Field for Error
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Fig. 29. Average Sagittal MTF at Full-Field for
Error Group B.
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Fig. 30. Average Tangential MTF at Full-Field for
Error Group B.
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Fig. 31. Sagittal MTFs at Full-Field for Error
Group C.
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Fig. 32. Tangential MIFs at Full-Field for Error
Group C.
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Fig. 33. Average Sagittal MTF at Full-Field for
Error Group C.
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CHAPTER 8
CONCLUSIONS

From the preceding chapters, several conclusions
can be made. These relate to the design of any three-
mirror aspheric camera and to the expected performance of

a fabricated system.

Selection of Minimum Diffracting Obscuration Ratio

In Figure 8, we see that for a given value of §,
the minimum value of the diffracting obscuration ratio, 0g>
occurs where the curve, corresponding to that value of §,
crosses the dashed line. For any other points on the

curve, the larger of the values p or p is greater than

emin
p at the intersection point. The figure shows that as §
increases, the value of p at the intersection point also
increases. Since the minimum acceptable value of § is

0.25 inches, the minimum value of p4 occurs where the curve
corresponding to § equal to 0.25 inches crosses the dashed

line. At this point,

pg = P = 0.556

The value used for o4 in design C was

P 0.5625
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Thereforé, design C,_fér all practical purposeé, satis-

fies the requirement fér a minimum diffracting obscuration
ratio. |

The procedure outlined in ChapterlS successfully

arrives at a design for the Meiné1~8hack Three-Mirror

Camera with a minimum diffracting»fatio when the_fieid
angle; f—number,_aperture and back focal distance are

“known.

Selection of Design C

Figures 18 through 22 show the modulation transfer
functions of designs C and D. These show that the MTF of
design D has a sméiler modulus than that of C for spatial
frequencieslless thén 250 cycles/millimeter. This rela-
tionship holds fofibéth the sagittal and_tangeﬂtial direc-
tions and over the whole field. |

Design C was selected as the better design for the

“reasons outlined above.

System Performance Within Different Error-Groups

Figures 23 through 34.des¢ribe the effect of in-
' Creasing1y tighter tblerance specificafionslén the per-
formance of fabricated systems. Errér{gfouplc has a higher
average modulus than B,‘éﬁd B has a higher average modulus
i,than C. Also the spread of the moduli for individual sys-

tems is smallest for group C and largest for group A.
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The phase in error groups B and C does not fluc-
tuate very much. The maximum amplitude has anvalue of
about 0.1 radians. The phase in error group A fluctuates
"wildly. -Inldne éase, the large fluctuation made it impos;
sible to plot the phase. Shifts less than «/10 radians
wili cause avvery slight Elurring of the imagery and can
_genérally,be_ignéred.,_Thiéiis especially true of the
highé}'spatial frequencies which have lower amplitudes.
.-Thereforeg the phasé”éﬁifts ih groupS3B and C can be,ng
nored. 'Hoﬁéver,_the large phase shifts in error'group.A
'wili degradé the imagery.
7 The transfer factors which are plotted in Pigures
25, 26, 29, 30, 33, and 34 show that the major effect of
manufacturing errors, on the MIF, occurs at the midfre-
quencies.. The:transfer'factor, plotted as a function of
 spatia1 frequency, is relatively flat from 75 cycles/mm to
ZSO'cycies/mm. |
| Because of the low average modulus, the large
spread in the individual mdduli and the rapid phase changes,
construction of a systém with the tolerances of grbup A
should not Be attempted. Construcfion of a system with the
tolérances of'groups B and C wquld'fesult.in one which

~closely appfoaches the theoretical maximum.
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Predicted Resolution

Table V shows the—predicted resolution for three
types of emulsionsL’_Included are values for the averége
MTF in each errorigrﬁup and valués'for the iowest MTEF.

. AS an example, the resolving power of the lowest MTF 'in
the sggittal direction fof error_grouﬁ B is §5 cycles/mm

when used with type 4401 emulsion.



TABLE V

Predicted Resolving Power (cycles/mm)

Emulsion Type

Group Plot Direction 4401 S0-206 4404
Sagittal 45 80 120
Average
A Tangential 55 90 125
Sagittal 25 50 65
Lowest
Tangential 30 45 55
Sagittal 60 120 225
Average
B Tangential 70 125 180
Sagittal 55 100 140
Lowest
Tangential 60 115 160
Sagittal 72 125 250
Average
Tangential 77 135 210
C
Sagittal 70 120 250
Lowest
Tangential 75 1320 185

¢I1



APPENDIX A
REVIEW OF y,y DIAGRAMS

'The.ﬁéthod of using y,y diagrams for first order
design has been found by Delano to be a direct and time
saving iool in'the early stages of design for an opticai
system. It is used extensively in this report to arrive
‘V_at'results,whiCh would héve been difficult to achieve by'
better known meané. Determination of the systém with thé
lowest possibie obscuration ratio is one exaﬁplevof
- these results.

For any axially symmetric optical system, it 1is
possible to findAa paraxial skew ray whose projection in
the xz plane is a marginal ray and whose projection in fhe
yz pléne is a chief ray. The skew ray strikes any plane
'sﬁrface which is normal to the optic axis at a pbint
- whose coordinates are x and y. If we relable the x axis
as y, then these coordinates give the Chief and marginal
ray heights. at the surface.r Khoﬁledge of the y and y -
Valpes‘bf a system uniquely determines an optical system.

| We»éonétruct a reétangular’toofdinate system as
in Figure>2, The horizontal axis is labeled y and the -

"Vertical'is y. We tan p1ot the y and y values of the
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skew ray as it frévels'through space. This is 1like ob-
serving tﬁe_projettibn of the skew ray on a y,y plane.

In - common optical systems'fhe skew‘ray is a straight iine_
which changes direction oniy when meeting a surface with
4Someupower. For an dbject at a large distance to the
left of the optical systeﬁ, the marginal ray height will
be constant near the system. This is shown by line A'A
in Figure 2. Notice that the y height is.negative and
decreasing in size. When the skew ray strikes the primary,
it will have its direction changed.. Also, the direction
of its v,y projection‘will change. This is shown by
line AB. The CQordinates of the intersection of lines A'TA
and AB locate the primary on the y,y diagram. Positive
surfaces will cause the figure to be concave toward the
origin, and negative surfaces will cause the figure to ber
concave away from the origin. The point where the y,y
projection cfosses the y axis locates the stop of the sys—r
tem because, at the stop, y equals zéro. The point where
fhe plot crosses the y axis locates an image point, because
here y equals zero. Generally, the y,y values at a surface
are used to locate that surfaéé on a y,y diagram.

From Delano, the axial distén;e between the two
surfaces 1 and i + 1 is |

Vi Vier T Vie1 Vs

. - .= n!
+71-
ii 1. i , H
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Where dii is the axial distance between the two sur-

+1
faces, the index of refraction after the ith surface is
ni and H is the Lagrange invariant.

The power, Ki’ of the ith surface is given by

nj sy = 7.9 0541 - Y1) Ogeg - Y05 - Yie1)

diie1 (g1 Yy~ Yg Yi-1) (A-1)

From these two equations, we see that we can find
the powers of the surfaces and the spacings between them
from knowledge of the y,y values, the indicies of refrac-
tion, and the Lagrange invariant.

Delano describes a convenient way to find the focal

length of a lens. Figure 2 illustrates this method to
find the focal length of the secondary. First, construct
a line through the origin and parallel to the line AB.
Next extend line BD until it crosses AB at point G. The
~distance which area OGB represents is equal to the focal

length of the secondary.

Yy 'VG

f, = n!
272y (A-2)
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