Galaxy Wars optics
By David Shafer

O

ptical designs for Star Wars applications fall into
two categories: directed energy optics and infor
mation gathering. This article is about the second
category—information gathering—and projects present
requirements into the distant future. Difficult as Star Wars
optics may be to design, the task is a piece of cake com
pared to what people in the optical design community
may have to cope with some day.
Just for fun, I have been playing around with some de
signs lately to see if truly absurd performance levels are, in
fart, achievable. To my surprise, I have found that there
are some rather simple designs that have spots sizes of
about .1 arc second, at f/1.0, over a 30° strip field of view,
and with all spherical surfaces. The slightly slower speed
of about f/1.25 gives about .01 arc second over the same
30° field. Other designs can also do very well over large
two-dimensional fields of view.
This article will discuss some of these design examples,
all of which illustrate several important points about how
to deal with extremely difficult performance requirements.
These lessons about Galaxy Wars optics could then be ap
plied to the much easier task of designing Star Wars optics,
if one is so inclined.
Suppose that you want to gather an enormous amount
of information over some fairly wide field of view in a very
short time. If time is not important, you can do the job
with slow-speed optics. But that always leads to problems
with the image size being very large compared to the aper
ture size, and also gives a very big package size. Further
more, signal to noise ratio is bad for big detectors, leading
to long signal integration times.
These problems go away when you toss in the require
ment that the information be acquired very quickly be
cause this usually converts directly into the need for fastspeed optics. They usually give a much smaller package
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size than slow-speed optics, and allow very small detector
sizes with good signal to noise ratio. The problem with
fast-speed optics, as is well known, is that it is much hard
er to achieve diffraction-limited performance with them
than with slow-speed optics, especially over a wide field of
view.
For any really hard problem, there is only one sure-fire
way to reach a solution, That is to fall back on Robert
Benchley's first principle, which always works and to
which there are no exceptions. This is: Anybody can do
any amount of work, even phenomenal amounts, as long
as it is not the work you are supposed to be doing.
The obvious way to deal with any difficult problem,
then, is:
(a) Do it instead of several pressing mail items (bills,
etc.) that may result in your house, wife, and children be
ing seized.
(b) Have it not be the pressing design problem that you
are already very late on.
(c) Not have any paying client for the work, but just be
doing it for fun, at a relaxed pace.
A corollary of (c) is that if anyone does decide that they
want what you came up with in your free time, and is
willing to pay for it, you will immediately discover at least
five things you overlooked that make it not work or even
come close to working.
OPTICS NEWS • JUNE 1988

9

The only point of this design is to
illustrate that phenomenal performance
can be obtained with an extremely simple
design and no aspherics.

FIGURE 1. Monocentric design.

FIGURE 2. Bennett design.

Tiny opponents
Let us begin with the highest performance design first,
just to establish my credibility, then discuss several other
designs that are probably more practical. The first design
has only two elements, only spherical surfaces, and has a
spot size of 1.0 arc second at a numerical aperture of .996
(170° converging cone angle) over any field of view, since
it is a monocentric system. In other words, all the surfaces
have a common center of curvature and the aperture stop
is located there, too. This system is so good that when the
speed is slowed down to a numerical aperture of .90 (130°
converging cone angle), it has a spot size of .10 arc second.
10 OPTICS NEWS • JUNE 1988

Figure 1 shows this version. At this extreme speed, a 30°
diameter field of view only gives an area obscuration of
16%.
Since it is a monocentric design, the performance is the
same for any field angle as long as the aperture stop is at
the common center of curvature. The design is corrected
for 3rd, 5th, and 7th-order spherical aberation. Higher orders than that are extremely small.
This system would be good to use if we were being attacked by extremely small opponents from another galaxy
and needed a high-power microscope to see them. Needless to say, there is no way to take advantage of this incredible geometrical spot size. If the design is scaled up
until the .1 arc second spot size corresponds to .5 µm in
linear dimensions, we get an enormously thick pair of elements with a very long glass path.
If the design is slowed down to the speed of f/1.0 and
scaled for an aperture size of 25 mm. (which still gives a
rather excessive glass pathlength), the geometrical spot
size (i.e., neglecting diffraction) is about .1 Å, over any
field of view—equal to 1/10 of the diameter of the hydrogen atom! This is easily the highest performance design in
existence, of any degree of complexity, and only has two
elements.
The only point of this design is to illustrate that phenomenal performance can be obtained with an extremely
simple design and no aspherics. The key to this achievement is the use of a curved image surface. As Jan Hoogland has pointed out on several occasions, forcing the image to be flat is the single most difficult thing you can ask
of a design, and it very adversely affects the performance
with simple designs. It is also important to notice that no
attempt at color correction has been made in the designs
shown here.

Less glass
A more practical system is shown in Fig. 2. For lack of
an earlier inventor, this is called the Bennett design. It does
not have nearly as good performance, since it is only cor-

rected for 3rd and 5th-order spherical aberration, but not
7th-order. It has, nonetheless, very good performance at a
speed of f/1.0—about a .3 arc second spot size over any
field of view (assuming the aperture stop is at the common
center of curvature.)
A more practical design still is shown in Fig. 3. The goal
in this design was to greatly reduce the total glass thick
ness of the Fig. 2 design. The penalty for doing this is that
the field performance is not as good. The first lens in this
design is the same as in the Gabor catadioptric design. The
Gabor design is largely unknown, usually misunderstood,
and is a highly underrated design with terrific perfor
mance (much better than a Schmidt, especially over wide
fields of view) and no aspherics.
The second lens and the mirror form a monocentric
pair. The Fig. 3 design, with a speed of f/1.0, has a spot
size of 1.0 arc seconds over a field of 10°. Best perfor
mance is obtained when the aperture stop is near the cen
ter of curvature of the first surface (as is assumed here),
but. for smaller fields of view it can be put at the mirror
without much performance change. Adding a higher-or
der aspheric term to the front surface of the lens can give
even higher performance levels.
The best performance with field occurs when the
aspheric is on a separate plate near the center of curvature
of the front surface. The one defect of the Gabor design,
and of the modification shown here, is that there is much
more axial color than in the Bouwers design.
This design can be given a flat image by placing a strong
positive lens right up against the image. There is a big pen
alty for doing so, however, for the field size with 1 arc
second spot size at f/1.0 drops from 10° to about 3°.

FIGURE 4. Relaxed curved image design.
Any design such as this that does not have all surfaces
concentric about a common point will have a rather limit
ed field of view compared to a truly monocentric system
like Fig. 1. Figure 4 shows what happens when a purely
refractive system is designed. Once again, this is a curved
image system and no attempt has been made at color cor
rection. This design, at f/1.0 and with no vignetting, covers
a 15° diameter field of view with an angular spot size of
about 1.0 arc second. For a 100 mm aperture (and focal
length) lens, this gives a linear spot size of about .5 µm
over a 25 mm diameter curved image—with just 6 lenses.
M o r e elaborate designs can cover considerably wider
fields of view.
It is a key feature of this design that the image be right
up against the last lens surface, which has a matching cur
vature. Giving the design even a tiny amount of back focus
distance quickly degrades the performance by a large
amount. By contrast, the catadioptric designs already
shown have a sizable working distance between the last
surface and the image. The Fig. 1 design in particular is
unique in that very high numerical aperture microscope
objectives have extremely small working distances or are

Any design such as this that does not
have all surfaces concentric about a
common point will have a rather limited
field of view compared to a truly
monocentric system.
FIGURE 3. Gabor—Bouwers hybrid design.
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FIGURE 5. Burch concentric system.
FIGURE 6. Flat with aspheric.
used as immersion objectives. By contrast, the Fig. 1 de
sign has an exceptionally large back focus.
The purely reflective system shown, in Fig. 5 is the well
known design of two concentric spheres. When optimized,
it has a spot size of about 28 arc seconds/(f#) . A higher
performance version is shown in Fig. 6, where an aspheric
flat fold mirror has been introduced at the center of curva
ture to fix up the higher order spherical aberration.
The totally new design shown in Fig. 7 is a monocentric
system of three spherical mirrors. The first two are the
well known monocentric system that is corrected for 3rdorder spherical aberration and has very small 5th order.
The fifth-order can be corrected by adding a very small
third mirror, also monocentric, just before the focus. This
design, with all spherical surfaces, has phenomenal perfor
mance. It is also worthless, because the image is so close to
the last mirror and is also buried in the light path.
The situation can be improved by adding a fourth mon
ocentric mirror to give a Cassegrain arrangement down
near the focus. The region right near the focus is shown in
Fig. 8. After reoptimizing, we have a design with no 3rd or
5th-order spherical aberration and extremely small 7th or
der. Unfortunately, this can only be used with a strip field
of view. Only a very small field can be put through in the
plane of the diagram, but an enormous strip field can get
through in the out-of-plane direction, all with uniform
performance if the aperture stop is at the common center
of curvature. The last two mirrors would then consist of
very long narrow strips.
5

This design has a spot size of about 1.0 arc second at f/
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FIGURE 7. All concentric no 5th-order spherical
aberration.
1.0 with four monocentric spherical mirrors. A t f/1.3, the
spot size is about .1 arc second, over any field of view.
Because of the very small size of the last two mirrors, at
least in one direction, this design is only practical if the
whole thing is scaled up to really large aperture sizes. Then
the incredible performance results in a reasonable detector
size (pixel size), due to the long focal length.
In some cases, the last two mirrors right near the image
may be more practical to make if they are reflecting coat-

ings deposited on opposite sides of a thin concentric glass
shell. The design is easily altered to account for this varia
tion.
A n even higher-performance version results if a fold
mirror is added at the common center of curvature, as in
Fig. 6. This can then be aspherized, but only at the 8thorder term level, to touch up the small amount of 7thorder spherical aberration in the design. Then the perfor
mance at f/1.0 over a 30° field of view (strip field) is ex
tremely good. This fold mirror could then be used for
scanning, with a modest resolution loss. If the aspheric
term on the flat is "stretched," then even higher perfor
mance can be achieved over a narrow-width wide-angle
strip field of view.
In general, however, this aspheric does not result in per
formance as good as might be expected. That is because it
is seen in strongly converging light that has a lot of Petzval
curvature. That causes elliptical coma to occur in addition
to the oblique spherical aberration normally expected, and
reduces the level of possible performance improvement.
One way of improving the design (which will not be
revealed at this time), dramatically reduces the spot size
without using any aspherics. This then drops the f/1.0 spot
size of the Fig. 7 and 8 designs from 1.0 seconds down to
about .04 arc seconds over, say, a 30° field of view. At f/
1.25 it becomes about .005 arc seconds over the same
field.
Several parallel sets of the last two mirrors could also be

FIGURE 8. Monocentric excessible focus version.

included, as in Fig. 9, since expanding the field of view by
a modest amount in this direction would have an insignifi
cant effect on the sizes of the first two mirrors. The next
to the last mirror could be made continuous, as shown in
Fig. 9. Then if the field of view were scanned, it would
sweep out a "picket fence" array.

Absurd performance levels possible
The very high performance of these systems comes at a
certain price. Most have curved images, some are limited
to strip fields, and most involve components much bigger
than the aperture size. Furthermore, no attempt at color
correction has been made. Despite these drawbacks, all of
these systems have amazing performance levels with just a
few components. The first design shown has only two ele
ments, no aspherics, and the highest performance level of
any seen by this designer in 21 years, regardless of the
number of elements. None of the designs needed aspher
ics, in that they all have very high performance with only
spherical surfaces.
These designs, then, serve as existence proofs that truly
absurd performance levels are in fact possible, and that
there are even a variety of solutions to choose from. The
task now should be to find somewhat more complicated
designs that partially remove some of the undesirable
characteristics of the designs shown. In the meantime, one
can only hope that a good use can be found for the huge
amount of information that can be gathered by such de
signs.

FIGURE 9. All multiple strip fields.
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