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logically look for it in a certain section of the book. Al the same time he musi not
miss items of important information which are not, at first sight, closely connected
with any of the major divisions of the book.

Readers may get the impression that the book is excessively concerned with
Maksutov telescopes. This was a natural development because, after all, the Mak-
sutov Club was at the beginning formed for the production of Maksutovs. It was
soon realized, however, that the extreme conditions met with in making a Mak
{very short radii of curvature and very tight tolerances on thickness, elc.) made
the techniques developed—or at least most of them —=useful for tackling any other
kind of telescope where precision construction is required. For the last 15 years the
Maksutov Club has been interested in all kinds of telescopes and not only with
Maksutovs,

The arrangement eventually decided upon for this book is as follows: it has
been split into two volumes, "“Optical’ and *‘Mechanical," largely to reduce the
cost of producing an oversized book which would contain all the relevant informa-
tion.

Within the broad divisions of the two volumes, the order of information is
that which appears to the editor to be logical. In this way, it is hoped that the book
will be easy to read but at the same time the reader will be able to skip those parts
of the book which are obviously for reference until he needs to go to them. Please
extend your patience to the editor where he has failed in a rather difficult ask.

—Allan Mackintash
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Chapter 1
FIGURING, ETC.

THE SPINNING METHOD FOR FIGURING
by E. GG. Onions

made all the curves on my Maksutov and also a 1257 /4 by

the spinning method and see nothing wrong with it. To
start with, [ altered my machine to give a turntable speed of approximately 75
r.p.m. and a stroke speed of 40. This ratio of table and stroke speeds (as recom-
mended by Ferson, A T.M. [I) appears to facilitate a system of even wear (see
Dévé). The spindles are far apart, the driving beam being nearly 6 feet long. This
results in a practically straight stroke, the free end supported and sliding between
fixed guides as the driving pin must *‘float™ in its hole in the tool. Only two adjust-
ments are possible —stroke length and fore-and-aft position of the driving pin.

Rough grinding having been completed, 1 made up a tool in the ordinary way
(tile tool) 5/6 the diameter of the mirror except that | did not facet; | ran the tiles
straight across the tool in lines 1/8" or so apart (one-way channeling). Incidentally,
making the polisher is very simple; | just lay pre-cast strips of pitch on the tiles—a
very little molding will result in a perfect lap. The tool being ready, | centered the
mirror on the table (to avoid wedge) and adjusted the machine for approximate
position of S.E.W. (system of even wear); the driving pin was a little behind the
center of the work when in the rearmost position (*‘rear™ is the crank end of the
machine) and stroke about 1/4 or 1/3 of diameter; grinding was continued with
coarse carbo and adjusted until no change in radius was detected with the
spherometer. This condition attained, I went straight through with the fining and
polishing.

The first test of my 12%", done this way, showed a beautiful parabolic
doughnut with a smooth curve and a delightfully clean edge. As [ wanted a sphere,
I moved the driving pin a little in front of center, with a 1/3 stroke to get the
desired figure. With this method (contrary to hand working) it is much easier to
bring a parabolic or hyperbolic figure up to a sphere than it is to get an oblate down.
All the above applies to any curve, concave, flat or convex, and to avoid confusion
it is best to consider the action in terms of wearing down center, wearing down
edge and somewhere between the two—S5.E.W.

The use of a fixed speed machine will be criticized, but | maintain that the
effecrof any grinding and polishing operation is the producrof two variables—speed
and pressure, so that within reason we can use one speed and vary the pressure to
suit diameters and stages of work. ] am a firm believer in pressure and in all but the
final stages of my 12'4" 1 used 30 or 40 Ibs. weight on the tool. In polishing, of
course, weight adjustment is critical, for obvious reasons. My defense of the spin-
ning method resis on the smoothness of curve attained and the freedom from
turned edge. Considering that the free tool is rotating at a speed only slightly less



than the work, you will see that the action is almost entirely rotary —the lap is not

being dragged over the poor old edge!

POLISHING DEEFP CURVES
by R. G. Hoffman

hat I thought was going to be one of the most difficult tasks
in making a Maksutov corrector wurned out to be the

casiest. This is all that was necessary.

n Pin bar arm
9 i ;
fNoor Mange - -+ Polishing lap
with inverted - lens
pipe plug brazed e wood disz to hold lens
o it
I ] <—— urnisble rowting
“ at about 30 rpm.

In words, all that is necessary is to offset the tool or lens (whichever is on
top), provide a moderate amount of pressure, fix the top element so that it will
rotate and not slide off, change the offset from time to time so that zones do not
form, and that’s all there is to it. The pitch | used was very soft (softened by adding
paraffin), so soft in fact that it only becomes brittle at room temperature.

Using Paul’s test (4. T.M. III, page 327), I can detect absolutely nothing to
indicate that the spheres obtained are short of perfect. No figuring was required on
either side of the correcting lens. On the primary | used an ordinary alligator setup
(Hindle, A.T.M. /, p. 324, 4th Ed. 1st printing) and had to polish a hump off the
center, but even here the figure looked perfect and was not difficult to obtain.
Testing these deep curves by any method that I have tried is not easy.

With regard to perforating a primary, | do NOT recommend drilling to within
1/16" of the surface from the back, then tapping on the plug lightly with a hammer
after polishing and figuring. Drill that remaining 1/16" out when figuring is com-
plete; this time going in from the face of the mirror. The edges of the hole will be
much cleaner this way.

NOTES ON MAKING A MAKSUTOV
CORRECTOR LENS
by A. J. Blackwood

aking a Maksutov corrector lens is getting to be old hat
among amateur telescope makers and numerous articles
have provided the ambitious lens maker with essentially all the details he needs to
complete the job. However, in spite of the wealth of information available, there

seemed to be many little problems and questions arising during the course of my
work, the solutions to which I could not find in the published material. These
notes are for those who are undertaking to make their first steeply curved lens.
I am a member of Amateur Astronomers Inc., of Cranford, N.J., and am
indebted to a number of fellow members for suggestions and advice offered during
the course of the work, particularly 1o Richard Ulmes, Kenneth Smith and Roger

Tuthill. I decided to make a meniscus of 8" clear aperture with dimensions scaled

up from the 6 Dall-Maksutov described in Feb. 1962 issue of Sky & Telescope,
page 31, Incidentally, Mr. Horace Dall advised me of a typographical error
therein—the R.C. of R,should be 32.20" instead of 32.80" and, correspondingly,
the focal distance would be 16.10" instead of 16.40",

Tools. | decided to use metal tools with plate-glass squares (which I shall call
facets) cemented to them with epoxy. | am generally familiar with the fabrication
of high-pressure vessels and it seemed to me that it would be a relatively simple
matter for one of the many fabricators to supply a pair of dished discs at a reasona-
ble cost. My first approach provided two 8" discs for $18.00 (1966 prices), cut to
diameter and dished to the specified radius of curvature. Two 2" lengths of 6" scrap
iron pipe were spoi welded to the discs to serve as “‘handles,”” one on the concave
side of one disc and the other on the convex side of the other disc. The two tools
were fitted with the glass facets.

Cementing of Glass Facets to Metal Tools. The metal tool surfaces were
carefully cleaned with a grinding wheel and emery cloth. One face of each glass
facet was roughly ground to *“‘fit"" the tool curvature and cemented to it with
marine epoxy having a 6:1 ratio of resin to hardener. This was actually a batch
operation done by placing the facets on the metal tool surface which had been
coated with epoxy, with the result that on the concave tool there was some pud-
dling of epoxy in the center and the facets had to be rearranged periodically until
the epoxy hardened.

During the course of subsequent grinding with the several grades of abrasive,
| encountered frequent loosening of facets, particularly on the convex tool where
the surplus epoxy had drained off instead of puddling. When this occurred, the
facet was cleaned with emery paper and the metal surface under the removed facet
was scraped clean and serrated with the sharp edge of a file, following which the
facet was recemented in place with 1:1 tube epoxy. Over 20 facets on the convex
side and a few on the concave side were replaced in this way. | noted that the center
facets on the concave tool, which had hardened in a pool of epoxy, never came
loose. This loosening became quite a nuisance. | talked with other amateurs and
they reported the same difficulty. As the finer grades of abrasive were approached,
it became increasingly difficult to replace the loosened facets and get good cutting
contact quickly, so I examined the situation more carefully. | came to the following
conclusions:

1. The rough grinding of the facet faces when initially cementing them to the
metal tool, and the thin layer of fluid epoxy (especially near the outer areas) com-
bined to permit the entrance of water which, in due course, resulted in some rust-
ing of the metal and weakening of the bond. When the facets loosened and were
removed, a thin layer of hard epoxy, coated with rust, could be cut and stripped
from the metal tool, and rusty ‘‘spots” were seen on the under side of the
loosened facets.



1. K. D, Smith, a member of my amateur group, offered a solution. It will be
recalled that the facets which were in a pool of epoxy in the concave center never
became loose. K. D. suggesied that a *'pool™ of epoxy be made around all of the
facets by preparing a thick mixture of the 6:1 epoxy to which would be added some
silica powder. (Cabosil, & thixotropic agent for fiberglass resins was used; it is
available from Defender Supply Co. of New York and, no doubt, other suppliers).
1 promptly worked such a mixture around all of the facets with a spatula and after
that not a single facet came loose. This treatment not only prevented water from
seeping under the facets, but equally, or perhaps more important, it provided a
lateral support for each facet so that they all reinforced one another. | might men-
tion that [ never had a facet, which had been epoxied to another facet to build up
thickness, come loose and this gives further indication that rust was the probable
culprit. Another useful thing that K. D. showed me was application, from time to
time, of a circular sanding disc in a ¥ drill to rebevel the edges of the facets to pre-
vent glass slivers from breaking off the sharp edges and being a possible source of
scratches during fine grinding.

Replacement of Facets. The convex surface of the corrector blank had to be
changed from the original molded blank R. C. of 11.20" down to my design value
of 9.33". This turned out to be a discouragingly slow process. Even with considera-
ble overhang of the tool over the blank, the R. C. changed very slowly. But glass
was being worn off the blank and | began to wonder if | would run out of center
glass before the desired R, C. was reached. A half-sized tool was made up and used
to grind the edge of the blank —while the R. C. changed somewhat, it took perhaps
four or five times as much labor, due to reduced contact arca. | later developed a
wear rate theory which tended to explain, in part at least, why the curvature
changed so slowly—a phenomenon which is mentioned quite often in articles
about steeply curved surfaces (see later paragraphs on A Theory about Wear
Rate™),

About this time, Roger Tuthill. also a member of my group, suggested that [
knock out several of the center facets on the concave tool, which would then result
in grinding the outer areas of the corrector blank without reducing the central area.
This was done and it was while knocking out the facets that | realized how strong
the pool of epoxy really was in the center and why K. D's suggestion to build up the
epoxy in the channels around the facets worked so very well. At any rate, Roger's
suggestion was the solution to my problem. The desired R.C. was quickly reached
and the surface was not too far from being spherical. Then came the question—
how to replace the facets which had been knocked out and at the same time get
reasonably good contact with the convex corrector blank surface? Of necessity the
facets would have to be thinner than the ones knocked out. I hit on a novel idea
which worked out extremely well and may have application in other situations
where facets have 1o be epoxied in place. First I cut facets from plate glass which
was slightly too thin. One face was roughly ground to the corrector curvature with
an emery wheel and the glaze taken off the other face. | then cut a piece, approx-
imately 7/8" long and 1/4" wide, from a sheet of thin spring steel (a piece from an
old clock spring would do very well). Cutting the piece from sheet with tin shears
resulted in the pieces being slightly curved, but they could have been bent to the
desired curvature with pliers. A piece of this slightly curved spring steel was then
fastened to the roughened bottom of each facet being replaced, using a dob of

epoxy. After the springs had hardened into place, the facets so prepared were
placed against the metal tool with the spring prongs in contact with the metal.
Thickened epoxy was then worked into the spaces between and under the facets.
The convex side of the corrector blank was then given a coat of oil to prevent
excess epoxy from sticking to it, pressed down against the facets being cemented in
place, and weighted in place. This resulied in the springs pushing the facets up
against the convex corrector blank surface during the period in which the epoxy
was hardening. Several hours later, when grinding was resumed, the newly placed
facets were in immediate contact with the mating surface and grinding resumed
normally.

Spherometers. Two different spherometers were used. One, a rough-and-
ready three footed type for following the early progress of the work is in common
use during the mirror-grinding classes at our club. The feet are three machine
screws equally spaced on a 5" circle on a piece of 1/4" aluminum plate (or "
plywood, if preferred), and projecting beyond the lower face slightly more than the
anticipated sagitta at 2%:" from the center of the corrector blank. The ends of the
machine screws are beveled against a grinding wheel to give essentially point con-
tact. A 2" hole is drilled through the center of the 5" circle and a hardwood plug
made to fit accurately into this hole. A 1/8" hole is then drilled through the center
of the plug and a long machine screw having 32 threads per inch is threaded into
the hole. The metal screw cuts its own thread and should subsequently be tight
enough to stay put in any position. A large metal washer is fitted to the top of the
machine screw to serve as a means for turning it by hand. A wire “‘pointer’’ is
fastened to the machine screw between the head and the washer. A piece of paper
5" diameter is marked off from 0 to 360 in five-degree intervals and is glued to the
top of the spherometer plate. The length of the machine screw should be slightly
more than twice the length of the sagitta so that it can be used to measure both
concave and convex sides without removing it from the center hole,

In operation, the zero reading is taken by placing the three feet on a flat plate
glass surface and noting the degrees on the scale as indicated by the pointer when
the center point just touches the flat surface. At the instant of contact, the
sply:romc ler becomes slightly wobbly, or can be rotated bodily around the center
point since the three feet have been slightly lifted from the surface. The
spherometer is then placed on the curved surface to be measured and the machine
screw threaded in or out as the case may be until the tip again touches the surface
and the plate becomes wobbly, By counting the number of complete turns and the
fractional turn in degrees, the sagitta can be measured and the R.C. determined in
the usual way. By making the machine screw tips essentially pointed, no correction
for ball foot diameter is necessary. Readings on the degree scale can easily be repe-
&lodll-::- within plus or minus 5°, or .0004". This simple instrument is remarkably
sensitive and accurate, and it was only during the late stages of grinding that a 2-
ball spherometer was used to get more precise results.

My precision 2-ball spherometer was made as follows: a 26" length of Brown
and Sharpe square oiled steel bar was purchased, and a local machine shop which
had a reputation for doing precision work agreed to cut, drill, tap and supply all set
screws, ball bearings (for the feet) and fit two rods for the feet for less than $20.,
The 1" square bar was first precision cut and the ends ground flat into one 13"
length, one 9'4" length, two 3/4" lengths and two %" lengths. The four short pieces



were individually measured with a micrometer for thickness and squareness and
subsequently served as “‘Jo-blocks' of nominal %", 3/4” and 1" sizes in making
basic measurements. The 13" long piece simply served as a **flat’* for establishing
zero readings on the dial gauge in the center of the 2-ball spherometer and in mak-
ing center thickness measurements. My dial gauge is a Starrett No. 25-131 with a
maximum range of 0.125" and .001" divisions on the dial scale—one complete turn
being .050". By using a series of extensions for the dial gauge, plus the above-men-
tioned **Jo-blocks,” it was possible to measure all corrector and primary mirror
sagittas with the same pair of feet, thus minimizing all sources of error which
might result from using a dial gauge with a long travel, or from changing or dis-
turbing the positioning of the spherometer ball feet.

I soon became sold on the ease, precision and reproducibility of this type of
spherometer and in making sagitta measurements to approximately 0001" by
interpolating within the dial scale 1/1000 divisions. The spherometer was rigid and
heavy and rested firmly on the surface being measured due to its own weight. My
procedure was as follows: first a paper cone was made having the same diameter as
the surface being measured, and a small hole cut in the center. When a sagitta
measurement was to be made, this mask was placed over the glass surface and a
pencil dot was put on the glass surface through the hole in the mask. This was to
ensure that when the spherometer was placed on the glass surface the dial pin
would be centered on this dot. For truly spherical surfaces this is an unnecessary
refinement but it is recommended nevertheless as the surface is quasi-conical until
the late stages of fine grinding. The spherometer was then rocked slowly back and
forth over this central dot. The dial reading would reach a null point and recede
from dead center, and could repeatedly be read to 1/10th of the dial division just as
one reads a slide rule. The radius of curvature is determined in the usual way, mak-
ing due correction for the diameter of the balls on the spherometer foot,

I will digress here to mention that the span on the spherometer was measured
both with an inside micrometer and with a French vernier caliper and estimated to
within plus or minus 0.0005", This precision was hardly necessary, as a matter of
fact, since for measurements and dimensions, it can be calculated that an error in
the measurement of the span of three mils would produce an error of only 1/15th
the permissible error in the measured R.C. Furthermore, any slight error in
measuring the span on the instrument might be considered to be unknowingly
scaling the basic design slightly up or down, except that the theoretical center
thickness would be very slightly in error on the finished lens—but far less than the
permissible error limits.

Thickness Measurements. Center thickness was measured in a very simple way
using the same technique as was used with the 2-ball spherometer. The corrector
blank was placed, convex side down, on the 13" long flat bar with the pencil dot,
previously mentioned, in the approximate center of the bar. A piece of wood 1" x
15" x 10" was center drilled to take the dial gauge stem (push fit), and two rounded
end machine screws were located equidistant from the center and about 9" apart,
so as to straddle the corrector blank. Using the flat bar and the Jo-blocks, along
with the proper dial extension, permitted a direct measurement of center thick-
ness, This dimension was checked very frequently, as might be expected. The
Figure shows the arrangement employed.
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Edge thickness was measured using the technique described by R. E. Cox in
the July 1961 Sky & Telescope. Usually 8 equally spaced measurements were made,
reading the micrometer 1o approx. 1/10th division. The thick areas were then
reduced by letting the tool overhang on the corrector and applying extra pressure
in that area. Results before and after were plotted on x-section paper and the
smoothness of the curve through the points was an indication of the accuracy of
the individual measurements as well as a guide to the success of the corrective pro-
cedure. This check was made after each change in grade of abrasive used in finish-
ing the convex side (the concave side having already been polished) to make sure
that the edge thickness never got out of bounds, and to have it close to a uniform
value when the finest grades of abrasive were reached. My formula, applicable 1o
my particular dimensions and arrived at by simple geometry, indicated that my
final edge thickness was what it should be for my design center thickness and two
R. C. values.

Achieving Precision Radius of Curvature. The accepted way of deepening the
curvature of a concave lens or mirror surface is to stroke with the blank on top,
using overhang to accelerate the process: conversely, to flatten a concave surface,
the strokes are made with the tool on top. The reverse is necessary when stroking
to change a convex surface. Furthermore, the book will tell you that as the desired
curvature is approached closely, repeated reversals as abrasive changes are made,
will result in your surface reaching the exact desired curvature,

This is only partly true, and for steeply curved surfaces it may not be true at
all, depending on such factors as are discussed below;

~ Take the case of finishing the R, (concave surface). If this is the first surface
finished, neither center nor edge thickness are critical considerations and one need
only arrive at the desired R.C. Fortunately, I completed R, through polishing first
and discovered the pitfalls; if | had completed both sides up to grade No. 400 or
?_“Iu. 600, and then worked toward the design R.C. and thickness, | might have been
in trouble —perhaps not to the extent of ruining my lens, but I would probably only
have been within the permissible range rather than right on the target_ I found out
two things while [ still had plenty of glass to work with:

a) The R.C. decreased (curve deepened) very, very slowly with the corrector
On top, butit increased (curve flattened) very rapidly when the tool was on top,




(=] SN IWLAVOI LY DURO T

b) There was a sudden change in the apparent R.C. when the abrasive grade
was changed, this being less for the finer grades than the coarse grades.

Let me give an example. With the tool on top, C/C stroke using No. 220 grit,
the R.C. changed from 8.947" to 8.959" in just 12 minutes. This resulted in my
having slightly overshot my design value of 8.9573". Since it was also just about
time to change to No. 320 grit, | made this change and at the same time went 1o
stroking with the corrector on top with the expectation of decreasing the R.C. from
8.959" 10 8.9573". Greatly to my surprise | found that the R.C. had increased to
B.971" in just 6 minutes and went further to B.983" in the following 12 minutes.
The R.C. was now 0.026" too long. It then required 1% hours of grinding with No.
320, a large part of the time with overhang and W strokes to get the R.C. down to
B.959" again. I then changed to No. 400 grit with the corrector still on top and
found the same thing, but less pronounced. The R.C. increased to 8.961" in the
first 15 minutes, stroking C/C. It required almost an additional hour of grinding,
some with overhang, to reduce the R.C. by 0.003" down to design value. Some-
what later, I found that [ was slightly shorter than my target value while still grind-
ing with No. 400 grit, and changed 1o tool on top to get it back again, The R.C. went
from B.955" 1o 8.9625" in 15 minutes, following which it required another 1%
hours with the corrector on top to get the R.C. back down to 8.9573". Note that in
this case a change of abrasive was notl involved, and this should be kept in mind
when reading the subsequent section on a theory aboutl wear rates.

The conclusion reached from the above is that a change from a coarser 1o a
finer abrasive results in an unexpectedly large and sudden change in R.C.; and thal
it is a very slow process indeed, even with overhang, to deepen the corrector cur-
vature with the corrector on top—but a very fast process to flaiten the curve with
the tool on top.

The effect of grit size is probably due to the larger size of particles cutling
more glass in the center than the edge, thus making a quasi-conical surface rather
than a spherical surface, Then the next smaller size grit doesn’t grind at all in the
center at the beginning, but rather averages out the curvature, It might be men-
tioned that with 4" balls on the spherometer feet, it is hardly likely that the
measurements would be affected much by the pit size with the change in abrasive
grade. It is also of interest that during the unexpectedly long time grinding with the
corrector on top, and to balance out the effect of having overshot the mark when
the tool was on top, and to balance out the effect of grit size changes, the center
thickness changed from 0.7460" 1o 0.7120", or 0.034", This could be very impor-
tant wherever thickness is a critical measurement, and luckily | had another 0.054"
of thickness remaining for finishing the convex which had already been rough
ground down to No. 220 grit and to approximate design R.C.

Take the case of finishing the convex. Generally similar experience resulled
during the fine grinding. With the convex corrector on top the R.C. increased very
rapidly indeed, whereas with the tool on top the R.C. decreased very slowly. It is
estimated that on a given grade of abrasive in this general range of grades, the ratio
in rates of change of R.C. was approximately 5 to 6 times greater when the correc-
tor was on top. I also noted that, just as in the case of grinding the concave, chang-
ing from a finer to a coarser abrasive (as was done a couple of times to accelerate
the wear) the R.C. decreased abruptly, while in making the change from coarse to
fine, the R. C. increased abruptly, [t will be understood that in all three cases the R.
C. is the apparent curvalure as measured from the surface ol the corrector blank.
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A Theory about Wear Rates. In addition to the above-discussed effect of par-
ticle size change, the above observed wear rate differences also suggest a theory
fior wear rates, on steep curves at least, that differs from the explanation advanced
in some writings such as, for example, that appearing in 4.7.M. /. page 347. It
would seem important at least to be aware of the following presentation since, as
the final R.C. is being approached, it might be unwise, and even risky, to use an
offset stroke to hasten reaching final R.C. So the lens grinder should be aware of
how R.C. will change with the corrector on top vs. the corrector below during the
final stages, planning the work so that thickness will not turn out to be too thin,

I illustrate the theory by two schematic sketches showing the corrector and
tool slightly separated, and a vector diagram showing the direction of vertical and
horizontal forces resulting from pushing the material by hand during the grinding
process.
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Note that the effect of the horizontal vector gets greater, and the vertical vec-
tor less, the flatter the push from the hands, viz. a high barrel to walk around ver-
Sus a low barrel. In the upper diagram, the vertical force will result in wear over the
entire area from ¢ to a to b with somewhat more wear at the center area a; but the
horizontal force will result in wear at the edge area, none whatever at the center
Where it would be tangent to the curvature. Thus the vertical force tends 1o deepen
the curve and the horizontal force tends to fatten it, and they offser each other. The
net effect will depend on which of the two forces is greater. On a sieep curvature
the horizontal force could result in more fattening than deepening even with the

corrector on top, and may explain why it is difficult to deepen a steeply curved lens
with C/C strokes. '



With the tool on top and applying the same reasoning, the vertical force will
flatten the curvature and the effect will be somewhat more rapid than the deepen-
ing with the corrector on top, due to the greater weight of the tool. But again the
horizontal force will have no effect on center wear where the vector is tangent to
the curvature, and will have its greatest effect in the outer areas. Thus in this case
the two forces complemenr each other and result in rapid flattening of the cur-
vature.

Considering both of the above cases, it is clear that it becomes very difficult
indeed to deepen the corrector on the concave side with C/C strokes, and my
experience indicates that it is quite difficult even with overhang, particularly when
pushing the strokes at a flat angle on a high barrel,

In the case of the convex side of the corrector, a similar argument can be
advanced to show how the horizontal force always tends to flatten the curvature.
With the tool on top, its deepening effect is being ofTset by the Mattening effect of
the horizontal force; but with the corrector on top, the two forces both tend to flat-
ten the curvature,

Scratches. Many amateurs grinding Maksutov correctors apparently have had
trouble with scraiches developing during fine grinding and polishing. In my
experience this is due to one, or two, or all of three causes. These are:

a) Fine chips of glass breaking from feather sharp edges of the glass facets on
the tool (or from failing to keep a bevel on the edges of the corrector itself). Grind-
ing bevels on all facets periodically with a sanding disc in a hand drill as previously
mentioned should minimize scratches from this cause.

b) Impurities in the fine grades of abrasive or in the polishing agent. Three
times 1 ground through No. 600 grit without any trace of a scratch, and subse-
quently in two of the three cases a multitude of scratches followed the use of No.
305 emery (Edmund Scientific). The first of the two times [ ground for an hour
before looking at the surface and I attributed the scratches perhaps to incomplete
clean up at the start, or to carelessness. So | scrubbed very meticulously, reverted
to No. 400, followed by No. 600 (without scratches) and repeated the No. 305
emery. This time | examined after 10 minutes and again there were scratches!
Then | made a preliminary examination of the suspect No. 305 by putting a small
amount in a glass phial with water, shaking it up and decanting the surplus water.
Then [ shook it up again and slowly rotated the phial at a steep angle. | immediately
noted larger particles adhering to the sides of the glass, indicating contamination.
The visible particles might have been agglomerates, but K, D. Smith took a sample
for microscopic examination and reported that there definitely was contamination
with an abrasive of about No. 400 grit size.

c) I have heard of folks who had scratches occur while removing the correc-
tor from the tool or from the lap when it was slid completely off. 1 successfully
avoided scratches from this source in the following ways. When working on the
concave side, | placed a waxed piece of board at the proper elevation alongside the
tool, and then the corrector was slid off the tool in such a fashion that the edge of
the corrector touched the waxed board when the opposite edge was about 14"
from the edge of the tool, with the beveled edge of the corrector riding on one of
the facets of the tool at the breakaway point.
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On the convex side 1 slid the corrector off the ool to about the same relative
position, and then lifted quickly. As above, this caused the beveled edge of the
corrector to pivot on one of the outer facets, making a clean breakaway instead of a
sliding one.

Employing these three anti-scratch techniques, I was fortunate in completing
my corrector without any visible scratches on either side.

Miscellaneous.

1. The wear rates using different abrasives may be of interest, and the results
compared with what others have reported. Keep in mind that these data depend on
various factors peculiar to the individual case, such as length of stroke, strokes per
minute, degree and extent of time with overhang, weight of tool when on top,
amount of hand pressure, etc., etc., and probably height of barrel or table on which
the work is mounted. Here is what my data show (values picked from a smooth
curve drawn through the results with the various abrasives):

it size Change in center thickness

wils per hour.

No. 60 310

No. 120 10.5

No. 220 1.5

No. 320 532

No. 400 33

No. 600 2.0

No. 305 emery less than 1.0

2. Hard water ring. One evening when | was washing my fully polished con-
cave surface with tap water prior to drying it and taping it for protection while the
convex surface was being finished, the phone rang while the lens was still wet. |
put it down concave side up and forgot it for perhaps 20 minutes. [ then noticed
!Jm there had been a pool of water collected in the center 1% in diameter and that
it had dried, leaving a deposit of hard water salts. [ tried soap and water, vinegar,
extended thumb rubbing with distilled water, the same with vinegar, an ammonia
solution, gasolene, toluene, iso-octane and acetone. In reflected light the ring
could still be seen! A chemist friend said that it was probably etched into the glass
and that it was probably calcium sulphate rather than the vinegar-soluble calcium
carbonate. However, 1 decided that if it was really etched into the glass, it would
have 1o be ground or polished out. It turned out that Y%-hour polishing with cerium
oxide completely cleared up the situation. Actually it would not have mattered
since the “spot™ to be aluminized in due course on the opposite side would have
been of larger size than the deposit, but aesthetically I wanted the ring removed.

3. Viewing the surface for pits or scratches. The concave surface was first fine
ground and polished while the convex was at the No, 220 stage. Surface blemishes
on the concave could readily be seen both by reflected and transmitted light. Then
the concave was taped with Mystic tape, a well-known product. This tape wasn't
very satisfactory for two reasons,—it tended to come loose when in water; but
more importantly, the backing on the tape was white, making it impossible 1o see
any blemishes on the convex surface. I then tried “*Stix-on” tape, available in
many hardware stores, and found it more resistant to water, and since it has a dark
backing surface, blemishes could readily be seen.
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4. Polishing. There is nothing particularly significant to report on the polish-
ing. The laps were make by heating pitch squares, made with an Edmunds rubber
mat, to a molded thermal cement surface poured into a circular tin can of slightly
sub-normal diameter. Both surfaces of the corrector polished out evenly to the
edge in less than 30 minutes, using cerium oxide with short C/C strokes—this
indicated that the final stages of fine grinding had produced a good spherical sur-
face free from pits. When the channels on the convex lap began to close up, 1
found that a 3/16" rat tail wood saw, carefully used, cleaned them out beautifully.
On the concave lap the rat tail saw couldn't be used, but a knife blade, heated in a
butane torch, was used to cut the channels wider, and the lap was then warm
pressed to reduce the ridges lefi by the cutting. This was quite satisfactory.

I'n conclusion, 1 am almost ashamed to admit how long it took me to finish my
corrector lens, and my consolation is to know that | have a lens exactly to specifica-
tion and with no visible imperfections under a magnifying glass. Both R.C. values
are within 5 units in the fourth decimal place; thickness is only 6 thousandths
below design value and wedge variation around the circumference is plus or minus
1% ten thousandths. But for those interested, here it is:

Concave. Grinding 35% hours, Convex. Grinding 46': hours,
Polishing 9 hours, Polishing 7 hours,
Total  44% hours, Total  53% hours.

Grand total, 98 hours,

This is actual work time on the lens and does not include an untold number
of hours spent in thinking and planning as | went along, preparation of
spherometer charts and running off innumerable square roots to the fifth decimal
place on an electric computer; writing up my notes (I doubt if anyone made a more
detailed set of step-by-step notes on their Mak corrector—an offshoot of my
research background!); charting results; and drawing graphs to see visually the
progress being made. My wife insists now that | can't do the simplest chore around
the house without making a graph to show the progress of the work! I would esti-
mate that all of this fringe work, 1o say nothing of the time making auxiliary rigs
and taking measurements, would be at least another 100 hours— perhaps another
200 hours. But how does one measure time against the pleasure and satisfaction of
a job that you know is well done?

PARABOLIZING LARGE MIRRORS
by A. Mackiniosh

A nybody who has made an f/4 or {/5 telescope knows the
difficulty in parabolizing the mirror. In the case of a 4" or
6" mirror the job has to be done on a full-sized lap because sub-diameter laps are
likely 1o be too small to handle easily; using a full-sized lap with the mirror on top,
the TN finds that he has to use absurdly exaggerated strokes even to get the mirror
to depart from a sphere, and has to continue to use those strokes to get full correc-
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tion. In the case of an 8" mirror, sub-diameter laps are possible to handle, and 10"
or larger are almost invariably parabolized with sub-diameter laps. In the latter
case, the TN is likely to find himself scrubbing away at the sphere for hours with-
out any appreciable change taking place in the appearance of the mirror under the
Foucault test.

A.T.M. I'is mostly concerned with mirrors of around {/8 and it is surprising
that the technique of handling large mirrors of short focus is not dealt with in
greater detail in A TM. [l or [Il. A 12" or 16" /8 Newtonian is litile short of a
maonstrosity and almost all amateurs who plan a large telescope go for a shorter
focal length in order to have a better chance for a steady mounting for these large
telescopes; this applies also to both Newtonian, compound and catadioptric
telescopes. Those who do make large instruments of long focal length must be pre-
pared to make a mounting for them which weighs a couple of tons or more. Apart
from good engineering design, sheer weight of metal plays quite a large part in
steadiness for large instruments, and nowadays weight of metal is likely to result in
a light bank balance.

Most of us have made a 6" /8 or thereabouts and well remember that
parabolizing took a comparatively short time —anything from half an hour to two
hours, depending on our experience and skill. Why should the large short focus
jobs take such a long time?

Comparatively few people have any idea of the amount of glass to be
removed in parabolizing. 4.T.M. [ states that we have only to remove a few mil-
lionths of an inch in turning a sphere into a paraboloid and leaves it at that: this is
perfectly true for a 6" /8, but short focus telescopes are a different tale. [ was talk-
ing 1o a fairly experienced amateur a short while ago who was working on &
12%" f/5 and he was happy to think that only a few millionths of an inch of glass
would have to be removed, until I showed him that he would have to get off very
nearly 1/10,000th of an inch for full correction.

We all know that r'/2R is an approximate formula for the sagitta of a sphere
and some of us know that the accurate formula for the sagitta of a sphere is
S =R —R? =, and that the accurate formula for the sagitta of a paraboloid is
our old friend r*/2R. The difference in the results of using these gives us the
amount of glass to be removed in parabolizing.

The tables at the end of this article are worked to one millionth of an inch for
all the usual sizes of amateur telescopes. Table I gives the sagitta for the sphere,
Table II for the paraboloid, and Table 11l the difference between the two.

It will be noticed that the paraboloid is shallower than the sphere and this is
contrary to our usual ideas as we generally deepen the sphere to a paraboloid lor
convenience in working—it simply means that the sphere and paraboloid are
langent at the edges of the mirror. If we move the paraboloid down by the amount
of the difference, we shall have the sphere and paraboloid tangent al the center,
and if we move it a little further, we shall have it tangent somewhere between the
Center and the edge—the condition where we wear away the sphere to the
Paraboloid with the least removal of glass. As this shift only amounts to approx-
imately .0003", even in the case of a 16" /4, it will make no significant difference
to the mathematics and will merely move the center of curvature of the mirror by
0003", an amount which is negligible.
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Table L. SphereS =R — =1

i/ 4 5 6 7 8 10 12 15

6" 093842 075047 .062527 .053589 .046886 .037506 .031253 .025002
8" 125122 100063 .083370 071451 .062515 050008 .041671 .033336
10" .156403 125078 .104212 089314 .078144 062510 .052089 .041670
12" .187683 .150094 125054 .107177 .093773 .075012 .062507 .050003
16"  .250245 200125 166739 .142903 .125031 .100016 .083342 066671

Table I1. Paraboloid S = r/2R

f/ 4 b b 1 ] 10 12 15

6" 093750 075000 .062500 ,053571 .046875 .037500 .031250 .025000
g 125000 100000 083333 .071429 .062500 .050000 041667 033333
10" .156250 .125000 104167 .089286 .078125 .062500 .052083 .041667
12" .187500 .150000 .125000 .107143 .093750 .075000 .062500 .050000
16" .250000 200000 .166667 142857 125000 .100000 .083333 .066667

If we examine the tables, we find that the amount to be removed in
parabolizing a 6" f/8is 11" x 10°%;, at {/10 it is only half this amount, and at f/12 to
f/15 the mirror may be left spherical. Let us take the case of a 12" {/5, though;
here we find that the amount to be removed is 94" x 10°%, or very nearly .0001".
This means that the depth of removal is very nearly 8 times that of the 6" f/8, and
when we consider that the 12" has 4 times the area of the 6", we begin to think. Of
course, the maximum difference does not exist all over the mirror and, without
going into complicated integration to find out the exact ratio, let us assume that the
area increases the amount twice; this gives 16 times the amount we have to
remove for a 6" /8. In the case of a 16" f/4, the amount is approximately 40 times

that of a 6" /8.
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Table II1. Difference D = [R — R™— /] — /2R
f/ 4 5 6 7 8 10 12 15
6" 000092 .000047 000027 000017 .000011 000006 000003 000001
8" .000122 .000063 .000036 .000023 000015 000008 000005 000002
10" .000153 .000078 .000045 .000028 000019 000010 000006 000003
127 .000183 .000094 .000054 .000034 .000023 .000012 000007 .000003
167 .000245 000125 .000072 .000045 000031 .000016 000009 000005

We are now beginning to see why the big fellas take so much lon
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with than a 6 ffs,_n_nd llllippcgrs that we shall spend a very long time on them if we
tackle the parabolizing with pitch laps and rouge. The situation is not quite so bad
as it appears because Isuh-l:lmm:t:r laps have a strong local action if they are used
with ?nnﬂderahle 1w:|sht on top of them; even so, we shall do well to use every
mchmquc_nt our disposal to shorten the time of working, because pitch laps have a
nasty habit of deteriorating after prolonged use.

, Wh:ul to do? \?’:II, we can begin parabolizing at the end of fine grinding, but
this requires exceptionally good judgment of when to stop, otherwise we shall land
uphwnh]a :}'p:rbulnld which will be even more difficult to deal with than the
sphere. In this respect, Mr. K. D. Smith's and Mr. A. J. Black !
rates should be helpful. PG

However, the best way to tackle the problem is

| vay probably to use coarser
ghnmve than the usual pqhstun: agents when beginning polishing after fine grind-
ing. These can be used either on pitch or plastic laps and will bring up sufficient
Pﬂhsl'! to read a figure under the Foucault test. Most of the parabolizing should be
;hnelm this way and only the final stages should be done with rouge on a pitch lap.
l;a tthu way, ak good optical finish will be obtained in & reasonable time, provided
care 1s laken to work all the surface of the mirror at the end while bringing the

final mThuches: of the parabola to book on a new pitch lap. T
e spinning method of figuring, as written up by Mr. Onions in this chapter
L::n also be used ef‘feclliuly,lln this case, the edge zone should be concentrated ur.;
lh:&un maximum action will result in this area while action will be minimized at
2 center of the glass. Of course, this also means that a great deal more glass will
Ve 10 be removed and this may offset the advantage gained in speed of action,
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REMOVAL OF OVERCOATING
by H. J. Watson

o remove overcoating, the method | use is to pour a caustic

solution on the surface and let it set until the caustic
penetrates the quartz overcoating which is porous, The amount of time will vary
from surface to surface due to differences in the coating. [ do it in the sink, face up,
and as soon as the aluminum is dissolved, quickly rinse the surface with water. A
vinegar rinse can also be used to quickly neutralize the caustic. If care is taken to
rinse all the caustic away, no harm will come to the optical surface. Due to the
porous nature of the overcoating, any solvent of aluminum can be used—1 have
tried HCL and it works, but itis a bad acid to have around the shop where you have
good tools, etc, As far as | am concerned, quartz overcoating has value only in
industrial applications where mirrors in certain instruments and setups are out in
the open and have to be cleaned from time to time. In a telescope there is no need
for it and aluminized mirrors can be cleaned if some care is used. One fairly safe
method is to soak the dirty mirror in a detergent and water solution for a half hour
or so and so to loosen any corruption, then rinse under the tap and finish with a
distilled water rinse—if warm to hot (about 180° F.) distilled water is used, the
drying is speeded up. The mirror should be air-dried, face down, on a clean cloth or
towel (not a bath towel) with one edge blocked up about a quarter of an inch or so
to allow air circulation. The distilled water should prevent any water marks in the
drying. If there is still dirt or stains on the mirror, it can be dunked again in
detergent and water solution and gently dabbed at with a wel cotton ball under
water. To find out how much pressure you can use without damaging the mirror
requires some experimentation. For a regular Newtonian primary, try the dabbing
first in the center area of the mirror where it is masked by the diagonal—=not the
edge—thus if too much pressure is used, the damage is in a relatively unimportant
area of the mirror. If any rubbing is done, cleaning a mirror is a risky job, Cleaning
mirrors should be kept to a minimum and never attempted until the coating is at
least two months old.

TURNED EDGE
by A. J. Blackwood

W riters on telescope making discuss ““turned edge’™ as the
bane of the amateur telescope maker, and offer some pre-
cautions for minimizing the chance of getling it. A.T.M. [, page 291, quotes
Ritchie as forestalling turned down edge by ‘‘diminishing the area of the squares
around the edge of the tool by trimming their edges.”’ Porter supports this by say-
ing, “‘It is 0.K. Have done it frequently to advantage.’" This is a correct statement
but little explanation is offered to support it. The question arises that if any trim-
ming of the edges of the outer squares is done, why not eliminate the outer squares

entirely 7 In my opinion this is desirable, and it is successful then only if the mirror
or lens is in the upper position. Many people apparently hold to the opinion that if
sub-diameter or over-diameter tools are used, the smaller (tool or mirror) should
be worked in the upper position. My experience does not support this view,

On page 370 of A.T.M. [ a plausible explanation for turned edge is given,
blaming it on the push-and-pull being applied too high above the plane of the work
during grinding and polishing, such as would occur with a long handle on the tool,
The paragraph reads as though the mirror is on the botiom in all cases being dis-
cussed. | would agree with this, but oafy if the mirror is in the bottom position. It
should have little, if any, effect with the mirror on top.

Texereau passes off turned edge with a simple statement (page 130 of the
American paper-back edition of 1963), “A defective edge often results from
unconsciously applying pressure at the edge of the tool, or from too long a stroke,
or too soft a lap.”” The implication is that one must avoid these situations. The
second and third precautions are controllable, viz. always use a short stroke, center
over center, while striving for a spherical surface, and test your pitch for proper
hardness such as Texereau describes on page 68. But if turned edge is due to the
first factor, how does one avoid this **unconscious application of force at the edge
of the wol™? A good question,

Some time ago | worked four successive surfaces, the last one being a 9"

spherical mirror for my Maksutov, and achieved a high degree of polish without
any evidence whatever of turned edge on any of the four. The Ronchi lines were
sharp and parallel right to the very edge, even when focusing down to three lines
over the entire surface of the mirror. My system, and an accompanying theory to
explain the results, are as follows:
L Procedure. Do all fine grinding, No. 600 and finer, and all subsequent polish-
ing, with a sub-diameter tool in the ratio of about 9:8, and work with the mirror or
lens in the upper position—never in the lower position. The mirror surface must be
really spherical and free from turned edge before polishing is begun, and this is
assured if extra time, say double the usual recommended time, is given to the last
two stages of fine grinding. I like No. 600 followed by No. 305 emery, applied with
an artist's brush, without stopping the push-and-pull strokes. To assure a good
spherical surface, use short, center-over-center strokes in all of the above, always
with the mirror on top.

Use fairly hard pitch, tested as described by Texereau, or during the melting
let a drop fall in cold water and press it between the teeth, If steady slow pressure
for, say, 5 seconds results in appreciable penetration without breaking, it is all
right. Thin sparingly with turps if the pitch is too hard; continue heating to evapor-
ate the natural solvents if it is too soft.
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Theory. Fig. 1 shows a situation with a sub-diameter (or over-diameter) tool
on top during the final stages of fine grinding or polishing. A vector diagram is
shown at the right, indicating the forces at work and the direction of these forces
(resolved into vertical and horizontal components), during the push-and-pull
strokes. By definition, so to speak, the vertical forces, consisting of the weight of
the tool plus the vertical component of the push-and-pull by the hands, are evenly
distributed over the working area, and no surface is subject to “‘unconscious
pressure.” Therefore these vertical forces do nol contribute to any tendency to
turned edge.

However, the horizontal component of the push-and-pull force as indicated
by the vector diagram tells another story. At the center of the mirror the horizontal
force is tangent to the surface and is producing no rubbing pressure or wear at this
point, Progressing from the center to the edge of the mirror, the horizontal force is
applying increasing pressure on the mirror surface and reaches a maximum at the
very edge. Here indeed is the application of *‘unconscious pressure™ at the edge of
the mirror! The edge of the mirror tends to wear more rapidly and results in the
familiar *“turned down edge.” If this occurs during fine grinding, it is unlikely that
any amount of subsequent polishing, even with the mirror on top, would com-
pletely eliminate the condition,

Vertical

Howtronisl component tends e kit ihe minmsr
ofl the lap and hence does nof cauee undue
werar ai the edigr

Fig. I Mirror [ace down an sulediameter lnp

Fig. 2 shows the mirror in the upper position, and has the force vector
diagram at the right. The vertical forces, as in the above-described case, do not
contribute to any turned edge tendency. But note what has happened to the
horizontal component of the push-and-pull force, Again, at the center of the mir-
ror this component is tangent to the surface and no wear is taking place at this point
due to horizontal forces. However, from the center progressing to the very edge,
this horizontal force is tending (on the trailing side) to lift the mirror off the tool,
and on the leading side the pressure is diminishing negatively toward the edge and
15 creating & vacuum rather than a pressure on the edge of the mirror. Nothing in
this situation to cause turned edge!

Mote in both figures how the sub-diameter tool inherently reduces pressure
on the mirror over what it would be for a full-sized or over-sized tool. It can also be
visualized that if handles are used on the mirror or tool, as referred to in A. T.M.
articles mentioned above, the horizontal forces are increased by the leverage
effect, and the above tendencies are exaggerated. It might appear that a handle on
the mirror might be an advantage; but a handle on the tool might be a serious han-
dicap insofar as the possibility of turned edge is concerned.

DRAWINGS FOR AN EDGE-MEASURING JIG

by J. P. Davis
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MAKING FIGURING LAPS
by Ferdinand I. Baar D.P.M.

T he making of pitch laps for spherical polishing and
parabolizing is well documented. However, when dealing
with compound systems such as the Maksutov and Schmidt, very often oddly
shaped laps are called for. It is quite difficult to cut out, for instance, 6 willow leaf
patterns, or wedge patterns, or petal patterns, and keep them the same size and
shape so as Lo control the “figure™ being created on the glass surface.

In my experimenting, I tried to devise a system that would be clean, control
the thickness of the pitch, and be able to duplicate patterns of the pitch. The
answer proved to be quite simple. Let us take a hypothetical case: a 10" diameter
surface is tested by the Foucault test under autocollimation and shows a turned
down edge, 1" in from the edge, and a moderate amount of undercorrection. In
profile, using the Everest pinstick method, it shows:

Fig. 1 T base line

01 2213 45 43 210

It is obvious that the polishing action has to be greatest at the 1" zone, taper
to 0 at the edge with a lessened wear pattern graduating to the center. If the surface
is then:

Fig. 2. <_- « = @ . & 8 & =

we duplicate it on the bottom and have the approximate shape of one of the six
shapes of pitch needed. Of course, the actual shape will depend on the arbitrary
vertical scale of the graph, and this has to be left to the experience of the operator.

At this point, using a compass, a series of concentric circles are drawn of 1"
radius, 2, 3", 4" and 5" and, using the 5" setting, the six points on the circle are
laid out in the classical manner. On this a petal leafl, or whatever shape is needed, is
then laid out to scale:

Fig. 3.
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This is then traced twice on a piece of 2" plywood and cut free, leaving two
wooden templates. They are edge sanded together so that they are reasonable dup-
licates. We now take two strips of flexible metal (1/32" aluminum or some such)
8"—10" long. The difference between the width of the strips and the %" thickness
of the plywood determines the thickness of the pitch, so 5/8" width will give 1/8"
thick pitch. 11/16" will give 3/16" thickness, etc. In the ease of a reverse curve,
such as a petal lap, the petal templaie can be placed on a plywood base and the
metal held to the curve with a number of brads; alternatively, the metal can be
tacked directly to the template.

The top of the wooden pattern is covered with a piece of Saran Wrap which is
folded well over the sides. The two metal strips, well soaped, are then clamped in
place, using clothes pins, and the form is ready for pouring. After the pitch has
been poured, the whole is put into a refrigerator and left there until the second
form has been poured and put into the frig.

By this time the first form has stiffened enough so that it can be taken out;
the clamps or clothes pins are removed, the metal strips fall off and the pitch is slid
off the wooden form, being handled by the Saran Wrap. When all six shapes have
been made and stiffened, the lap surface should be warmed and the six pitch
shapes foated in a pan of warm or moderately hot water. They are picked up, using
the Saran Wrap edges, and placed in position on the lap surface with the Saran Wrap
side uppermost. Cover the Saran Wrap with another piece of Saran Wrap for separa-
tion insurance, place the glass surface atop of all this and apply sufficient weight
for hot pressing (a couple of hot presses may be necessary for good contact). The
Saran Wrap is then lifted off, polishing solution applied and a couple of cold
presses should do the trick. It is clear that all of these aperations can be done in
stages at different times, or as one procedure. It is clean and shapes can be dupli-
cated or changed as the need warrants. If teflon strips are available, then no
separating medium such as soap is needed.

Side view
metal or teflon strp

<

Fig. 4. \\EAAAJ—\E \
Saran Wrap — \‘Q\
172 plywood

Spring clamp or
clothes pin
on both ends.



In the event of imperfect adherence of a pitch shape to the lap surface, a cou-
ple of touches of a small soldering iron will tack the pitch into place. A further
refinement is to use a piece of plastic window screening, open mesh, available
from Sears Roebuck, and hot press this into the pitch surface. On removal of the
mesh, a pebbled surface is left on the surface of the pitch, allowing faster contact
and polishing action,

FLEXIBLE POLISHERS
by Doug Smith

T he James H. Rhodes Co. (48-02 29th St., Long Island City,
N.¥. 11101) has for some time offered a plastic polishing
malenial called “*polyurethane bonded cerium oxide or just “polyurethane’’ that
has been applied in the optical industry as a fast polishing material used at high
speed. Recently they made polyurethane available in half millimeter thick sheets,
and it has been my experience that, made into flexible polishers, it is an excellent
way o remove glass in figuring either steep surfaces or shallow aspheres, such as
Schmidt corrector plates. Faced with the problem of figuring a convex ellipse with
an f/1 surface, | found that flexible pitch or soft, solid pitch polishers worked very
slowly on zones that polished out far from null. (The element was a focusing lens
that could be tested by autocollimation.) Polyurethane with a cushiony backing
was tried and it was found that with moderate effort the areas around a low zone
could be similarly treated. To speed the process even more an annular polisher was
tried, and it worked well with a slow spindle, to reduce a particular zone or set of
zones. When irregularities had been reduced enough no longer to require drastic
action, the same polisher was turned into a much gentler one, which was still flexi-
ble, by dabbing a piece of pitch, partially melted in a flame. onto the polyurethane
and pressing repeatedly on the wet surface of the work. The resulting pitch surface
had many hollow spots and extra stiffness from the plastic underneath, with light
channels scratched in.

Other applications could be for fast polishing primary mirrors and for shaping
Schmidt plates. The normal faceted pitch lap for a mirror could be given a coating
of polyurethane by cutting out squares and sticking them onto the pitch by flaming
lightly and then pressing. A petal lap might also be made of polyurethane with a
flexible backing and later given a coating of pitch, with the added convenience that
the petals could be cut out with scissors.

The backing for any such flexible polisher should consist of a solid substr-
ate—wood, glass or tile—well beveled to prevent digging into the work by acci-
dent. The substrate should have nearly the same shape as the surface being
polished. Onto this layer of foam plastic is stuck with pitch. I have found certain
packing material that works very well, it has a texture coarser than foam rubber but
finer than plastic sponge. A good thickness is a quarter to half an inch. Do not
allow the melted pitch to soak into the foam, Hold it in place with a light weight on
a piece of cardboard covering the whole surface so that the foam is not com-
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Let this cool completely before applving the polyurethane. The latter is
done by heating a piece of pitch in a flame and dabbing it onto the foam. When
there is an even layer, flame it very quickly, lay on the polyurethane and press
mmediately. )

; The disadvantage of using polyurethane is that is has a tendency 1o sleek,
especially with Barnesite (use cerium oxide for best results) and it leaves more tex-

ture on the work. Always be prepared to switch to pitch for final figuring.



Chapter 2
TESTERS AND TESTING

A PRECISION FOUCAULT TESTER
by Allan Mackintosh

here is a widespread beliel among TNs that it is not possible

io make a precision Foucault tester withoul micrometer
screws, precision ground ways, etc. In precision measurement there is what is
known as the 10% rule—that our measuring instruments should be accurate lo
within 1/10th of the smallest dimension that we wish to measure. It is a very con-
troversial subject, but the general consensus seems to be that some adepts are able
to read the Foucault test to 01" and, therefore, under the 10% rule, out test setup
should be accurate to within .001". Even if vou do not consider yourselfl to be an
adept, itis a comforting feeling to know that your test setup is much more accurate
than you can read the test and that any mistakes that crop up are due to error of
judgment and not to inaccuracy of the apparatus.

 have seen many Foucault testers, ranging from a common block of wood on
a board to a very beautiful job made by a skilled machinist who must literally have
spent more than 100 hours of work on it—the latter tester suffered from the
drawback that the settings depended on micrometer screws in both directions and
it was slow in altering from center to edge to the 70% zone, and equally slow in
reading all the other zones. | have also seen two tlesters produced commercially;
the less said about these, the better because the ““ways’ were made out of bent tin,
the screw adjustments were chiefly remarkable for the play in them, and error at
the knife-edge was approximately 1/16" in one and 1/32" in the other! A block of
wood set up with a Barr scale is far more accurate than either of these commercial
Erauds which cost in the neighbourhood of $25—a lot of dollars thrown down the

rain,

In the January 1956 issue of Sky & Telescope there appeared a short account
of a new approach to the problem by Mr. Kelvin Masson of St. Louis, Mo. Mr.
Masson's tester depends on a differential between the distances of three points and
consequent amplification of the movement of the knife-edge for reading purposes.
Mr. Masson was very modest about his setup, made no claim for great accuracy
and said that the greatest amplification reasonably possible was from 4 to 6 to 1.

It occurred to me that a slight modification of his design would result in an
amplification of 10 and a tester of high accuracy, capable of reading to .001". 1 set
about making it and had it finished in about two weeks. At that time I was living in
in apartment and did not have the tools that | have now; the only **machine" tool |
had was a 14" electric hand drill with a clamp drill-stand —even this was not neces-
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sary for the job, though it was convenient—and the whole setup could have been
made with hand tools only, though | must confess that | am not a hand toel
enthusiast.

I bought two pieces of ground flat steel, 1/8" x 1%4" and 1/8” x 12", both of
them 18" long and costing under $5 for the two. | also gathered in two 1/8" x 1"
commercial dowel pins and two 1/8" commercial jig bushings; in the last resort the
dowel pins and bushings can be bought for a modest price from any machinists
supply house, or any good hardware store will order them for you. Drill-jig bush-
ings in the smaller sizes are generally .001" oversize from nominal and dowel pins
are about .0002" oversize, so that a good swivel [it is assured; if the fit appears to
be rather tight, some treatment with J05E in oil will put matters right but be care-
ful that you get no perceptible side-play in the fit.

For the main slide, saw three 3" lengths from the piece of ground steel 114"
wide and saw two of them down the middle so that you have four pieces 3" x 3/4" x
1/8" and one piece 3" x 1%" x 1/8". Clean up the rough edges with a file and
carefully remove any burrs remaining. Incidentally, in order to avoid marring
ground surfaces, my favorite method is 1o line my vise jaws with about 10
thicknesses of newspaper, it is soft and grips excellently. Next saw two 3" lengths
from the V2" x 1/8" ground steel, clean up the saw cuts and remove burrs as before,

Sandwich one piece of 4" steel between two pieces of 3/4", thus:

- 2 No. 32 Drill Holea

'Ahmf-lum or

paper shim

Clamp together and drill through with a No. 32 drill, countersink for No. 4 wood
screws; take them apart and re-drill the holes in the %" x 1/8" pieces only with a
No. 28 drill,

Tused a 10" x 187 piece of 3/4" plywood as a baseboard and assembled the
slide on the board, as below:

= dowel pin
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In order 1o get clearance {or the slide, 1 raided my wife’s kitchen and made
shims out of aluminum wrap—this is 001" thick and is ideal, but paper would do as
well. As the holes in the %" pieces were larger, [ was able to press in the sides of the
slide with my fingers before screwing down, and so got a smooth close fit for the

ﬂm113m prick-punched the position of the dowel pin 3/4" from the end of the
|eft-hand runner, drilled with a No. 31 drill and carefully hammered in the dowel
pin; this has to be done gently in order to avoid upsetting the assembly.

1 then sawed three 3/4” pieces from the ¥:" steel, cleaned them up and drilled
two of them with a No. 31 drill for 4-40 round-head machine screws (any other
small machine screws that you happen to have handy will do), placed them on the
slide as below, carefully marked the holes and drilled and tapped the main slide for
the screws.

| was fortunate in having some .0004" shim paper handy butl ordinary tissue
paper would do as well. | assembled the cross-slide by clamping the three pieces
side-by-side with one thickness of the shim paper, screwed up, marked the slide
for the other dowel pin as shown, and got out the cenier piece with a screwdriver
and brute force. I cleaned away the remains of the shim paper, greased the slide
and found that | had a good slide fit with no side-play at all. [ then drilled the cross-
slide for the dowel pin and carefully pressed in the dowel pin with the vise in lieu of
an arbor press.

(8] @..J._:———-—--l = &) screws
dowel pin—_|_ 14 157 : i
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Nexlt thing to deal with was the lucite arm. Leaving the adhesive covers on
both sides, I marked off the positions for the bushings, rounded off the ends and
drilled for the bushings, as under:
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scribe mark holes for bushings




The bushings were pressed in. The drilling has to be done very carefully because if
you have too much interference, the lucite will **star,” if too little, the bushings
will come out—if I had to do it over again, I would drill full size for the bushings
and seal them in with epoxy. Having got the bushings in. | removed the covers,
scribed a line on the lucite as shown and filled in the scribe mark with black.

This arm could equally well be made out of aluminum, but you would have to
drill and file out an elongated hole and stretch a wire across instead of the scribe
mark. This means more work but would get away from the fussy job of pressing
into the lucite because the aluminum will stand much more stress.

All that remained to do was to make a sirip of wood to bring up a 6" scale o
the level of the lucite arm, and assemble it. The 6" scale is divided into 50ths and
100ths,

The finished job looks like this:

lewelling screw

& o[[&)
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A N
6" scale divided screw hole for leg

into 1/50ths {or 1/100ths) k - o bracket leg

|y 10" lla-"'# -~ cross stide

[ i |
O i main slide J

Owing to the difficulty in counting 1/100th divisions on the scale, | have
mounted my scale with the 50th divisions uppermost. The scale is one that [ picked
up for 10€ and is graduated in 1/100" on one side and 1/50" on the other. Every
1/50th on the scale represents .002" at the knife-edge, and interpolation to 001" is
easy,

I have gone through the construction of this setup in considerable detail
because the order in which you tackle the various operations will make a difference
lo the eventual accuracy of the tester,

Having got my .001" readings, the next thing to think about was my knife-
edge arrangement because a precision setup of this kind does not lend itself to the
old standby of leaning on one side of the table to bring the k-e across the cone of
light.

I ““acquired" another dowel pin and bushing, some 1" x 1/8" aluminum strip
and bought mysell a 24" camera cable release with a screw to lock the plunger.

I then made the setup shown below—1 hope the drawing speaks for itself,

| —— knifeedge g iy
mﬂl.t\ I ]
[T
arm F#I wm ] ﬁ[\
N L
R"‘\. bracket \ — bracket
camera cable
release
e '=ﬂf%

smull bracket (o
limit travel of k - ¢

It can be made any height which is convenient. My k-e is about 6" above the
baseboard because 1 like plenty of room for my nose and chin. A later improve-
ment was to make the knife-edge setup into a coaxial job; this was done by putling
the light source and an adjustable slit into a piece of household sink drain tubing
(the chrome plated kind) and mounting a microscope cover glass on the top at 45°
&5 a beam splitter—this was done after 1 had acquired a lathe.

The advantage of this setup is that it is nol necessary to touch anything except
the camera cable release 1o bring the knife-edge across, the locking screw on the
release enables vou to lock the k-e when you have got the doughnut and stare at it
for as long as you like—a small spring opposing the cable release plunger allows
return of the knife-edge. The differential arrangement on the arm allows a very
fine setting on the knife-edge.

The first job that 1 tackled after making this tester was refiguring a 10" {/7.6
mirror. | found that after looking at a steady doughnut for five minutes or more,
my eye became much more sensilive to minute zonal variations. | figured the mir-
ror until it looked perfect, and then put my caustic tester onto it; | found that the
maximum deviation from the theoretical paraboloid was 1/18th wavelength.
Although 1 finished off the mirror 1o 1/22nd wavelength using the caustic tester,
the preliminary figuring spoke excellently for the precision and sensitivity of the
Foucault tester.

~ I'thought at the time that this was largely luck, but later tests, in which | have
adjusted my ideas of what a doughnut should look like to what the readings on the
Caustic tester tell me it is like, have shown me that | can figure to 1/15th
wavelength or better every time without putting the caustic tester onto it. This isa
convenience because, although the caustic test is very much more accurate, the
Foucault test is quicker and handier during preliminary figuring.

If you want to be very fancy, you can put a small table of tangent effects on
Your baseboard. 1 have done so on mine but have never had occasion to use it
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because the effect is very small—amounting to only 025" between the extreme
ends of the slide travel, and remember that this would be a r*/R of .600", correc-
tion of a large and short focus paraboloid. With ordinary mirrors the difference is
negligible.

One further comment is that when you are dealing with very close fits of the
order of .0003" and smaller, it is well to remember that an oil film takes up
appreciable room. Grease, believe it or not, takes up less room than oil and you
will get better action in close fits of bearings and slides if they are greased instead
of oiled.

A SINGLE-EDGE SLIT FOUCAULT TESTER
by Ralph K. Dakin

he usual Foucault test apparatus consists of a tiny illumi-

nated pinhole separately mounted from the knife-edge
(razor blade). Zonal measurements are made on the parabolic concave mirror by
measuring the longitudinal movement of the knife-edge. When the edge only is
moved, the knife-edge motion formula for the paraboloid tested at center of cur-
vature is d = r'/R, where r is the radius of the zone under test (as measured from
the center of the mirror) and R is the central radius of curvature of the mirror.

It is very difficult to make a good “tiny"" pinhole and even more difficult 1o
get any light through it. The pinhole shows every bit of dirt on the operator's
glasses or in his eye, making it very difTicult to see fine zonal irregularities on the
surface of the mirror, When a pinhole is used, it is usually necessary to make the
zonal tests in a dark or semi-dark room.

Substantial improvement in light level can be obtained by replacing the
pinhole with a slit, since éven a short slit will let through a great deal more light
than a pinhole. When a slit is used, it is essential that the slit and knife-edge be
absolutely parallel to each other. Lack of parallelism will cause the shadows o
cross the mirror at odd angles, giving the appearance of an astigmatic mirror,

The Foucault test device described here eliminates all of the problems of the
pinhole and slit methods without any loss of sensitivity. In fact, zonal irregularities
that are difficult to see or invisible with a pinhole test, show very plainly,

Fig. 1 shows the essential parts of the Foucault head:
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The illumination from the light bulb is directed toward the mirror, using a
small right-angled prism past the lower edge of the razor-blade. This edge of the
blade is one side of the final slit of the tester. This sharp slit edge is reflected from
and reversed by the concave mirror and returned (above the prism) past the same
edge of the blade. The extended edge of the blade and its reflection (reversed
jmage) now form a slit, whose width varies as the entire assembly is moved side-
ways. As the blade cuts into the return image from the mirror, the slit width is
reduced, increasing the sensitivity of the test apparatus, Since the bottom and top
of the same straight blade form the two sides of the slit, both sides will always be
parallel to each other. Since the source, (bottom section of the blade) and the
knife-edge (top section of the blade) move together, the zonal measurement for-
mula for a paraboloid test at its center of curvature with this device is: d = /2R,
Thus, the measured difference in radius from the center to the edge zones is only
half as much as when only the knife-edge was moved. Tests have shown that the
sensitivity of making any zonal setting is doubled when source and knife-edge
move together, therefore, there is no loss in final measurement precision.
However, this does mean that the tester should be mounted on a slide that will per-
mit the reading of 0.002" to 0.004" longitudinal motion of the assembly. An inex-
pensive 0.001" micrometer can be adapted as a measuring device or a 0. lmm inter-
val scale can be used with vernier readings to 0.05mm (0.002").

Construction Details. The face of the right-angle prism that is just behind the
razor blade should be ground with 400 to BOD carbo. A suitable small lamp is the
Mazda No. 222 (with built-in condensing lens). The new stainless steel razor
blades are very satisfactory since the fine edge will not corrode. Before the
availability of these stainless blades, it was necessary lo replace blades every few
months even in my very dry basement.

The first instrument was built in the form shown in Fig. 1, but after getting
an extremely deep hand cut on the badly exposed razor blade, a revised and
improved model was built as shown in Fig. 2.

FIG. 2




The lamp and condenser assembly is dropped into a drilled hole in the upper
edge of a 5/16" thick aluminum plate. The small (3/16") prism is cemented 1o a
milled recess below and in line with the lamp hole. Below the prism a 1/8" drilled
hole returns the beam from the mirror 1o the operator’s eye. The front surface of
the 3" square aluminum plate is painted with white paint and serves as a screen (o
help line up the return image from the mirror. The complete test assembly is now
mounted on a “'surplus’ microscope moving stage unit with a metric scale, allow-
ing readings to 0.05mm (0.002"). This particular stage is not rugged enough and an
improved unit using a micrometer measuring head has been built. The distance be-
tween the center of the prism and the 1/8" hole is only '4" vertically; thus there is
no sideways displacement and the test is made with an effective slit length of about
3/8". This device was used to test a 1214 spherical mirror with a 30" radius of cur-
vature without running into ofT-axis astigmatic shadows. This type of modified slit
tester is mentioned in A.T.M. /in the “*Miscellany"" section under the discussion
of the slit test (p. 380 in the 1935 edition) and also in John Strong’s book, Pro-
cedures in Experimental Physics on pp. 75-77

Small prisms are available from A, Jaegers and Edmund Scientific Caorp., also
a W prism is available from Bausch & Lomb.

USE OF AN AUXILIARY TELESCOPE
IN FOUCAULT TESTING
by Ralph K. Dakin

I Lis almost impossible to use Foucault testers on high speed
or short radius of curvature mirrors because it is difficult to
bring the operator’s eye close enough to the knife-blade to accept the entire light
cone. We unfortunate old-timers who are forced to use eyeglasses find it even
more difficult to get the eye close enough to see the entire mirror surface.

By using a small telescope behind the knife-edge focused on the mirror sur-
face, this problem disappears and the Foucault testing of mirrors becomes a real
pleasure. It is important that an erecting telescope be used to avaid confusion in
the shadow movement on the mirror. Without an erect image of the mirror, hills
appear 1o be holes and vice versa, making it difficult to interpret zonal troubles
properly.

My auxiliary telescope uses a small porro erecting prism system from a stereo
microscope but there are several surplus systems that can be used. Binocular porro
systems or the tiny unit from the 1 1/3x telescope listed by Jaegers could easily be
modified for the job. One of the surplus low power telescopes with an erecting 90°
roof prism could also be casily adapted.

My telescope has a long focus eyepiece (49mm) from a rifle sight, providing
an extremely long, comfortable eye relief. Two interchangeable ohjective lenses
are used: one with a focal length of 60mm for high speed mirrors and the other
with a focal length of 163mm for slow-speed long focus mirrors. The telescope is
mounted on an adjustable Mexure plate fastened to an auxiliary plate, allowing fine
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vertical tip adjustment to center the image of the mirror into the telescope field.
Two thumbscrews provide easy removal of the telescope and mount assembly
from the Foucault test head.

#— Fasten to back of Foucauli
plate with thumb screws

Auxilizry Telescope Adaptor

The use of an auxiliary telescope is only possible with a slit type Foucault test
rig, since, with a tiny pinhole, there is just not enough light. The drawing shows the
auxiliary plate with the telescope adaptor tube fastened to the adjustable Mexure
plate. The telescope fits into the adaptor tube and is locked in place with the
thumbscrew shown at the top.

Using an auxiliary telescope behind the knife-edge permits the viewing and
testing of the entire surface of short radius and high speed mirrors and also makes
it possible to see fine detail on the surface of long radius and slow speed mirrors,
Like the modified slit tester described earlier, once a mirror has been lested with
this convenient accessory, it will be difficult to get along without it.

CAUSTIC TESTERS
by Allan Mackintosh

On getting my advance copy of A.T.M. /Il back in 1953, the
chapter which most impressed me was Irvin Schroader's
somprehensive and lucid account of the caustic test. I decided at once to tool up for
this test as iy immediately appeared that it was very much more precise than any

I except, possibly, the Hartmann test and did not depend on personal judg-
Ment 1o any great extent. I have now built three caustic testers and possibly the
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methods I use for building them may be of interest. I should say at this point that if
readers have not got the facilities for precision building and measurement of the
testers themselves, it is far better to leave the caustic test alone because a faulty
lester will give wrong measurements and will only serve to fog the issue.

Before beginning, it may be of interest if | state my criticisms of the other
mirror tests normally used by amateurs—the Foucault, Ronchi and Dall tests. The
Foucault test is, of course, much the most used, but it depends to a great extent on
personal judgment and | have known three experienced amateurs reading a mirror
one after the other to say that it was under-corrected, over-corrected and on the
nose. Quite apart from judgment, there is the ever present difficulty of picking up
the edge zone accurately (and if an error is made in picking up the edge zone, it
throws all the rest of the readings out); | use the Everest method when Foucault
testing, but although | think that the pinstick is much the best method for locating
the crest of the doughnut, it is not accurate in picking up the edge zone —therefore
1 use a mask for this. If the edge zones exposed by the mask are wide, one can see
the shadow creeping up and it is difficult (o determine when the zones darken
simultaneously; if the zones are narrow, the reading is masked by diffraction
effects—I have never been able 1o arrive at a satisfactory compromise. With the
Ronchi test, unless the wires are spaced to suit the mirror being tested, the test can
show a spurious turned edge and, from the very nature of the test, it is no more
accurate than the Foucault test. The Dall test depends on being able to judge cor-
rectly when a mirror blacks out, but [ have always found that this is more difTicult
to do than to locate the crest of the doughnut; besides, the spacing of the lens from
the pinhole in the Dall tester is critical and if there is any error in construction of
the tester, an unknown error will be introduced which cannot be evalutated except
by comparison with one of the other tests. Another difficulty that 1 have
experienced with the Dall test is that the spacing between the ground glass, the
light bulb and the pinhole is also critical —if wrongly spaced, a granular appearance
of the image results which greatly increases the difficulty of deciding when the
mirror blacks out,

When | had completed reading 4. T.M. /I, | went back to Schroader’s chapter
and read it through again two or three times in order to get it well into my head. 1
noted his remarks about weight lending smoothness to the motion of the stages
and decided that my two top stages would be made out of 3/4" thick steel—in the
other two testers | used 12" steel and found that it was quite heavy enough. After
getting the chapter into my head, I sat down and thought.

One of the testers described by Schroader (the one illustrated in Fig. 7 and 8,
A.T.M. 111, pp. 447 and 448) appeared to me to be the best; rolling on balls should
give admirable freedom of movement and clamping the micrometers in the ways
themselves would ensure proper alignment. There remained the question of
material and the size of the rods for the ways. Considering cost and requirements,
there was really only one choice—drill rod; a little arithmetic led me to use 5/8"
drill rod and 3/8" balls; this would require .515" ground stock for the fat ways and
a look at a list of ground flat stock showed me that there would be no difficulty in
obtaining this dimension.

The next choice | had to make was which method of viewing the mirror
would I use? (See p. 452, A.T.M. I1l) 1 decided that if | were to make use of the
full accuracy of the test, there was only one choice between two methods—the
eyepiece and diffraction methods. [ chose the eyepiece as the least cumbrous and a

short computation showed me thata 1" Run&dﬂp with a fine wire strelcllaed ACTOSS
its field would give satisfactory results. | also decided that as there was going lo hc a
lot of work and some little expense in making the tester, 1 would give it sufficient
travel to take in the largest mirror that I was ever likely to make; there was no
difficulty about the X-axis as a standard micrometer head wulqllak_r, in a perfectly
Gargantuan mirror—with regard to the Y-axis, I decided on a 1" micrometer head
and measuring standards 1" and 2" long, this would give a total travel of 3" and
sufficient to accommodate a 30" f/4 mirror.

Two further items occurred to me. The first was that if the stages were 1o be
properly centered with regard to each other, the rods to which the micrometer
heads were to be clamped would have to be extended in order to make room for
the heads themselves. The second was the difficulty in aligning the tester with the
axis of the mirror under test; the X-axis has to be measured to a point where a
difference of .0001" in the micrometer reading makes an appreciable difference in
the image of the part of the mirror shown in the eyepiece. Although,
mathematically speaking, the test is quite insensitive to correct alignment because
the measurement is that of the difference between two readings rather than be-
tween the axis and one reading, in practice | thought that the tester would be much
easier to handle if it were correctly aligned and that the readings would be much
more easy to check one against the other if the micrometer settings bore some
relation to each other.

I therefore decided to add a further sub-stage to Schroader’s setup—this
would be connected to the first stage which carries the Y-axis through a couple of
thrust bearings, & shaft and a worm wheel, thus allowing the whole tester to be
swung radially about its center point. In practice this arrangement has worked out
excellently and I have had no reason to modify it at all; the general arrangement is
shown on the following page.

Having decided on my requirements, the next thing was to make drawings
and find out how the various dimensions worked out. The sub-base was planned
for 6" diameter of 3/8" thick aluminum plate, with three feet. The first stage (to
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carry the Y-axis) was planned 9" square and since it had nothing to do except sup-
port the upper two stages and maintain rigidity for the ways, it appeared that 3/8"
thick steel would be sufficient. As the two top stages would have to provide weight
as well as rigidity, they were planned for 3/4" steel—the X-axis being 7" square and
the stage to carry the eyepiece being 6" square. The whole setup weighs some
40ibs. and is admirably smooth in its movement, but as | said earlier, | cut the
thickness of the two upper stages to 44" thick steel for the two other testers that |
have made and found that there was no sacrifice in smoothness of operation.

In ordering the material, the steel was ordered already cut roughly to size as
my workshop is not set up for dealing with large chunks of steel like these. Five
pieces of drill rod were bought and were tested for straightness by placing each end
in a V-block and rotating them against a dial indicator placed in the middle; two of
them gave an indicator reading of .004", one of .003” and two of .002", The .004"
ones were discarded and reserved for other applications, the .002" pieces were
carefully cut to length in the lathe for the longer ways and the 003" pieces cut up
for the shorter ways; in all these operations the chuck jaws were padded with
newspaper in order to avoid making any marks on the steel—as all pieces were 36"
long when bought and first tested for straightness, after they had been cut to
length, they showed no appreciable lack of straightness even though they were
tested with an indicator reading to .0001".

In order to get the . 515" dimension for the Mat ways, two pieces of ground flat
stock were bought, 9/32" and 15/64" thick by 4" wide. Both of these were 18" long
and showed a total deviation from straightness of less than .001"; two 4" lengths
were cut from each of these, care being taken not to mark them by lining the vise
jaws with several thicknesses of newspaper. These were carefully burred, paired
and drilled for the holding screws.

The method of holding the rods in place was considered and clips were
chosen. In order to facilitate aligning the rods, they were mounted on short pieces
of 1/8" x %" ground Mat stock held to the stages by MNat head screws, one screw Lo
each piece. The clips were made from 3/8” x 5/8" cold rolled steel with the hole for
the holding screw drilled at an angle so that the clip could be drawn downwards and
inwards as the screw was tightened—the following shows this arrangement.

The plates were laid out with a height gauge and scribed and were then drilled
and lapped. Everything was put together to see whether any mistakes had been
made; one pair of tapped holes had to be relocated,

5/R" drill rod

=z 1/ x 1/8" % - 32 machine screw
plate flat head

|
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flai head
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The next thing to consider was the method of holding the eyepiece. My first
cault tester was made in such a way that | could never gel my eye 1o the
without running my nose or chin into something, and | decided that this
eyepiece s o : . :
would not happen with this rig. I had a suitable aluminum bracket cast which would
hold the eyepiece 5 above the top of the carriage—as the ways were 5" apart, |
realized that the ways would have to be aligned within .0001" if error at the
iece due to tilt was to be held within .0001". 1 “borrowed" some .0004" shim
paper and took the whal_e assembly into the plar!! where Itspcnl some six I_murs_n[
unpaid overtime in getting thelways pmpcr!_p aligned. This was a very tedious job
put it was found that, with patience, the shim paper and variation of pressure on
the clips gave satisfactory results. The actual method used was to mount the plate
on three toolmakers” jacks and then to adjust the jacks until one of the longer rods
showed no difference end-to-end against an indicator mounted on a height gauge
(reading to .0001"). The second long rod was then shimmed up until the difference
end-to-end was .0004" or less and the pressure on the clips was varied until the
total difference al the four ends of the rods was ,0001" or less; the second shorter
rods (or piece of flat stock) were then aligned against the first pair by the same
methods.

Two B & 5 micrometer heads had been bought, one reading 1o .001" for the
Y-axis and the other reading to .0001" for the X-axis. In the plant | had access to a
sel of precision inspection grade gauge blocks and both heads were checked for
error against these. The X-axis mike showed an error of .0003", this was beyond
tolerance because micrometer heads should show an error of not more than
L0027 1 ook this back and exchanged it for another, measurement of the new ane
showed an error of .0001" which was satisfactory.

Estimated accumulated tolerances at the eyepiece amounted to .0002" and |
allowed another .0001" for errors not accounted for; this would give an accuracy
for the tester of 1/30th wavelength for normal mirrars and 1 decided that this was
good enough (and probably better than my patience in figuring would bear). A
final check of the assembly against a Leitz toolmaker's microscope showed an
error of about .00015" —five readings of the X-axis being made on each of three
readings on the Y-axis mike. | decided thal this was sufficient as | knew nothing
J_lbom possible error in the toolmaker’s mike and 1 did not have the time to check
IL.

~ The tester has now been in operation for about 20 years and has proved very
satisfactory; not the least of the satisfaction has been the fact that I have been able
10 educate my reading of paraboloids by the Foucault test against the absolute
caustic test and now have a fairly good idea of what the various paraboloids look
like under the knife-edge.

Quite shortly after making the tester, | decided that the slit | was using was
not good enough, so 1 made up a new light source fitted with one of the slits
described by Dr. John Strong on p. 144 of A.T.M. Iil. This slit is capable of very
fine adjustment and with it I use a reticle made out of a brass ring which fits over
the end of the eyepiece; across this is streiched a piece of .005" dia. piano wire and
the slit is adjusted so as to show a hairline of light on each side of the wire when
reflected from the mirror under test. When the hairlines of light are equal on each
Side of the wire, the micrometer reading is taken; | have found that a difference of
0001" in the X-axis position unbalances the lines to a very appreciable extent—to
Such an extent, in fact, that it is clearly visible to a person who has not previously
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had any dealings with a caustic tester.

The second caustic tester | made was smaller, with only a 1" travel on the Y-
axis, but no general change was made in the construction; it was made for a friend
who said that he was never likely to tackle anything larger than a 12%" and so did
not need the capacity of the larger tester. The third one was made for the Univer-
sity of the West Indies for the testing of the optics of their 21" Cassegrainian and
has proved very satisfaciory in use; it was made the same size as the first one with
the exception that the two upper stages were made of 2" thick steel instead of
3/4", it proved to work just as smoothly as the first one. |

One last word about caustic testers. Unless you have a means to align the
ways to a very high degree of accuracy, do not begin building one because
misalignment of the ways will result in errors of measurement in the X-axis which

HIGH INTENSITY LIGHT SOURCE
by Arthur 5. Leonard

n order to test Maksutov optics, we use the setup shown
below:

you will not be able to evaluate. A caustic tester must be properly built to begin -~ 3 >~ E D
with and the ways should be checked for alignment periodically. | do mine once - — -~ = ~ /,
every two years unless | have reason to believe that one of them has gotten out of A Rapuiss 7 /—-—-___ B
alignment in which case they are checked and corrected if necessary before the P B o PO . . _—— o i
next optical surface is measured. If you have not got facilities for checking the -_— |

ways properly, it is far better to make voursell an accurate Foucault tester and con- |
tent yourself with that,

There is little doubt that the caustic test is by far the most accurate that is now
available to amateurs (and to professionals for that matter). My estimate is that it
is about ten times as sensitive as the Foucault test and is good, in competent
hands, to better than 1/50th wavelength—maybe even to 1/100th. In the final
critical test of a mirror, it is well to make two or three separate sets of readings, and
it goes without saying that the mirror should be allowed to come to thermal
equilibrium before the testing is begun; it is so sensitive that thermal differences
even in a Pyrex surface under test will throw the readings out to such an extent
that it is difficult to determine the shape of the mirror.

A. Almost any clear glass tungsten filament bulb which has a fairly compact
filament (we use a 6V bulb, G.E. No. 1493).

B. Diaphragm with No. 80 drill hole (or a slit if more light is desired).

C. Condensing lens. (Any old lens will do, but use a fairly long focal length so
that the image of the filament projected onto the steel ball will be small and thus
easy to screen out of the observer’s eye.)

D. Supporting rod.

E. 1/8" diameter steel ball,

F. Small piece of electrical scotch tape to shield the light source from the
observer's eye,

G. Knife-edge.

The 1/8" steel ball was soldered to the end of a small brass rod (about 1/16"
diameter) and supported from above. When used just as it was received, it gave a
motiled illumination over the surface being tested, due to tiny pits in the steel ball
surface. After a little polishing by rubbing the steel ball on a rag with a little rouge,
1t gave a very uniform illumination over the entire surface of the glass.

In order to collimate the light source, remove the diaphragm from the front
of the condensing lens and move the light bulb around until a sharp image of the
filament falls on the steel ball. (Use a reduced voltage for this operation so that the
image of the filament will not be too bright for the eyes.)

We started out using a diaphragm with a 1/8" hole in front of the conde nsing

NS and gradually worked down to the No. 80 drill size as we became accustomed

O using the apparatus. Theoretically this setup should produce an artificial star

0x 10~*inches in dia. With the shop well darkened, there was sufficient light to

Make the test. If more light is desired, a diaphragm with a long narrow slit instead
of the No. 80 drill hole can be used.

It will be noted that in this setup we do not have any ground glass. We are

Ways looking at the bare tungsten filament image (or a small area of a condensing

1
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lens which has the bare filament located at its focal point behind it). No matter how
much light you condense on a piece of ground glass, its surface brightness will
never be anywhere near as high as that of a bare tungsten filament (even when you
make allowance for the space between the turns of the filament). When you need
the highest possible brightness, you should turn the lamp so that you are looking
into the end of the filament coil. The inside is appreciably brighter than the out-
side.

One thing about these optical reduction methods for producing very tiny light
sources which should be pointed out is that all the optical errors in the *reducer*!
as well as those in the surface being tested show up in the test. This means that the
optical elements in the “‘reducer’’ should be of known high quality and should be
collimated perfectly,

Years ago | started oul by using a bare tungsten filament and a microscope
objective to test long focus spherical mirrors and achromatic lenses. | discovered
later that an ordinary plano-convex lens will be entirely adequate in most cases,
However, 1o be sure of not getting into trouble with chromatic aberration, you
should be able to calculate the amount of chromatic aberration produced by a sim-
ple lens and know the tolerance of your test for chromatic aberration.

We first started to use the steel ball idea in a setup similar to that shown
below:
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We wanted a minimum sized obstruction in the lightpath and no heat genera-
tion there which might produce convection currents in the air around it. My first
attempt to meet these specifications employed the setup shown, It worked pretty
well, but it was messy to collimate as accurately as 1 would have liked,

The steel ball takes the place both of the microscope objective and the
diagonal mirror, produces a much smaller obstruction and is easy to collimate to
the desired accuracy (or, [ should say, easier to collimate to the desired accuracy).
Like the simple lens, the steel ball may introduce aberrations into your test. [n the
first place, the ball is a spherical mirror and thus produces a certain amount of
spherical aberration. In the second place, the light, upon being reflected from the
ball, does not retrace its path exactly but is reflected off at an appreciable angle.
Thus there will be tilt aberrations (coma and astigmatism) as well as spherical aber-
ration in the system, Unless you know what you are dealing with, these can cause
trouble. However, in the setup shown below, 1 feel that these aberrations can be

within acceptable tolerances, and the steel ball idea made to work very well.

In using the steel ball in the test of a Mak corrector, however, I felt that we
were stretching the idea—just a little. The reason for this difference is the very fast
f/ratio of the surfaces being tested. This makes all the aberrations very much
jarger (using the given size steel ball, they vary inversely as the 4th power of the
radius of curvature of the surface being tested). Since the Maksutov we were
building was to be used only as a photographic instrument, I felt that the steel ball
would get by. The excellent resulls that we got in the final lest of the assembled
optics seems 1o verify this opinion.

1I-

View in vertical plune

In order to give some idea of the magnitude of the optical errors involved, let
me lake the following example (a typical test setup for one of the 11" Maksutov
designs) and run through the calculations:

With this setup the maximum path difference due to spherical aberration
(assuming the knife-edge to be located at the point of best focus) is calculated 1o
be 2.7 x 10~ *inches.

This should be satisfactory for a photographic instrument, but some people
may consider it to be intolerable for a visual instrument,

Coma (again at the point of best focus) is calculated to be 18.5 x 10~ *inches.

If the steel ball were to be collimated with respect to the concave surface
being tested so that the virtual image of the light source would be located
accurately at the center of curvature of the latter (this would require a beam-split-
ler to get the returning light out to the knife-edge and the observer’s eyel, the
astigmatism would amount to 25.1 x 10~ *inches. However, if the corrector is tilted
a little so that the returning beam comes to a focus 0.18" directly below the virtual
image in the steel ball, the astigmatism from the tilt of the concave spherical sur-
face under test will just cancel that produced by the convex surface of the 1/8" dia.
Steel ball and there will be no astigmatism in the test.

This is the setup we shot for. Even this would not have been satisfactory (too
Much coma) if it were not for the fact that both the coma and any residual astig-
matism (from not having the corrector tilled so as to make the returning light
tome 1o a focus exactly 0.18" below the image in the ball) can be made not to show
Up in the knife-edge test merely by locating the primary light source directly over
the axis of the corrector so that the final focal point is directly below the axis (in



the same vertical plane and making the knife-edge vertical, also in this plane).

Another difficulty which comes up in testing at the center of curvature with
the steel ball is that some of the light from the very intense light source just over
the upper edge of the corrector falls directly into the observer's eye. No matter
how well you locate the little piece of black scotch tape on the back side of the steel
ball, you can still see the light source (mostly diffracted light from the edge of the
little aperture) from the knife-edge. This is annoying, but you can get used to it
and make the test in spite of it. If you were to locate the primary light source higher
above the corrector, for example directly above the steel ball, the coma and astig-
matism would be increased so much that they might give trouble in making the
test.

By going to a smaller steel ball, say 1mm. all the aberrations will be reduced
in direct proportion to the diameter, but you will need to use a larger primary light
source (larger stop in front of the condensing lens). This may send more light into
the observer's eye and make it more difficult for him to see the shadows on the
surface being tested. To sum it up—the steel ball can be made to work, but you
must be careful.

THE HOT-WIRE LIGHT SOURCE
by E. . Onions

M uch perturbed by the apparent necessity for complicated
and often very expensive apparatus for testing Maksutov
elements, [ cast around for something simple and easy and came up with what I call
the hot-wire test which appears to be something new. It consists in essence of an
incandescent wire glowing in air, mounted in front of and very close Lo the knife-
edge.

¥ Herewith a sketch of the essential arrangements, shown without supports
{which can be made as desired):
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Ideal for the incandescent wire would be, I think, No. 40 gauge platinum
wire, but not having any of this | used ordinary 36 gauge resistance wire which has
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a surprisingly long life if care is taken not to have too much tension on it and it is
pot run too hot. Intense light does not seem to be necessary—a fairly bright red
me all I needed to know about the surface being examined. For power |
used a small low voltage filament transformer from an old radio set, with a rheostat
{o control temperature.
I make the resistance element thus:

Just a loop twisted at each end which slips onto the ends of the support wires.
When one burns out, just slip on another—a matter of seconds. The burn-out,
incidentally, is quite safe—it does not go off with a bang like a high-voltage fuse —
just parts company and fades out.

The modus operandi, of course, is obvious. On setting up, a vertical line of
light is seen like an illuminated slit. On drawing back the assembly towards center
of curvature, this expands into a bank or ribbon giving the characteristic Ronchi
appearances. On reaching the center of curvature we get the full-moon effect, and
the Foucault test,

Advantages: Easy to make and set up.

Cost negligible.

Wide-angle light source (couldn't be wider!)

No abberations introduced by optical elements in the setup
(there are none).

On axis testing—k-e and light source can be very close.
Light source shielded from observer's eye by k-e.
Versatility (obvious),

Disadvantages: For long focus mirrors and curves shallower than f/4 there
may not be enough illumination. One disability, which |
suppose is inherent in all k-e testing of wide-angle curves is
the difficulty of getting the eye close enough 1o the k-e—it
has to be very close.
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EXTENDING THE CAUSTIC TEST TO
MIRRORS OTHER THAN PARABOLOIDS
by R. D). Sigler

[ n his article in A.T.M. 1}, 1. H. Schroader gives the equa-
tions for the caustic surface of a paraboloid with a station-
ary source located at the vertex surface of curvature. The equations for the other
conic sections, however, are not given. As ATMs frequently want to make mir-
rors which are not paraboloids, it would appear worthwhile to calculate the caustic
surface associated with a general conic section.

Let us consider a mirror section in the yz plane (see Fig. 1) whose sag along
the principal axis is given by the equation:

y /R
-

1+ [1 {1+ t-uy.-*R}’] "

Here v and z are the coordinates of a point (or a very small zone on the mirror sur-
face) and B and b are the vertex radius of curvature and the conic constant, respec-
tively. An illustration of the conic constant can be found in Chap. 9, **General
Cassegrain Formulas.™

Using calculus, the center of curvature (Y,, Z,) of any point on the mirror

surface is found to be:
| ) e
K ) v [l +y ] =
Y]’: =yt _1_1:3 S ';'1:. = 7 - ‘." 7 : (2)
Y b
performing the indicated differentiation of eq. (1):

ra R—(1l + bz 3) s [-L:.-’_'.-J (4)
y
Substituting eq. (3) and (4) into eq. (2):
11 iR:—b\: R—{1+hb)z
‘l'k = — by /R zk =z + h }._[._1._.. ik | (%)
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Referring to Fig. 1, it is clear that the source (at the vertex center of cur-

) is not located at the center of curvature of a general point on the mirror
surface (y, z). They are coincident only for a sphere. If the angle of incidence (i)
were zero, then a source displaced a small distance from the center of curvature
toward the mirror (Y,,Z,) would have its image displaced an equal distance on the
other side of the center of curvature. Since the vertex radius is very much larger
than the caustic surface associated with a mirror, we would have no great loss of
accuracy if we assume that the angle of incidence is zero. Using this assumption,
the caustic surface is given by:

'I'L. = EYk = ::;_
Z, =22 ~R=22— R+ :'R;”’fi ’Rt““ i L4 NS
Trying out eq. (6) on a lew cases:
Case I:Sphere (b=10) Y. =0 Z, = R Just as expected.
Case 2: Paraboloid (b=~1) Note z = y /2R
| -2)-j.f'lt: Z. =R 4 3_!,-:.-1{

When we consider that y has both positive and negative values, we see that
these results agree with those of 1. H. Schroader in 4. T M. 111,
Case 3: Ritchey-Chretien primary (b = -1.04167)
Y= —2.08334 y'/R*
Z.=R + 31250 y¥/R + 0.032558 y*/R"- 0.0005 y*/R*

MAKING RONCHI GRATINGS
by Ernest T. Thompson

M ake a small wood stand with spindles that are slotted 1o
receive two plates, drilled 4" through the middle. Wood
Screw through the spindles to hold the plates secure. Run off enpugh wire to allow
for l“‘l:_l strands, fasten both to one end of the plates and proceed to wind the two
on, being careful to hold tension and push the two wires together as wound. It is
only necessary to cover the drilled hole. Fasten the end of one wire and unwind the
other wire, being careful not to disturb the seiting.

When the plate is covered satisfactorily with the other wire, fasten it to the
Plates with Duco cement (do this on the faces of each side, top and bottom), keep it
off the edges. When the cement is set, file the wire through at the top and bottom
edges and you have rwo excellent Ronchi gratings.
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T use the finest enamelled wire from an old radio transformer to wind the
grids and with a little practice it is easy, The enamelled wire does not shine and
-dqes not require smoking. The number of grids to the inch can be controlled by the
thickness of the wire. I have had them so fine that I could make a Foucault test
"under™ one wire, seeing the mirror just as through a pinhole.
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together with
Sepich Tape.

/

Two wires held with tension

MORE ON RONCHI GRATINGS
by Henry Steig

y frames are shaped as in the sketch to provide means to

hold them in front of the slit and knife-edge; if you want to
use a screen in a permanent arrangement, the extra metal is not needed, The hole
should be somewhat larger than the space between the knife-edge and the slit, and
probably 2" will do in most cases. | had some 18 gauge brass (.040") and used that,
with the dimensions shown. Rounding off sharp edges facilitates winding.

r/,-! 1/16" drill
T c__0©

[

|_' 21/4" |

The holes can be drilled after the plates have been taped together, The small
holes, whose purpose will soon become apparent, should lie slightly outside the
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ter of the large one.

The problem in winding the wire by hand is to avoid twisting, overlapping
and kinking, and it is not practical to try to wind the wire directly from a spool onto
the frames. You will need enough wire to cover the !4" hole plus about two feet. If
you use 005" wire and the same screen dimensions as mine, you will need 20 feet,
that is a double strand 10 feet long. Start a brad vertically at a corner of your work-
pench, and another 10 feet away. Attach your wire o one of them, then run the
wire around the second brad and back to the first without much tension. Lift the
looped end off the second brad, pass it through one of the little holes in the double
frame and pull it through far enough to permit the frames to be put through it,
then snug the noose up tight. You should now have the frames attached to your
double wire, the strands of which lie nicely side by side, without any twist or
kinks—make certain of this before you start winding. It is also a good idea to try
tearing a doubled piece of wire so that you will know how much tension it will take.
Plain copper wire is too weak; cupron is excellent. Nichrome should also be good;
piano wire is very strong but is difficult to handle and rusts.

Wind the wire on the double frame by turning it in your hands, maintaining
the tension and pushing the turns up close together with your thumbnail as you
advance. Unless you have exceptionally good eyesight, you will need a magnifying
device of some kind. | use a 4x jeweler's loup.

A RIG FOR MEASURING THE CONCAVE
SURFACE OF A MAKSUTOV CORRECTOR
by E. C. Melville

aterials Regired.

1. A metal tube 1/16" thick and sufficiently long for the
concave radius of curvature. This tube or cylinder may be anything between 4" and
244" diameter— preferably the former (I shall use 4" in the following description).
The internal diameter should be known accurately to 001" and the ends must be
:fuared}uffmd parallel to .001" (for machining details see short operation sheet at

2 end),

The bottom end of the cylinder, where it rests on the glass, must be cham-
fered from the outside. The opposite end is threaded 40 vp.i. for 5/8" externally.
fore remaving from the lathe, three equally spaced longitudinal lines are scored

down the internal length of the cylinder with a sharp tool.
% 2. A cap to fit the threaded end of the cylinder is made from a disc of metal
?f 8" thick. This is bored out to a depth of 5/8" and the inside of the bore so formed
18 threaded to screw smoothly on to the top of the cylinder, a hole is drilled and
threaded for a lock screw. A hole 5/8" diameter is drilled through the center and
the cap reversed in the chuck. The outside of the cap is then faced off to a thick-
Ress of 1/8” and a recess machined at its center 1/16" deep and of a suitable



diameter to form a seating for—

3. A reticle with cross hairs defining its center. This reticle is fine ground
over one half of its area to within 1/64” of its center line. This is best done

clamping it between two pieces of soft wood, one of which leaves one of the Cross

hairs just covered. The exposed side is then fine ground, using a small piece of
glass—the ground side should be the side on which the cross lines are engraved,

4. A microscope objective is needed; this may be low power—a numerical
aperture of 0.25 should be suitable. This is fitted into the end of a piece of eyepiece
tubing, 1%" internal diameter or less, and about 5° long. The inside of the tube js
fitted with a bushing to make a tight fit for the microscope objective. These objee-
tives are made for a tube length of 160mm and will, of course, perform best with a
tube of that length, but in practice no fault will be found in definition if the tube is
made shorter, and it has the advantage of increasing the rather short gap between
the end of the objective and the focal point.

5. Some means, as is shown in the drawing, of attaching the tube and objec-
tive to the cylinder cap.

6. A light source,

7. A chemist's retort stand or equivalent with a heavy base and adjustable
clamp.

Method far determining
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' the Test.

mﬁc;:&npe objective forms a small image of the large “‘port-hole”. This

can be very accurately focused on the ground portion of the reticle whic_h

lies just below the objective. After focusing, the ground portion of the reticle is
jved in its cell to allow clear glass for passage of the light and its reflected
from the silvered concave of the corrector, which is returned to a focus on

the nd surface of the reticle, now turned to intercept it. When both images are
in perfect focus at the same setting, the surface of the reticle is at the center of cur-
mr?l’ht corrector is assumed to have been tested for sphericity and to be of the
correct radius within the limits of measurement by spherometer, and 1o have some
polish and a flash coat of silver. Two simple methods for silvering are described

Now, take the reflected ray from the periphery of the cvlinder (which, of
course, is equal to any other ray) and it will be seen that this makes a right triangle
with the side of the cylinder and the internal surface of the machined cap. Of this
triangle we know thal the base is one half of the cylinder diameter; the
hypotenuse, which is the afore-mentioned ray, is the radius of curvature. For this
discussion, we will assume that the figures are 2.000" and 17.094"; so il we
measure the other side of the triangle, i.e., along the inside of the cylinder to the
level of the reticle surface, we should get (if everything is correct) 17.094°— 2%, or
288.204836, of which the square root is 16.977", and this should be the measure-
ment. There is necessarily a slight offset between the image formed by the objec-
tive and its counterpart reflected Mmom the corrector. This need not amount lo
more than 1/32" and the ray-tracing fraternity can, no doubt, provide a correction
for any given radius and offset, if one is needed.

Itis now necessary to describe some means for accurale measurement along
the cylinder wall. To begin with, before placing the cylinder on the glass, it is nec-
€ssary to protect the latter against scratches, Three bits of scoich tape, about 1”
long x 1/8" wide are stretched over the edge of the cylinder at points 120° apart,
Le., over the internal marks scored on the cylinder wall. It is on these that the
cylinder rests and from these that all measurements will be made. A radius bar
with squared ends and 16.000" long is made and inserted into the cylinder, follow-
ing one of the scored lines and abutting on the internal surface of the cylinder cap.
This will come 10 between 1/2" and 3/4” of the chamfered end of the cylinder and
this distance is measured with a micrometer depth gauge which rests on a chord of
the cylinder opening and on two pieces of scotch tape temporarily applied for the
purpose. This gives the measurement to the base of the cylinder, to which must be
added the thickness of the flange on which the reticle rests and the thickness of the
reticle itself, both of which are measured with care and recorded for future use.

ee such measurements around the cylinder when averaged should give a figure
Accurate to a very few thousandths. If a correction for the offset is needed, this can
then be added.

Serting Up.
Calculate what the side measurement should be (in this case—16.977") and
Screw the cylinder cap on enough to make this measurement add up correctly.
ace over the corrector a protective square of plywood or masonite with a hole
bored in the middle amply large enough to pass the cylinder, so that you are sure



that it is actually in contact with the glass and not canted in any degree. The correc-
tor had hmhephcudnnlubl:nndunderthsmnmsidﬂmbe placed three
wedges or adjusting screws for levelling. Now bring up the chemist’s stand with the

light source clamped in position and center the light source over the end of the

microscope tube and nearly in contact with it. Turn on the light and, with the

of a powerful magnifier (an eyepiece attached to the end of a short holder will du},.

examine the image formed on the ground glass. Move the objective in its

until the aperture is in focus, When this is the case, a diffraction ring will appear

around the image, much more perfect than any that one gets with a telescope. MNow
switch the reticle around in its cell (a small knob attached to the reticle by cement
or otherwise will facilitate this) so as to permit clear glass for the outgoing light and

ground glass 1o intercept the returning image. If everything is correct, both of

them will be in good focus; if not, screw the cap one way or the other and repeat
the focusing of both images until they are equally well focused. Lock the cap with
the set screw and measure the internal length again having, of course, removed the
lamp and all overhanging equipment from above the glass. As a guide, and until
the very final measurement, it is sufficient to note how many tums, and what frac-
tion of a turn, of the cap brings about a good focus; this can then be estimated in
units of 1/40" per turn.

A correction to your spherometer reading may be derived from this initial
measurement which should enable vou to hit the bullseye on the following grind.
A point to note is there should be the very minimum of offset between the outgo-
ing and reflected images and that these should be equidistant from the center of
the reticle and along one diameter, This will involve some “‘fiddling" with the
adjustments, but the trick will easily be learned.

Having achieved an accurate measurement of the concave, that of the con-
vex may be deduced by careful micrometer measurements of the center and edge
thickness. If it is certainly spherical as tested with the mercury bath (see succeed-
ing article) and the concave is also spherical and of the correct radius, the
thicknesses will tell the story.

Sitvering.

1. On page 173 of A.T'M. [ edition of 1933 (I don't think this appears in
recent editions) is the following emergency technique:

Put Vs oz. silver nitrate in 3/4 glass distilled water. Add ammonia until pre-
cipitate disappears entirely. Dilute one teaspoonful of formaldehyde with % glass
of distilled water. Mix and pour on the glass,

I must confess that I have never had a good coat with formaldehyde, but here
a good coat is not necessary. A very little silver goes a very long way in increasing
reflectivity,

2. In Sidgwick, Amateur Astronomer's Handbook, page 128, the Rochelle salt
process is described. This allows making two solutions which can be kept for some
time. Itis slow acting, but here again it is not necessary to have a thick coat if one is
impatient,

1. Silver nitrate—5 grams.
Distilled water— 300cc,

2. Rochelle salt (Pot.-sodium Tartrate) —
0.8 grams
Distilled water— 1 0ce.

3. Silver nitrate—1 gram
Distilled water—500cc. L i
gmmonia to No. 1 until the precipitate nearly re-dissolves. ilter if nec-
Mg“ No. 3 (in a porcelain or pyrex dish) and add No. 2 to the boiling solu-

fion. Continue boiling until a grey precipitate is thrown down. Filter and dilute to

Mi antities of 1 and 2-3 and pour on mirror. .
F&:;ﬁﬂm the glass, of course, should be chemically c]:nnt. For this
cleaning with detergent followed with nitric acid should be sufficient. The

jdh‘ acid is rubbed on the glass by means of a glass rod covered with a *‘police-

nitric ; .

" o of rubber tubing slipped half way on the end of the rod and
::mt{;ﬁ‘:d:x::tblllnd over), l:ul:l'-ff.'nau:lH with a thick wad of cotton tied on. Tap water,
even if chlorinated, can be used throughout cleaning but must be fullomd with a
rinse of distilled water. If the corrector is perforntedl. fill thq ditch with parafTin wax
(rouge and pitch will cause failure in silvering, as will allowing the glass to dry after
cleaning). Keep covered all the time with distilled water.

Operation Sheet for Machining the Cylinder. 1

Turn two tight wooden plugs for the ends of the cylinder. Rough cut the
length to 1/8" overlength with a hacksaw and ram in the plugs. Chuck one end of
the tube lightly and indicate concentric. Support the free end of the tube with the
center rest (if you have no center rest for your lathe or if your center rest has l}ut
got sufficient capacity, an adequate center rest can be made out of plywood with
three screws Lo take the place of the center rest dogs); indicate the free end con-
centric and take a light cut to square ofT the end of the tube. Reverse the tube and
chuck lightly on the finished end. Indicate both ends concentric as before. Finish
off the other end 1o size and chamfer the end, leaving a land of approximately
005", do not attempt to make this end completely sharp because you will spoil the
length of the measurement. Add the .005" land to the measurements,

TEST RIG FOR MAKSUTOV CORRECTOR
CONVEX
by E. C. Melville

esting the convex surface of a Maksutov corrector can be a

real problem. It can, of course, be done against a concave

Master, but this involves the extra work and expense of making the master and
Would hardly be worthwhile unless a number of identical Maksutovs were to be
“ade. Another alternative is to figure the convex surface by autocollimation after
Primary and the concave surface of the corrector have been finished, but | have
always preferred to finish all my surfaces to the best of my ablility and then to test
#locollimation only for the final touches. The following setup enables me to
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test the convex without reference to the other surfaces; it is a combination of the
King test (A.T.M. II) and the vertical mercury test.

A tube (metal, fiberglass or other material) is cut to appropriate 1ﬂ'lltll,
depending on your testing apparatus, and the bottom fitted with a suitable gasket
to fit or be clamped around the edge of the corrector plate so that it won't leak.
This is filled with a fluid of the same refractive index as the glass and the whole is
then placed on mercury, to give a reflective surface to the convex, and the tester ig
placed across the top of the tube.

This arrangement seems to have some advantages. True, it does not huln
measurement of the convex radius, but it gives a very clear picture of its figure, If
anything drops in the tank, it will have to fall through the fluid before it **crashes™
onto the glass. The end of the tube makes a ready-made support for the tester, and
the concave need not be finished in any way as the glass will be “*eliminated" by
the fluid. 3

The plan of the apparatus is as follows:

—K-E microscope objective

beam-splitter ___ ""lf ~ - diaphragm with large hole (maybe 3/16%)
g SR

fooA

/ \ thin metal plite
tube __ | ! \

/ \
/ Y
/ \
gasket —_

three wooden pligs
e 7T, |  incorporated in the
plaster mold plaster for mirtor

o rest on

mercury ——

As the internal parts will be in almost complete darkness, testing can be done
by day. The whole thing can be placed on a stand of sufficient height to enable the
worker to sit on a chair. By cutting down the air path as much as possible, the errof
should be very small. Length of the tube will have to be calculated as it will differ
appreciably from the air path.

It will probably not be possible to find & liquid with the exact index desirable,
and with other characteristics to make it usable. I suggest tetrachloroethylene (or,
more simply, perchloroethylene), which has an index of 1.50547, a boiling point of
some 120°C., (note this) and is NOT flammable; the vapors are slightly toxic in
concentration, although nothing like those of carbon tet. The vapors (and the
liquid) are very heavy—vapors tend to settle to the floor. It does not evaporale
excessively from an open vessel at room temperature. It is usually water white.

Concerning the sketch, of course there has to be a top to the liquid and there
will be some refraction occurring there. The mathematics of the situation can be
worked out using the thickness (or depth) of the liquid, its index, the air path, etc-
and possibly allowing for the thickness of the glass and its index.
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With regard to the tube to hold the liquid and the gasket situation, there are
i on the market polyethylene plastic bowls or dishes, round, some of them

as large as dishpans. Get a suitable bowl, cut the bottom out and press the
Jens blank into the remaining rim until it makes a tight fit, thus sealing all around
the lens; pour in the tetra., set the rig on the floor and set the test rig up above.
(The point about the King test is that the air path is short, and consequently refrac-
tion is small, but a trig. trace would be in order to find out how much refraction is
1o be expected.)
With regard to the statement that the concave need not be finished as the
will be “‘eliminated” by the fluid—such will be the case only when the indices
match exactly, however, since in the natural course of events there must be a
difference, the concave should be finished as well as possible, even right up to the
final polish.
There is a statement in A. .M. Il by Ferson that trichloroethylene seems 1o
etch glass. I have found that tetrachloroethylene is not so “*acidic’” and does not
etch glass, BUT I think that because it removes pitch, wax, etc, from minute sleeks
and scratches, they become visible after cleaning where they were invisible before.

b |

WEDGE TESTING OF MAKSUTOV CONVEXES
by A. S. Leonard

I n testing the convex surface of a Maksutov corrector, it is
possible to test it as a concave through the polished con-
cave surface. To do so, however, it is necessary to separate the images of the con-
Cave-convex surface and the concave surface. To do this, “wedge" is deliberately
introduced between the convex and concave surfaces.
1'have gone into the amount of wedge required for testing the convex surface
in this manner, and here are my results:
Let D = diameter of the corrector
t = thickness of the corrector
At = the differential thickness of the corrector
{max.) —the amount of wedge
n = index of refraction of the glass
L, = distance from the concave surface lo the image
plane (if the pinhole and image distances are the
same, it will be equal 1o R,)
S = lateral separation, in inches, of the two images
of the pinhole (from the two spherical surfaces)
L - = Ll + : (1)
n
InlLAt
(4]

§ = (2)
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Now for the Airy diffraction pattern:
let d = diameter of the diffraction pattern from the convex surface
(in order to be specific, we will take the diameter of the first dark
ring).
A = wavelength of the light being used in the test d = 2.44A%
Combining equations (2) and (3), we get the ratio of the lateral separation to
the diameter of the diffraction pattern: ]

-] nht

D 132 .

You can see from equation (4) that the ratio of the separation of the two
images to the diameter of the diffraction pattern from the convex surface is
directly proportional to the amount of wedge, in inches, and is independent both of
the radius of curvature and of the diameter of the surface being tested. For 0.006™
of wedge and BSC-2 glass, this ratio turns out to be:

S 152 x 0.006
= = 342
D 122x218x10-¢

Although this is much greater than would be required just to get a
separation of the light from the two surfaces, | would recommend making it thi
large in order to give yourself as much leeway as possible in hitting the desired
radius of curvature on the concave surface. The greater the amount of wedge, the
greater will be the working tolerance on the difference in radii of curvature of the
two surfaces,

On the matter of getting the wedge out of the corrector after the convex surs
face has been figured, this is something that will have to be done no matter how
vou test the surfaces because the blanks will have a lot more than 0.006" wedge i
them when you get them, When using this method, you merely split the job o
removing the wedge into two parts, you finish the second part when you have
polished and Nigured the convex surface. The wotal amount of work is not incM
appreciably (unless you have received a blank which by rare chance happened o
have been cast nearly uniform in thickness all the way round). [

Removing the wedge is rather a simple operation. While grinding, you
merely apply pressure near the edge of the corrector where it is thickest, and check
its edge thickness with a micrometer caliper every few wets until it is uniform all
the way round and within the tolerance you have set. After the thickness is
uniform, a few wets with light pressure in the center of the glass should bring the
surface 1o a good spherical curve.

If you are NOT going to use this test method, my recommendation is that
vou get rid of whatever wedge is present in the blank as early in the grinding opera-
tions as possible, and then go after the radius of curvature. Then maintain these
conditions by frequent checking with the micrometer and spherometer as you
grind the blank down to the specified thickness.

If, on the other hand, you are going to use my test method, you would start
out about the same, except that instead of trying to eliminate the wedge completely
right at the start, you stop working on the wedge as soon as you have it down (0
J006" 1o 008", As soon as you have reached that point, go to work on the radius,
shooting 10 make R, equal to R, = t (t is whatever the thickness happens 1o be at
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.ﬁl”}‘ When you have Fw:hed this condition, polish both surfaces and make
your ests. This procedure will leave you with the maximum amount of extra thick-
ness with which to finish the job after you have polished and figured the convex

ace.
After the convex surface is finished, start grinding again and remove the
ing wedge first, then proceed as per recommendations. This procedure will
ot increase the total time spent in grinding very much over that required by any
other test method and will pay dividends in convenience in testing because the test
apparatus can be set up in the horizontal position usually used.

A BEAM-SPLITTER FOR VIEWING THE WHOLE
SURFACE OF A MAKSUTOV CORRECTOR

by Paul Charles

wing to the very short radii of curvature used in Maksutov
correctors, itis very difficult to get a view of the whole sur-

face. After trying all kinds of test equipment to see the corrector lens as it should
be seen, | have come up with the following:

I took two 1" prisms and cemented them into a 1" cube,

Next, at all corners with Duco cement, [ cemented a piece of grating with 100

lines 1o the inch.
H HI

- For the light-source I used a Zirconium A2 bulb and placed it in an aluminum
Ube 10 act as a holder and keep out side light.

C HNF———

(ﬂ—- LIPS black paint— | ” 8

I'.
N
Then I placed the tube right side up against the cube and painted t
he top, bot-
'0m and left side black. = S

= [rating

—_—
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Looking down on the setup from the top, it looks like this: sensitive reading although it requires a little more darkness (but not total by any

it o .u far as cementing the prisms together, Canada Balsam is O.K. | used what

yower sapply is called ‘“‘Liquid Cloth™; you can buy it almost anywhere, it is very much like

I 1 Duco only 100 times stronger; | use it for cementing my diagonals. Of course,
..-‘"" peam-splitter prisms can be bought already made up. For a 6" Mak a half-inch

b is all that is necessary—for an 11" Mak a 1" prism is necessary and this, of
"'=--.____ i course, will do for a 6", | might add, the filament in Onion's light source should be

as close to the prism as possible.

Your eye must be very close to the grating. If your lashes are very long, you
might try your wife’s eyelash curler so you won't be bothered with unwanted lines.

Believe me, it is a beautiful sight to see the whole of the lens and then some.
Before this arrangement, I thought that 1 had good spherical curves with knife-
edge check, but this is what | had:

A NULL TEST FOR CASSEGRAIN SECONDARIES
by Arthur S. Leonard

bad paraboloidal curves on

Mote:
both Ry and Ry Tast Setup Plakos s Socited i
center of curvamre of
Optical —— CODCAVE Apherical mirfme concave spherical back
i == surface red filter
After refiguring with the beam-splitter setup, | had:
convex | AR O
hyperbalic - - wmall disgonal
surface being of prism pinhale lamp
figured knife- v .rl‘--“"' ﬁ‘-'l'lld-enldn;_ lenses
ed.pc '||+,u Of an e¥epece

Ve observer’s eye

nice straight lines, both R, and R;—you can see R, equally aswellasR,.

Nomenclature,
m = magnification ratio of secondary.
n = iﬁx of refraction of the glass for the color of light used in
the test.
= smaller of the two focal lengths of the secondary.
= larger of the two focal lengths of the secondary.
= radius of curvature of convex hyperboloidal front surface of
the secondary.
Rs = radius of curvature of concave spherical back surface of the
secondary.
d = distance from the surface of the secondary to secondary
focus of the telescope.

oo T
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After completing the corrector | did some experimenting. | found _lh:t almost
any kind of light source would work, but that Onion’s bot wire source givesa




Working Formulas.

me 2 (1) R= — . (2
q=pP
m
= 4 : - | — .
u {m (m=1)? ) (3)

v=[(6n" —n—4) (4)

(2 = n—=1)

w={l2n*—da—-T) - 5
Y (3)
v+vl — uw
Y = - — (6} R = RY (7
u 5
Calculations.

To obtain R,, first calculate u, v and w, assuming the second term on the
right-hand side of equation (5) to be zero. Then calculate Y by Eq. (6). Next, using
this value of Y, recalculate w by Eq. (5). Repeat process until no further change in
the value of Y is obtained. Finally, calculate R, by Eq. (7). Thickness of the glass
is relatively unimportant.

Test Procedure.

Before performing the test, collimate the setup by adjusting the pinhole of
the mirror to bring the pinhole into coincidence with the center of curvature of the
concave spherical back surface. Because the test is made from the back side of the
surface being figured, areas which are high, and therefore need to be poli
down, appear to be low. Note: The small diagonal mirror introduces a reversal, and
the condensing lenses an inversion of the observer's view of the mirror.

Finished Mirror.

The optical axis of the secondary is accurately defined by the center of cur-
vature of the concave spherical back surface, and its image point formed by reflec-
tion from the back side of the silver coat on the convex hyperboloidal front sur=
face.

TESTING CONVEX SURFACES
by Enrique Gaviola.

his paper was first printed in November 1939 in the fournal
of the Optical Society af America, Vol. 29, It is reproduced by
kind permission of the Editor of the Journal. - Ed.

An arrangement for testing Cassegrain mirrors is described which does not

the use of large mirrors as auxiliaries. It consists in placing a convergent
|ens in front of the mirror so as to form a real image of the illuminating pinhole and
measuring the resulting aberration. The aberration of the lens is numerically elimi-
nated after an independent measurement with the help of a small plane mirro
placed at an appropriate distance. The longitudinal aberration of the Cassegrain
alone can also be directly obtained by displacing the small mirror. The method per-
mits high precision. It can also be applied to any convex surface.

The problem of testing accurately a Cassegrain reflecting telescope mirror up
to now has been a difficult one. The autocollimation method of Ritchie requires
the use of the main parabolic mirror of the telescope, of a master flat of at least the
same size and of a spherical mirror of at least as large a diameter to test the fat.
The central part and peripheral zone of the Cassegrain—needed for having a finite
field—cannot be seen or tested. One has to use light that has suffered five—if the
parabolic mirror is not perforated—seven, reflections, so reducing the accuracy of
the test. It is thus practically impossible to test the Cassegrain with precision (equal
to or higher than the parabolic) as would be desirable.

Hindle eliminates several of these drawbacks by using, instead of the flat plus
parabolic combination, a spherical mirror of a size about the same as the parabolic
and of about half its radius of curvature. The unseen zone in the center is now
reduced to a minimum and the rest is visible to the very edge. As the spherical mir-
Tor can easily be tested and therefore made with great accuracy, the survey of the
Cassegrain can be made nearly as accurate. The difficulty involved in the use of
Hindle’s method is the need of a large spherical mirror that generally has 1o be
made specially for the purpose. For large telescopes this procedure becomes
prohibitive,

Most observatories possessing telescopes with Cassegrains do not have large
plane or spherical mirrors and have no optical shops that could build them. The
Tesource of testing the Cassegrain from the back through the glass is unsatisfactory
a5 there is no way of controlling independently the errors introduced by
irregularities in the glass. The test of the Cassegrain in the telescope with starlight
©an never be as accurate as there is no possible temperature control. Besides, the
Center and peripheral zone cannot be seen from the axis. The use of a spherical or

ic concave mirror to produce interference fringes upon superposition,
Offers large practical difficulties, Its accuracy cannot be carried very far.

_ In 1936, while at La Plata Observatory, | was confronted with the problem of
oy and correcting the Cassegrain mirror of its 82cm reflector. It was apparent
e lhldmonlrmsmading half a wavelength. As we had no plane mirror of that

and no possibility of making either a flat or a Hindle spherical mirror of 82cm

L‘“*ﬂtﬂ it became necessary to find a new simple method for testing the

Brain using only the available equipment. After some experiments, a
Bclory method was devised.




ke, 1! TSRS I IR Y Ny T SR T N S R g T Ty [ SR SR |

ru.edge, lens and screen untouched, and place a small plane mirror M at a
Sctance F, from the lens (Fig 1b) in such a way that, the slit and knife-edge being
310, the image of the slit formed by the central zone of the screen falls again on 0.

M in this position, we measure the longitudinal aberrations of the lens y
for each pair of zones. If the Cassegrain were spherical we would obtain the same
values as before. Asit is not, we find that the differences y - y' are not zero. These

erences measure the longitudinal aberrations of the Cassegrain alone. In order
1o calculate its curve of shape we have to compare them with the theoretical aber-

If the convex surface of the Cassegrain could be observed from behind
without the disturbing influence of the glass, it would appear as what the mirror

call an over-corrected paraboloid.
The longitudinal aberrations of the theoretical surface—a hyperboloid of
radius R and eccentricity e—would be given by:

Zy=e'r/IR (1)
where r is the mean radius of each screen zone projected on the Cassegrain. The
radius of curvature R of the central zone is found by measuring the distance be-
tween the surface of the small plane mirror M and the convex face of the
Cassegrain.

In order 1o compare y - ¥' with Z, we have lo bring both to the same side of
the lens. This is easily done if we remember that:

A Fy= —(F/F)’AF, (2)

If we call Z,, the measured aberration of the Cassegrain transported to the
other side of the lens, we have then:

=2 = (F/F)y'-y) (3)

These are the values to be compared with the theoretical aberration (1),

If we want to obtain the curve of shape of the mirror, we use the well known
formula:

Principle af the Method,
The new method is based on the following considerations;
In order to test an optical surface, we need an arrangement that will form an
image of some kind. If the image is very good, the study of it is generally sufficie
to tell about the quality of the optical surface or system. This is the qualitative r
or autocollimation method. If the image is not so good, we subdivide it into a num.
ber of good images by decomposing the main optical surface into sufficiently smaj
paris or zones. One can always calculate the aberrations of the system or the curve
of shape of the surface by measuring the relative positions of the partial images.
observing one after another. This method is quantitative and—if properiy
applied—more exact than the other one.
If the image is not formed by the optical system to be tested alone but w
the help of an auxiliary optical system, it is necessary to have an independent
for the auxiliary optical system.
To make a convex reflecting surface form an image of some kind ¢
“artificial star"' or slit one can, among other things, put a convergent lens in
of it. The lens has to have a focal distance smaller than the radius of curvature of
the convex surface. lts diameter has o be only slightly larger, These are two neces:
sary conditions, The lens may be simple or compound. It may have any amount of
errors. [ts chromatic aberration is eliminated by using monochromatic light. =
The independent test of the auxiliary system is accomplished by removing
the Cassegrain and placing a small plane mirror at an appropriate distance. One
this is done, the aberrations of the lens are numerically excluded.
Description of the Method,
Let C be the Cassegrain mirror to be tested, L the auxiliary lens and 5 a 20
screen put between the two (Fig. la)
Using a Foucault knife-edge apparatus in which parallax has been elimin
(E. Gaviola, J.O.S.A, 26, 166, 1936) so that knife-edge and slit are always ally
coincident and applying monochromatic light to the slit, we determine the positiol
of the image 0 formed by the central zone of the screen along the optical axis 0= 0%

—Zy= ZzrdR 2 (4)
where h is the increment in height across a zone of width d and mean radius r.
If for Z we use the measured values Z,, we obtain the curve of shape refer-
red to the sphere. If we put Z = Z_— Z, we obtain the resultant curve of shape
referred to a theoretical hyperboloid. One can change the radius of curvature of the
hyperboloid of reference simply by adding a constant, but otherwise arbitrary,
amounito Z,,,.
Discussion and Refinements.
While applying formulas (2) or (3) one has to remember that F, is constant
all zones of the screen; but not so F;, which varies from zone to zone. If the
L is corrected for spherical aberration for the monochromatic light used and
the image distance F,, the F,and the conversion factor (F,/F,)? are constant.
“h?r*i!t they are not and one has to set for F, the value corresponding to each
Particular zone. When the spherical aberration is not too large, a mean value can be
Used for F,,
For high precision measurements a further point has to be considered. If the
€0nvex mirror C is not spherical, the light beam reflected by it and passing a cer-
hole in the screen does not go exactly through the same part of the lens
N the plane mirror M is used for that particular zone. If, furthermore, the lens
secondary zones, a small deviation of the light beam could affect the
Accuracy of the determined longitudinal aberrations y of the auxiliary system

G |

Taking 0 as the null point of the scale, we measure the distances y' of the mes
positions of the images—centers of least confusion—formed by every pair of zones
of the screen. These values ¥ will be called the longitudinal aberrations of the
optical system lens plus Cassegrain. We now remove the Cassegrain, leavif
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because the factor (F,/F,)" could not be considered constant even for the
neighbourhood of a single zone. This may be the case if the glass of the lens is of
very poor quality. But even in this case the method can be applied with any J
accuracy. All that is necessary is to measure directly the aberrations Z of the
Cassegrain by displacing the small plane mirror M with a micrometer screw paralle]
to the optical axis of the system. 3
An Alternative Method of Measuring. l
Once we have determined the values y' of the longitudinal aberration of the
Cassegrain plus lens system for each zone of the screen as described above, we
remove the Cassegrain without changing the relative positions of lens, screen and
knife-edge and place the small plane mirror M on a table that can be moved
to the optical axis by means of a micrometer screw and divided drum. Ml‘aa:iu..‘
ing the mirror M properly, we measure its axial displacements necessary to
reproduce the readings y' on the knife-edge side of the lens for each zone pair of
the screen. These displacements, counted from the position corresponding to
central zone, measure directly the longitudinal aberration 7, of the
No correction or calculation is now necessary. The light now traverses exactly
same part of the lens in the two cases. The lens may therefore be as bad as the
worst without affecting the accuracy of the measurement. It is nol necessary
know the values of F, and F,. The radius of curvature of the central zone of the
Cassegrain is found as before. The displacements Z_, of the mirror M can now h{
directly compared with the theoretical values Z, given by Eq. (1). The integration
is done as before.
The Main Source of Errors,
While applying this method to the Cassegrain of the La Plata reflector, 'll"ltll,r
the crown part of an old lens and a small spherical mirror of short radius of cur-
vature as auxiliary system, it was soon apparent that the main source of errors lies
in the difficulty of measuring y' or y with sufficient accuracy when Ay/Ar has
values above a certain limit. This difficulty is not confined to the method htﬂl'l‘
described, It is encountered also when testing a parabolic mirror of large relative
aperture at the so-called “‘center of curvature,"” and in general whenever the
longitudinal aberration of the optical system changes rapidly with the radius of the
circular zone. This difficulty consists in the following. While cutting the light of &
symmetrical pair of zones near the periphery with the knife-edge in the usual way,
it is observed that a photometric comparison of the reduction in intensities of the
two opposite parts of the zone becomes impossible. The zones are not obscured
uniformly by the knife-edge even if they are chosen very narrow. Shadows enter
the zones, one coming from the center and the other from the edge, and move
across at different speeds as the knife-edge is made to cut more and more light. It
becomes impossible to determine the correct longitudinal position of the knife-
edge with sufficient accuracy.
This difficulty was pointed out—without a solution for it being given—3T
years ago in a paper’ constituting a great contribution to the theory of testing mir-
rors but seldom mentioned in the literature. This paper was brought to my atten-
tion after we had analyzed and solved the problem in a general way. The solution
was given in a subsequent paper’ (now known as the caustic test—Ed.). It consists
in measuring not at the so-called “‘cenier of curvature,” that is at the zone of inter-
section of pairs of symmetrical light beams upon the optical axis (zone called the
center of least confusion), but at the real center of curvature of each single zone,

that is, at the caustic of the optical system. The new method of measurement can
pe applied generally and permits attainment of the highest precision.

Conclusion.

Combining the arrangement described in this paper with the general method
of surveying optical surfaces explained in the article referred 1o it is possible to
measure & Cassegrain mirror with errors of less than a hundredth of a wavelength
of light per zone. This is the precision required for the Cassegrains of large
ielescopes.

The method can be applied to any convex surface. It permits the control of
spherical as well as aspherical surfaces independently of the aberrations introduced
by glass of which the lens is made.

Details of the testing and refiguring of the La Plata 82cm reflector are pub-
lished elsewhere. The corrected Cassegrain has been in use since 1937.

1. F.L.O. Wadsworth, Popular Astronomy 10, 337 (1902).
2. *On the Errors of Testing and a New Method for Surveying Optical Surfaces and
Systems,” Ricardo Platzek and E. Gaviola, J.0.5.4. 29, 484 (1939),

TOLERANCES INVOLVED WHEN TESTING
by Diane Lucas

his is a discussion of the tolerances involved when testing
optics at focus or at center of curvature.
Lord Rayleigh has stated that an optical system will be very good if all the
light arrives at the selected focus with at maximum % path difference of 1/4
wavelength. The question of whether this is an adequate tolerance can and has
been argued, but 1/4 wavelength is the criterion in this discussion. More stringent
lolerances can be scaled down from the results obtained for 1/4 wavelength.
Our eyes are most sensitive to light of a wavelength of 5600 angstroms under
Rormal daylight illumination. This drops to 5000 angstroms at night with a dark
adapted eye, so this wavelength will be used in these calculations since it results in
A slightly smaller tolerance which will be equally effective at longer wavelengths.
SI:IE:.E one inch is 4 x 10* angstroms, 1/4 of 5000 angstroms amounts to only 5 x 10

_First let us examine the focus of a perfect optical system, Here, light from a
Star is bent to form a spherical wave front which converges to a point focus.

focus
/
—_— -
—_—

\ wavefrant
perfect optics
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In the more usual case of non-perfect optics, the light passing through the
optical system does not form a spherical wave front. Light passing through the
edge of the aperture will converge to an edge focal point F, in the diagram below,
light through the center to a focal point F,and light through the intermediate zones
of the aperture between the edge and the center to intermediate focal poinis F_, h'
the case illustrated, the best focus is to be found at a point F,, that is hall wiy be-
tween F and F,. At this point, in order to meet the Rayleigh criterion, light is
required to meet with a phase difference not exceeding 1/4 wavelength.

non-sphérical wave front

LA

Focusing at F, or F, would result in a greater phase difference and lessen
image quality. In this figure and the others (o be given, the aberrations are greatly
exaggerated in order 1o be easily apparent. This results in the drawings :
distorted in some cases,

When we test at the focus, it is quite simple to measure the distance F to Fy
with a knife-edge setup. This distance is referred to as the longitudinal spherical
gberration, Conrady has given us an equation for the permissible LA or
longitudinal aberration for the 1/4 wavelength limit. In a slightly altered form, this
is:

41 F
1’.2

permissible LA =

where A is the wavelength of interest, 5000 angstroms or 20 x 10" inches, [ is the
focal length of the objective and y is the radius.

In order to use this equation to find out what the tolerance is when testing at
the center of curvature, several other ways of measuring spherical aberration must
be considered. We will draw the diagram again showing a wave front AP which
converges to various foci falling between F,and F,. If we consider the wave front
coincident with the objective, AF, will be equal to f, the focal length, and AP will
be equal to ¥, the semi-aperture. PF.is the real path of light from the edge zone,

S R

while PF.is the ideal path, or the one the light would follow if there were no spheri-
cal aberration present. The ideal path corresponds to the ideal wave front AP'. BF,

be regarded as the first of our new forms of spherical aberration. This is
known as Lhe transverse aberration, TA, and from similar triangles is found to be

1o LA y/f.

“ﬂmﬂﬂr measure is angular spherical aberration, AA, shown as the angle
BPF, in the figure. Since TA is a very small quantity compared to f, tan AA is equal
to TA/f. And, since AA is a very small angle, tan AA equals AA in radians.
Therefore AA = TA/f = LAy/f*, and for our 1/4 wavelength limit:

permissible AA = dp/y

AA may also be considered on the wave front as the deviation of the ideal
from the real wave front (see angle P'DP on the figure); it can be used to find the
longitudinal aberration at the center of curvature.

To simplify matters a little, let us first consider testing when the pinhole and
knife-edge move together. The requisite knife-edge travel for a parabolic mirror is
y/2R, where y is the radius of the mirror aperture and R is the radius of curvature.
Qur permissible error of AA, equal to 447y in the wavefront, will be caused by an
error of half this amount on the mirror surface; that is, a dent in the mirror of only
1/8 wavelength deep will cause a dent in the wave front 1/4 wavelength deep. In
the figure below, the perfect parabolic mirror and the real mirror with its permitted
aberration of '2AA is shown. A is the point where the center of curvature of the
central zone is located, and B is a point at a distance of y*/2R from A where the
edge zone should have its center located. In this figure the mirror is under-cor-
rected because it is not fully parabolized.

WAA

L

le
-

_‘Wnrking backwards from the 2AA deviation on the mirror's surface, the
Permissible aberration in the position of B (length BC in the figure) for the 1/4
Wavelength limit is found.

Permissible BC = 2 x permissible LA at focus = 8Af2/y".

‘l}*hen testing with the pinhold stationary, this tolerance is doubled along with
the knife-edge travel, and this is equal to 4 x LA at focus, or 16AF%/ yi.

_ These tolerances on longitudinal aberration vary only with the f/ratio of the
;‘?Hf““ and several values for 5000 angstroms light are listed in the following
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at center of curvature

f/ratio at focus pinhole moving  pinhole statio
4 005 010 020
6 012 023 046
8 020 041 {082
10 032 064 128
12 046 092 184
15 072 144 .288

When a test at the focus usm; autocollimated light is used, light passe
through the system twice and errors in the wavefront are doubled. Testing at the
focus is more definite in the respect that you are working for a *‘null'’ test where
an even knife-edge cutofT or straight Ronchi bands occur,

There is another way of arriving at the result found above for testing at tt
center of curvature. A spherical mirror and parabolic mirror tangent at their cen-
ters of curvature with the radius R of the sphere equal to twice the focal length f
the parabola are separated at their edges by a distance E, equal to y*/8R".

parabola—_ / —
o ilions €,
E, sphers -+—— parabols
P\

If we change the sphere’s radius R by y*/4R?, which is a very small amou
compared with R, the parabola will meet the sphere al cenier and edge and the
maximum separation will be E; = 1/4E, = y*/32R’. Removal of this thickness ¢
glass from a spherical mirror will result in a paraboloidal mirror. Although this is
not exactly the way we remove the glass in parabolizing, E,can be used to find the
tolerance needed. A change of E;on the mirror will cause a change of 2E; on the
wavefront, while causing knife-edge travel of ¥'/2R or y'/R, depending
whether the pinhole is stationary or moves with the knife-edge.

By setting up the proper ratio, the tolerance in wavefront error in terms
knife-edge movement is found,

Permissible LA at C-of-C

- Jolerance on wavefront
knife-edge movement

change in wavefront in parabolizi
[-IE;}
For a stationary pinhole and 1/4 wavelength tolerance, this is found 1o be:
permissible LA at C-of-C = 16Af%/y!
which is identical (o the result above.

These equations can also be used to determine when there is no need 10
parabolize a spherical mirror. The minimum focal length for any tolerance ;
diameter can be found. Set E, equal to the tolerance, plug in your value of diameter
D and solve for minimum f. For a tolerance of 1/4 wavelength of 5000 angstroms
light let 2E,= 1/4x. Then

y'/16R" = 1/4(20 x 10*)
and since D = 2y and R = 2,
[ = 97.6D*

L. Ll

" For several diameters of mirrors, the minimum focal lengths found from this

equation are given in the following table:
Diameter (inches) Minimum [ (inches)
4 29
b 50
K T4
10 99
12 128

These results and tolerances make it seem fairly easy to produce an optical
that will meet Rayleigh's 1/4 wavelength limit, especially if we select a

jonger focal length which results in a larger tolerance. Since the tolerance of 1/4
wavelength is required to cover the optical path differences due to all the aberra-
tions of the system, and not spherical aberration alone, perhaps we should be
reluctant to use the full tolerance in figuring.

Some of the basic formulas and resulis were found in these references:

Conrady— Applied Oprics and Optical Design

Strong— Concepts aof Classical Optics

Texereau— How fo Make a Telescope

Another use of these results is to determine the minimum distance at which
an artificial star or pinhole can be placed from your telescope and have the non-
infinite object distance have a negligible effect on image quality. An aberration of
1/20 wavelength in the artificial star image would probably be negligible enough
for anyone. The tolerances for longitudinal aberration at the focus have been
scaled down to 1/20 wavelength in the first of the following tables. Using a very
convenient formula that Selby gives in A.T.M. Il for this purpose, and these
longitudinal aberration figures from the table, the minimum test object distances
in yards for various objective diameters and {/ratios are given in the second table.

Selby’s formula 1 2
. y' (87 +y*)
16f* (d—1)
where y = objective radius
f =focal length

A T =longitudinal aberration

d = object distance aberration due to

f/ratio 1/20 wavelength

4 001

(] 002

8 004

10 06

12 009

15 014

Diameter of f/ratios
ctive (inches) 4 6 8 10 12 15
distances in yards

4 56 28 15 11 1.5 6
6 126 64 33 23 16 12
B 223 112 58 39 27 19
10 350 175 89 60 41 28
12 501 253 128 87 &0 41



SAGITTA MATHEMATICS
by Allan Mackintosh

Wu may find out how much glass we have to remove when
parabolizing a mirror by using the formulae for volume of
! of the sphere and paraboloid. | took them from Machinery's Handbook,
iﬂ ed., pp. 160 and 162, and 1 shall not go through the mathematical proofs
because they can be confirmed by referring to any good textbook on solid geome-

4 For the sake of the record, please bear with me while 1 go through short
proofs for the sagitiae of the circle and parabola.

| Center of Curvature

Without taking proofs too far, we will admit that a diameter which bisects a
of a circle necessarily passes through it at right angles.
Then, according to Pythagoras:
Ri— e x?
But x = BC — BD, whichis R — 5.
Then Ri=p= (R —5)*
or +/R!=p'=R—8§
and §=R+/R?—1p,
R ~V/R? ~ pis what we are interested in.,

The Parabola
The general Cartesian equation for the parabola is:
y'=2px

69
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! Assuming that the parabola opens to the right and altering the notation to oi"
familiar R, r and S terms, we may write:
y' = 2RS
Since p is the distance from the focus to the directrix, or twice the distance
from the focus to the vertex, from the above we gel:
1
r
Em= B
It will be noted that there are no “‘abouts” or “‘approximatelys” in the above
equations so the formulae are exact for their respective figures of revolution, |
apologize for taking readers through this elementary math, but it is nmm
we

because we shall now use S as such, knowing that we can evaluate it when
to do so.

The formulae for volumes of spherical and paraboloidal segments are gi
in Machinery's Handbook and, after altering to our R, r and S notation, are as.

follow: .
: SR 5
Volume of spherical segment = 75 ( e =

M

— )
1 ﬂ r | ]
Volume of paraboloidal segment = ™5

-

(2)

It will be noted that R has disappeared in both formulae. It is not necessary as
the size and shape of the figures are determined by the ratio of r and §.
We will assume that the sagittae of the sphere and paraboloid are the same—
this is legitimate because the difference in the volume will vary as the cube of the
difference in the sagittae and will be negligible. A little computation with the sagit-
tae formulae will show that the difference in the sagitta for a 16" /4 is less than
.0003"; the cube of this is 26 cu. ins. x 10~", and so the assumption that the sagil-
tae are the same is fully justified for this purpose.
Subtracting the volume of the paraboloid from that of the sphere, we get:

. 4 § T
Difference= =5 ( — + —) = 8
B b 2
4rr? S ns? Tt S
i == == =—
ﬂ  §
- 5* or 523647
4]

Until one begins to think about it. hard, this is a somewhat unexpected
result—it means that the difference in the volume of any segment of a matching
sphere and paraboloid with the same sagitta simply depends on the cube of the
sagitta multiplied by /6. It does not matter what the values of R and r are, pro=
vided that S is the same for each of the figures of revolution.

This is a very simple formula for those who are interested in the amount t‘.‘
glass that they will have to remove in parabolizing. For a 6" /8 the amount of glass
works out to be 000054 cu. ins., but for a 16" /4 it works out to be 008181 cu.
ins., 151 times as much glass as for the 6. This all goes to demonstrate why the big
fellas take so much longer to parabolize. The following table shows the amounts 10

ALNL —UFT1CS 71
be removed in most of the sizes to be met with by amateurs:
Total stock removal in cubic microinches.
e
i/ 4 5 6 7 B 10 12 |18
s
6" 433 221 128 81 54 28 16 8
g | 1023 524 303 191 128 65 38 19
10" | 1997 1023 592 in 250 128 T4 | 38
12" | 3451 1767 1023 644 431 21 128 | 65
16" | 8181 4189 2424 1526 1023 524 303 | 155

FUNDAMENTAL LIMIT OF TELESCOPIC
RESOLUTION
by A. S. Leonard

"l" elescopic resolution may be described as the ability to reveal
not only fine detail of high contrast, such as close double
stars, but fine detail of low contrast, such as the “‘canals” of Mars. This requires
not only high resolving power, but high contrast as well.

Resolving power is usually described as the ability of the telescope lo separate
close double stars. It may be defined as being a number equal to the number
“‘one"’ divided by the separation of the two components, expressed in seconds of
are. It varies directly with the diameter of the objective, is increased (slightly) by
central obstructions (diagonals or secondary mirrors), and is lowered by seeing,

rfections in the surface curves of the optical components, and imperfect col-
limation.

Conitrast may be described as the ability of the telescope to show fine detail of
low contrast in planetary images, or the faint companions of bright stars. As yet,

seems to be no generally accepted method of measuring this quantity. Con-
\rast suffers much more than resolving power from seeing, imperfections in the

Ace curves of the optical components and imperfect collimation. Oddly

enough, dust and scratches and other things that produce light losses that are dis-

ted fairly uniformly over the optical surfaces produce relatively little effect on
contrast,

Although some amateur built telescopes will show a star image which can

be described as a blob of light, many will show something that resembles, at
Vaguely, the Airy diffraction pattern. For a star image such as this, the
fes which determine resolving power and contrast are (1) the effective
'er of the central disc and (2) the brightness of the surrounding rings, or
e light, relative to that of the central disc. If we are to rate a telescope for its
lution,” we should not only look for and study these features of the diffrac-
Pattern, but we should at least attempt 1o measure them as well.

leaty
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Methods of Measuring the Effective Diameter af the Central Disc of the Diff
tion Pariern,

Although a piece of metal with a small hole, or a telescope with its apertypy
stopped down to 2 inches or less, will enable us to see an Airy diffraction patter
and thus make a visual comparison between the diffraction pattern produced by
the realtelescope (full aperture) and that produced by the ideal telescope (reduce
aperture), they don't provide the means for measuring the quantities which she
be measured. It might be thought that the measurement of the effective diamete
of the central disc of the diffraction pattern would require the use of a fjlg
micrometer, or some such instrument; actually this measurement can be ma, |
quite satisfactorily without a micrometer, All that is needed is a series of doubj,
stars chosen 10 cover a small range of separations near the limit of resolution of hy
telescope, and an eyepiece which gives the telescope about 40 or more power pe
inch of aperture. To be useful for this purpose, the two components of each dou
star should not differ in magnitude by more than about two magnitudes.

To make the measurement, the telescope should be trained on double st
one after the other, until one is found which appears to be just barely se |
The effective diameter of the central disc of the diffraction pattern can be taken le
be equal to the separation of the double star, in seconds of arc, '

Unfortunately, the making of this measurement is not a completely cut-an
dried proposition. Rayleigh has given us the following formula:

55 )
D d /
where 5, is the separation of the components of a double star (in seconds of J
which is just barely resolved (separated) by an optically perfect ;
diameter D inches (clear aperture) under conditions of perfect seeing. T L
Rayleigh formula is based on the assumption that the double star will be just barel
resolved when the center of the central disc of the diffraction pattern of one et
ponent falls in the middle of the first dark ring (midway between the outside edg
of the central disc and the inside edge of the first bright ring) of the diffraction pat
tern of the other component, !

Dawes felt that a perfect telescope should do somewhat better than that
gave the following formula:

SR=

45 _

" —p (2) !
Now, actually there is a lot of overlap of the central discs of the diffract 0!
patterns of the two components under both these conditions and whether or e
they appear 10 be separated is to some extent a matter of personal opinion. Be i
ners tend to rate as just barely separated stars at or near the Rayleigh separation. A
they gain experience, however, their standards seem to change. Experiens
observers usually have standards near to those of Dawes. 4
In order that the observer shall be able to rate himself in this respect, a f i
bright double star of 2 or more seconds of arc separation should be chosen (be suff
to use an up-to-date ephemeris because some double stars move fairly rapidiy!
Then the objective should be stopped down, using a series of diaphragm stops ha¥
ing clear apertures which are circular, until a diameter is found which makes th

-, e

jir appear to be just barely separated. Then, using this diameter and the stars’
" tion. the observer can set up ““Joe Brown’s formula’ for double star resolu-

2 It might be as well if this experiment were made on several different pairs of
o and then the results averaged. j .

" For the purpose of rating a telescope for its performance on any given type of
« or observation, its “‘equivalent diameter” is pruhal:ﬂ:_r as practical a figure-
it as any. “‘Equivalent diameter”’ is defined as the diameter of the perfect
<cope which, under conditions of perfect seeing, would perform equally well
for the same observation. To obtain the equivalent diameter for the telescope for
double star resolution, the numerical value of the separation of the closest double
which can be resolved by the telescope at full aperture should be put into **Joe

"s formula’ and the value D calculated.

Methods of Measuring the Relative Brightness of the Rings of the Diffraction

~ The measurement of the relative brightness of the rings of the diffraction
m is a problem in photometry. Although it may be very instructive to the
telescope maker to look at the image of a single star as seen in his telescope at full
: and to compare it with an Airy pattern, it will be practically impossible for
him to make a reasonably accurate estimate of the difference in relative brightness
of the surrounding rings from such an observation. The reason for this is that the
ye is incapable of making an accurate estimate of the differencein brightness when
difference is as great as that between the central disc and the first bright ring of
the Airy diffraction pattern. On the other hand, when the difference in brightness
issmall, the eye is fairly good at picking the brighter of two points or surfaces. This
suggests that what is needed is another light source which is about the same bright-
ness as the rings of the diffraction pattern and for which reasonably accurate deter-
minations of brightness have been made by other methods.

For this purpose, a bright star which has a faint companion is just what is
needed. Experiments in which artificial bright stars with faint companions were
Viewed under what amounted to optically perfect conditions have shown that the
faint companion will be just barely visible in the rings of the Airy pattern of the
bright star when the brightness of the center of the central disc is just about equal
10 that of the brightest point in the particular ring of the bright star in which it is

1o lie. Since Airy's equations can be used to predict the brightness of all

L rings in the diffraction pattern, a formula may be derived which will give the

ionship between the angular separation, brightness difference, and telescopic

Gk log. D = 0.292 + 0.133AM — log. S (3)

In this equation, D is the diameter (in inches) of the telescope (optically perfect),
is the difference in brightness (in stellar magnitudes) between the bright and
10 Stars, and § is their separation (in seconds of arc). The base of the logarithms
Just as was found in the observations of double stars where the componenis
were of nearly equal brightness, personal opinion will be a factor in these observa-
- Here again, Joe Brown will have to calibrate his eye under ideal conditions,

and then geq up his formula. (It should be the same as Eq. 3 above, except that it
Probably have a different value for the constant 0.292.) Although this calibra-
might be done with the telescope stopped down, there are so few pairs of stars

h are suitable for this work (calibration) that it may have to be done with



artificial stars—a one-inch and a one-eighth steel ball, polished and set in the sun-
light, will make a good artificial pair. Since the observer's eye will probably become
sharper with continued use, he should re-calibrate it from time to time. j

Since the purpose of measuring the relative brightness of the rings of the
diffraction pattern is to determine the contrast of the telescope, we should direc
our attention to the measurement of those rings which have the most effect on
contrast. Of all the rings, the first is by far the most important. One reason for this
is that in the diffraction patterns of most real telescopes, the first bright ring wil)
contain well over half the light outside the central disc. Another reason is that as
far as the detrimental effects (to contrast) are concerned, the brightness, or cone
centration, of the light in a ring may be as important as its total amount —if we
must have a lot of light in the rings, it might be better to have it spread out ven
wide and thin than concentrated near the central disc.

In order to apply this test to the measurement of the brightness of the firs
bright ring in the diffraction pattern (or thereabouts in the blob of light), we
should select a pair of stars for which the brightness difference is about 3.5 and $
magnitudes. Another limitation in the selection of stars for this test is that the fai
companion should not be too faint or it will be invisible, not so0 much because
the brightness of the rings of the bright star as because of its own faintness. Tg
meet this requirement, the faint companion should appear in the telescope at leas
as bright as a 6th magnitude star would appear in a 1-inch telescope. In order 1&g
minimize the adverse effects of seeing, the star should be fairly high in the sk
when the observations are made.

Unfortunately, the number of stars which can meet all these requirements i
rather small. Another unfortunate circumstance is the lack of accuracy in thi
available data on double stars of this type. Comparisons of the data in a very recen
catalogue with the best previously available data have revealed changes of mor
than one magnitude in the tabulated value of brightness differences for some ¢
the pairs.

In order to rate a telescope for its contrast (by this method), various pairs @
stars should be examined with the telescope (at full aperture) and note made fo
each as to how visible (or invisible) the faint companion is observed (o be. Then
using Eq. 3 (with Joe Brown’s constant in it), a value of D should be calculated fio
each pair. For the pairs in which the faini companion was easily visible, (i
“equivalent diameter’” of the telescope must be definitely larger than the calcw
lated value. For those that were invisible, the equivalent diameter must be smalle
than the calculated value. From a study of all these calculations, the observi
should be able to make a fair estimate of the “‘equivalent diameter for contrast" §
his telescope. .

In general the “equivalent diameter for contrast™ will be somewhat less the
the “‘eguivalent diameter for resolving power.”” The reason for this is that seein
and instrumental errors (and central obstructions) are much more detrimental
contrast than to resolving power.

In conclusion, it should be pointed out that even though the “*Airy™ diff
tion pattern may rightfully be regarded as the hall-mark of optical perfection,
nol necessarily the best diffraction pattemn for all types of observations. A cenin
obstruction produces a modified diffraction pattern which is superior for doubt
star resolution; and an apodized aperture produces a modification which is supe

covered a field of 10° in the

edge of the field and, according to the books, my 3.4 power per inch of apert
was just right for richest field design. " s i

telescope
R
hnrm not only on how much light from the star the eyepiece has collected and

kb i a

for planetary observation. However, the Airy pattern should be regarded as a use-
ful standard because it can be produced quite easily, and its performance is Stld:ﬂ
in actual practice,

A note of caution should be added in regard to the method of measuring the
brightness of the rings in the diffraction pattern which has been presented above —
it has been tried on a limited scale and appears to work fairly well; but it needs
further development and at present should only be regarded as a proposed method.

LIMITING MAGNITUDES OF VISUAL
TELESCOPES
by A. S. Leonard

I t was back in the spring of 1957, and I had just completed
construction of what | thought was the world's finest
satellite tracking telescope. It had a 2-inch objective of 23-inch focal length and a
newly designed wide-angle eyepiece of mine which gave a magnification of 6.8 and
sky. The star images were razor sharp from edge to

According to a formula for limiting magnitude in Dimitroff and Baker,
Telescopes and Accessories, Harvard University Press, this telescope should show

stars down to a magnitude of +10.3. | decided to try to verify this performance on
stars of rh:ﬂfl:l:rl{a Polar Sequence. To my satisfaction, | found that the actual per-
formance e instrument was reasonably close to the predi 3 j

e ant ¥ predicted value. Then, just

] I o I m

considerably fainter than what 1 could :
eheck this f; could pick up with my own design. In order to

¢l eyepiece. | found it to be capable of showing even fainter stars than the Erfle.

my new eyepiece was, particularly near the edges of its
showed stars, at least in the central part of its field, which were
nding with another commercially available unit, [ tried a 2" symmetri-

Since all three eyepieces had coated optics throughout and gave clear, sharp

Star images, 1 had to conclude that the magnifying power, as well as aperture of the

ive, must have an important influence on the limiting visual i
_ | magnitude of a
. With this benefit of hindsight, now, it is easy to understand why this
s0. What we will be able to detect in the eyepiece of the telescope will

well the optical system has succeeded in

concenirating it into a Lon th
of the observer's eye, but also on the ape s

brightness of the surrounding sky

i und. As most observers know, an increase in magnifying power with a
:mu.
i Yery little decrease in brightness of the star image. With a given telescope objec-

tive, results in a decrease in the brightness of the surroundi
inad ng sky back-
Up to some fairly high power at least, an increase in magnification results

» therefore, we should be able to see fi i
y ainter and fainter stars as we go to higher
Righer powers of magnification. At this point | decided that preliminary
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investigation of the matter, at least, was in order and that | should proceed with
project as best I could.
Experimenial Programme.
In order to investigate this matter thoroughly, 1 needed 1o obtain data o
fairly wide range of variation of three parameters. These were (1) telescope ape
ture, (2) magnifying power or, better still, magnifying power per inch of apertur
and (3) star brightness. If | were to keep the aperture constant and vary the othes
two, | would have only as many data points as powers of magnification, or ep
pieces. Either 1 would have to acquire a large number of evepieces, each of
slightly different focal length, or settle for a small number of data points. Nd her
of these alternatives was particularly attractive 1o me at the lime.
Another alternative would be to vary the aperture with an iris diaphragm, or|
set of fixed aperture stops. With either of these alternatives, | would get as m
data points as I had stars, and this would result in a maximum economy of p
tion, and observing, time. Having a good sheet metal punch at my disposal, I che
the latter alternative, I made up several sets of fxed aperture stops in the form of
circular wheels which could be mounted in front of the objective and rotated by
knob located at the back end of the telescope. With this arrangement, | could br
any desired aperture in front of the objective while keeping my eye on the st
question in the eyepiece. g
I soon came to realize that with this arrangement, | could cover complet
my desired range of variation of parameters with only one eyepiece and one powe
of magnification. All that was required was a sufficiently wide range of apertus
stops and a proper selection of test stars. This had the distinct advantage that ligh
losses within the optical system would remain constant throughout the full rang
of data acquired. This would remove one otherwise uncontrollable variable in th

system. _
Before I had time to start with data collection, however, the idea occurred I

me that with the proper selection of aperture stops and test siars, the telescop
itself could be eliminated from the system. This had the obvious advantage €
allowing me 1o sidestep completely the question of light losses in the oplie
system as well as its optical quality. The equipment which | finally used to colle
the data consisted of a series of about 60 circular discs, 1.5 inches in diamete
punched from rather thin sheet aluminum, and each drilled with a slig

different diameter hole. The hole diameters varied from 0.025" (No. 76 drill) |

0.500" in small steps.
The test procedure consisted of going to a suitable observing site on a cli

dark night, identifying a test star in the sky, and then trying to observe it with 0
of the aperture stops held in front of the eye. | tried one stop after another unﬁl .
smallest one through which 1 could just barely see the star, was found. The st
used and other data are presented in Table 1.

Test stars were chosen which would give me a good coverage of visual 1
nitudes between about +3.5 and +6.3. Stars were selected from a general are
the sky which would place them fairly high in the sky at the time of night .m:f
of year planned for making the tests. The following criteria were used in lhu
tion of test stars: a test star must have brighter stars nearby in the sky which ¥
serve Lo locate it when it was at the limit of visibility. These brighter stars she
far enough away so that there would be no danger of mistaking one of them for £
test star nor of their light contributing to that of the test star and thus making
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more readily visible. Finally, the test star should be located in an area of the
which is devoid of other stars of comparable brightness.

In observing some of the brighter stars on the list, with which some of th
smaller aperture stops were used, dark adaptation for as long as 30 minutes
required.

Results.

In order to reduce as far as possible the effects of uncontrolled variahles,
attempt was made to allow for atmospheric absorption in the reduction of the ¢
This has the effect of placing each star in the zenith at the time of its observatios

The results are presented in Fig. 1, where the equivalent magnitude, m
plotted as an ordinate against specific malmi'ullun P/D, in power per mah
aperture, as abscissa. Because of the logarithmic nature of the stellar magnitog d
scale, a logarithmic scale is used in plotting values of specific magnificatio
Equivalent magnitude is defined as the stellar magnitude that a star would have |
order to be equally visible in an optically perfect 1-inch telescope at the sam
specific magnification and the same observing conditions.

The data as plotted define a rather smooth curve. Since the brightness uf
background illumination varies very nearly inversely as the square of the s
magnification, the curve demonstrates the steady dependence of nqum.‘lm
ing magnitude on the background illumination.

The curve as presented should be regarded as an absolute maximum whik
might be approached but not quite attained with any given telescope. Any r
telescope has light losses in it which will generally reduce star brightness more t !
background illumination, This effect will be more pronounced with larger instn
ments and at higher specific magnifications. Sky illumination from man-mag
sources will have an adverse effect on the telescope’s ability 1o reveal faint stas

Discussion, |

Arguments presented by James G. Baker (notes on *‘Limiting Visual Maj
nitudes for Small Telescopes," Sky & Telescope, Vol. XII, No. 10, pp. 271-27.
Aug., 1953) in support of his formula for the limiting visual magnitude of
lelescope:

m=88+ 5logD
indicate that it was derived without reference to any telescopic observations, Tl
only experimental data employed were observations made with the unaided d
adapted eye. This formula, in effect, says that the limiting visual magnitude ¢
telescope is determined entirely by the area of its objective, and not at all hr
magnifying power. [t says that the equivalent limiting magnitude of all telescop
is +8.8 regardless of the specific magnification employed.

Let us look at the record. Table 2 presents observational data and cal
results from several noted professional observers,

The average value for equivalent limiting magnitude for the observatic
presented in Table 2 is 11.1. Obviously the value of 8.8 predicted by Baker's fi
mula is seriously in error. Although the specific magnification employed in T
these observations could not be calculated because of insufficient data, it would B
logical to assume that it was fairly high. The fact that Curtis was able (o see a staf :
+ 8.1 without the aid of a telescope shows that the human eye has the sensitivit;
see such a faint light source, provided that the background illumination is redué
1o a very low level,
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Magnitude

Equivalent
Limiting Visual

Remarks

Stellar

Magnitude m

Aperiure of
Telescope D

Observer

m,

+11.11

Seen
Observed on hall of
clear nights

+8.1

0.25"

Heber D. Curtis
Luigi Jacchia

+10.71

+14.6

6.0

+11.51

Faintesl seen

+154
+12.5

6.0

Luigi Jacchia

+10.6

Faintest under

24

R. B. Lacchini

+11.6

average conditions

+133
+14.5

28
39
53

+11.54
+11.18

+148
+15.0

+11.15

59

* Non-telescopic observation wherein background illumination was greatly reduced by an opaque screen

located 15 feet in front of the observer’s eye.

 Baker’s equation is apparently based on the assumption that the brightness of
- night sky is so low that it will have no effect on the ability of the fully dark-
sted eye to see a faint star. Curtis’s observation tends to refute this. I noticed
when making observations at the highest specific magnification (40 power-
ch of aperture), 1 could still see the outline of trees against the night sky.
his means that my eye is sensitive to even this low level of background illumina-
h It would seem reasonable, therefore, to assume that higher levels of back-
ground illumination would have an adverse effect on the ability of the eye to detect
a faint star. If this is true, the curve should have a positive slope throughout its
entire length—as it does.
- Eventually, at some high level of specific magnification, the curve should
Jevel off. The reason for this is that above some level of this parameter, even with
seeing, increases in magnification will result in loss in sharpness in star
and this may have an adverse effect on the ability of the eye to detect the
presence of a star. At some still higher power, the curve may turn downward and
thus provide a maximum. If this is true, it would be of interest to variable star
pbservers, at least, 1o know at what value of specific magnification this maximum
will be attained. This suggests that further research into this matter might vield
useful results.
Conclusions.
. 1. Experiments have shown that the limiting visual magnitude of a telescope
is strongly dependent on both the diameter of the objective and its magnifying
POWET.
2. At values of specific magnification of up to 40 power-per-inch ol aperture,
at least, im:rcam_in magnifying power result in increases in limiting magnitude.
3. The previously generally accepted formula for computing the limiting
magnitude of a telescope is not only seriously in error, but is misleading as well,

mll.tliﬂm:..l prl:d.rﬂs that hﬂ'.l.ltlﬂg ﬂiﬂg,.ﬂ.itlldﬁ is mmp]:te]y i"dﬂpﬂnd‘ﬂl’ll ur mag-

The Faintest Stars Visible,"" Sky
, Dec., 1954)

& Telescope, Vol. XIV, No. 2, p. 58

vers. { Ashbrook, Joseph, **

ABERRATIONS IN TELESCOPES
by Diane Lucas

Table 2. Limiting visual magnitudes reported by professional obser-

[ one is concerned only with small fields of view and
! systems without very short radii, the third order theory of
mh:lcal optics serves admirably to predict the behaviour of optical systems. A
Perfect image would be the exact pictorial replica of the object, differing only in
Size and position. Since in practice this ideal is never realized, the deviations or
'h“mﬂ?ﬂs of a real image from the ideal image are described in terms of the way
feal image differs. The deviations are often broken down into various types of
frations, depending on their behaviour. For instance, spherical aberration is

Nt over the field of view while coma varies directly with the image distance
the optical axis. The third order errors are based on a simplification of
m'&mml optics and within the limitations mentioned above allow a prediction

€ amount of aberration of an image that is almost exact.
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One of the firgt attempts to develop a systematic way of calculating th
errors was a lengthy paper published in 1905 by K. Schwarzchild, a Germa
astronomer. The equations developed in this study are based on the
equations. Schwarzchild treated mainly the third order aberrations, although
mentioned and described fifth order aberrations which are of importance if wide
fields and shorter radii are permitted. Among more modern discussions of th
and fifth and higher order errors are Herzberger's Modern Geomerrical Oprie
Buchdal's Optical Aberration Coefficientsand a review article by J. Focke in Vio
IV of Progress in Optics edited by E. Wolfe, However, for the purpose of gaining.
basis for comparing telescopes by their inherent aberrations, Schwarzchild’s equa
tions for third order aberration coeflicients are completely adequate.

First, the five third order aberrations will be described and their relation
the aberration coefficients will be given; the nexi section will describe the relatip
of the deformation to various conic sections. Then the general eguations fo
reflecting telescopes and specific equations for various types of reflectors will
given; this will be followed by a discussion and comparison of the types given

Third Order Errors.

There are five third order errors: spherical aberration, coma, dis n
astigmatism and field curvature. The Schwarzchild equations allow five coefl
cients B, C, D. E and F to be calculated from the basic dimensions and data of &
optical system which will then give quantitative amounts of the errors. We wi
describe the effect of each of the aberrations assuming that it alone is present |
turn.

Spherical Aberration occurs when the paraxial and marginal foci do not co
cide and a circle of confusion forms instead of a sharp image. The coefficient B is|
measure of this and the diameter of the circle of confusion is: '

B =51,566 I *Bseconds

where ID is the aperture of the system. Since telescopes are designed and made |

have zero spherical aberration, calculation of this quantity is usually unimportan

If spherical aberration is present, it occurs to the same degree throughout the fiel
Coma is an unsymmetrical image deformation that affects off-axis image

proportional to their distance from the optical axis. The radial extent of the i

is called Coma, and is measured by the Schwarzchild equation:

— m— e —

Comay = 1351 P ? F sec

(@on
third

dkslalilasdis WA A LW

y in very serious examples of coma does an image patch of this shape appear
rady, Applied Optics and Optical Design, p. 743). Usually the extent is only one
of this. [ is again the aperture of the system and a is the ficld diameter in

Astigmatism and Field Curvature are present if the coefficients Cand D are not
zer0. These two aberrations are best considered together. If astigmatism is absent
and only field curvature is present, the best focus is a curved surface whose radius
jsgand the field curvature then equals 2(C + D) = 1/g. When astigmatism is also

t there is mo point focus but two line foci are formed, a radial or sagittal line
focus on a “‘sagittal image surface" of radius g, and a tangential line focus in a
sangential surface’” of radius g .. The best focus when astigmatism is present is on
a curved field between the two line focal surfaces; the best focus is that given by
the field curvature as 1/g = 2(C + D). The diagram shows these surfaces for a

Newtonian type telescope.

Al positions other than the three surfaces, the image is an elliptical blob of
light whose dimensions at a flat focal plane are:

Radial astigmatism = —15.72 (2C + D)a’D seconds
Tangential astigmatism = —15.72a’D seconds
The curvatures of the three surfaces are:

/g, =202C + D)

1/g = 2(C + D)

1/g,=12D

Schwarzchild defined astigmatism as the half difference of the cur-

vatures of the tangential and sagittal image

T 5y _L_ surfaces, which equals '(1/g, — 1/g,) =

CH? __‘m H 2C. It can be shown that the actual distance

between the tangential and sagittal image

] surfaces at a distance H from the axis is

equal to 2CH?. This means that astigmatism

T is zero on the optical axis and increases with

§ the square of the distance away from the
axis.




Distortion does not afTect the image shape but only its radial position by thj
amount:

The general equation of a conic section with the vertex at origin is:

Distortion = 0,138a"seconds

This aberration makes the image of a square appear either barrel or
cushion shaped.

Sie-

These aberrations have been given in terms of seconds of arc in the fi
plane, They may be converted to inches by multiplying by 4.957(10~%) where f
the effective focal length of the system; the field diameter in degrees, a, is relat
to the field diameter in inches, W, by o = 57.3W/T.

The aberrations are summarized in this table:

(b+x'—2rx+y'=0

or in a different form:

r
x=—  (1+0F —(b+1)v?)
b+ 1 ( t -

If y < <r, which is true with most mirrors, this may be expressed in series as:
2 L] - -

Y + (o+1N . Sodid it +

2R Br? 16r%

In these equations r is the radius at the vertex and x and y are coordinales of

points on the mirror's surface. The horizontal gap ¢ between a sphere and any
other conic section of known b may be obtained from this equation:

Hﬂ.

L]
Spherical aberration 51,566D 'B seconds L S L)
Coma, 1351aD °F seconds 8r’ 16r°
Radial astigmatism 15.7(2C + D)a’D seconds Basic Equations for Refleciors,
Tangential astigmatism 15.7a°D seconds The equations that determine the 3rd order aberrations in reflecting
Distortion .138a’E seconds telescopes are as follows:
Deformation b.

The deformation bis a measure of the departure of a surface from a sphere;
positive b means the edge of a mirror has a greater curvature than the center. E
value of b defines the type of conic section (b = —e¢’, where e is the eccentrici
as follows:

Il'l.
1]
=
5
I
.. 5 | -
-
= | I~
.
| —

positive b ellipse (oblate spherd
b=10 sphere

b between 0 and —1 ellipse (prolate sp
b= -1 parabola

b less than —1 hyperbola




- AALAAIARLY AL W S 0AAY & WRIAL

In these equations the following abbreviations are used:

r; = radius of i mirror (positive for concaves)
b, = deformation of | mirrar
s; = distance from i mirror to object
8 = distance from i mirror to image
t; = distance from i mirror to its entrance pupil
ti = distance from i mirror to its exit pupil
d; = distance from i mirror to | +1 mirror
Then:
h = — _gl' hl 1- - _ﬁ.*_ h.
; E— L
- I!I. * 1
Hi = t. = Hii-l._ —l' Hl
i
K 1 | N | A |
i _"l ' s r
L - | I .
- = &2 ] ¥
t f, t n
! p—
G =8,y T "hy Y
Hh (L — K ) =1
The Single Mirror.

In the case of a single mirror of focal length f = r/2 the following
determine the third order errors when the object is at an infinite distance:
| 1

P r =N = — — -
5=f15'—1—,K— _1.1- _— _.h ].,Hi 1

T i r

The expressions are developed first without specifyving t, and then t,
tance to the entrance pupil from the mirror, is set at zero, This gives:

b K? b+1 b+1
B'h‘ * _ L - =
. r r 8

b K{2L-K
D-:h!H! I:_Tj - {'—'}:IID
r

o-ma. Professional astronomers use a limit of maximum coma, permissible as
W~
the o

very |

Ahedadlhad: T WAL L AWA) ol

b
T
E = hH I:’J

L{2L-K) ]-0
r

1

b

A KL] iy Y
rJ E

4

Then the aberrations in seconds of arc at the focal plane where a is the angu-

diameter in degrees are:

Sph. Ab. = 6448(b+1) (D/D)’

f the mirror is parabolic, b = —1 and Sph. Ab. = 0).

2
Coma, = —338 ( D/ f)? seconds = - A inches.

32p
Dist.=0
2
Radial Astig. = ~15.70  Djf = — -@:Eﬁr?"’"—ﬂ inches,

Tangential Astig. =0

D is aperture and [ is focal length, hence D/f is aperture ratio; W is the field

‘diameter in inches.

The curvatures of the tangential and sagittal astigmatic surfaces and the field

curvalure are:

/g =2/
/g = 1/T
I/ga=10

The distance between the two astigmatic surfaces or the astigmatism equals

The Newtonian Reflector.

'H'/f where H is the linear distance from the axis of the image.

The only third order aberrations of this type of telescope are coma, field cur-
and astigmatism. Coma is the most serious aberration of the Newtonian and

‘Since it equals 338aD?/f” seconds or 3W D¥/32{ inches, it is relatively simple to

its amount at any position in the field; this has been done at the edge of a

diameter field and is plotted in graph Fig. 1.

This shows that short rich-field Newtonians have a serious amount of coma
Severely limits their real usefulness. We can show this more plainly if we
an expression for the maximum usable photographic field as limited by

+ ind if we use this, the maximum usable field in inches equals

043 (£/)*. This is plotted in the graph Fig. 2. If the amount of coma were
nly important factor in photography, all photographic Newionians would be
Ong focus instruments. For the sake of comparison, this graph also shows the
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where the coma is less than ' wavelength. This gives the field where the best
visual resolution is obtained. (W for 'aA= 0007/ is derived from Conrady's
¢ W Optics and Optical Design, p. 395.)

i

COMA AT EDGE OF 1 INCH DIAMETER FIELD

B \ - . MAXIMUM USEFUL FIELD (PHOTOGRAPHIC) OF PARABOLIC MIRROR
- HE! g :__ 1_ = e =i :".:. o ! e ks 7
I | A 1 R R T 5 2 38
14 ks |_ C S R i g i et L [0 e | R [ |
A=k i T
i il [
4

Inches

FIELD DIAMETER
Dashed line shows field where comu is less than % wavelength

-

\

I#
—

0 | M p— =

5 (4 "7 B 9 10 11 12

|

Fig. 2 FOCAL RATIO - Focal Length/Diameter
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Aberrabon

Astigmatism causes a spread of the image of 15.7a’ID/T seconds
0.256W’ID/f* inches. The graph Fig. 3 shows the plots for the amount of astig
tism and coma for Newtonians of [/3 and f/10. Astigmatism is relatively unin
tant up to a field coverage of 2°, at which point it begins to play a larger role,
most purposes astigmatism in Newtonians can be disregarded.

150" - &

W —

Y
p=s:t

Fig 3 Comparison of mtipnatam (A) and coma (C)
in Mewiembsn sflectom of F/) ssd F10
Two Mirror Systems,
The quantities used in the basic equations are:
I 1
hl '1'HI -Il*u'll nw_l; -1_"'KI = .
2 A
| 1 r
=5 i i Tk i e
= | 1 ” 1
t_: . d, K? - : - T ¥ Lj iy _d -

R S

b i s

hl +1
= - =
r? A"r:

b K. (2L,-K,)
1 1 I 1 T3
[r: : r o +th:
1

d? { A-1.0

er.n"n.’s1

k

2
+ pt h?_ + _K?

2( A1) s,

ee new abbreviations are used:
i3 “ﬁvﬂﬂﬂl focal length.
o ' f » 2, N 1s,
e e e it e

d = the distance from the primary mirror to the final focus.
en the coefficients are determined by:

b K?
4 —te o —d
- [ -,

r

1
'L:H: iih
1 dj A — 3 . 3
) JEGa—1 e (b—)
r, A’ 1A=
-D+_|+_I
I r

. (A+1) (b=an)
d(A-1)

L, (3L, K, )

tb—f}]

(A1)
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Then the aberration coefficients are;
F=hiH e Sh |y pm b Sk Bo oy +|[—h ,-'liu"-‘:-—’dlz b — < 1
o i T, ¥ r: ', F--—-[ﬁ[l f—l IT” — T -w1||.-|:1E
' A=1)(b—F) A A-I
c-_t+i H—, i — when b << f
HEO AR €t Dy PRPEL LGRS, 2f 85, 2 8
q A’y i d(A-1p
. d(A*=1)(b—13f) diA—1)f
Two Mirror Systems with a Parabolic Primary—Cassegrain & Gregorian, R — & AR when b <<f
Since the spherical aberration is zero, B is set equal to zero and with b, = 5 1s,)
the value of b, is found to be: '
b - (J+.L ’ : _du.—lj{h-!'}[h 3“:__ Jd(A—1) e .
A=] Hr'!i:..? = H-“_:j’ when b <<

Then the values of the other coefficients are found o be:

The third order aberrations in seconds of arc are;
1

F=-

1
4 Coma, = 169 ( A+ 1) L
[
b — Ad Ad Rad. astig. = —1.96 - BAs -2 (A-1)+3d(A?-1) mjﬂ
Cs= S (= e when b << AD ) 1 . ﬁ;
2y, 2fs 3
: A Tang. astig. = -5 8B ( A® — | yd % ii
bo_ (A1) . o)
s, Distortion = ~0.52( A-1)d %_©
(s, 0
d{iA—1){(3b — daf {A—1 i 4 - ;
geg & ( (3 | g { ) han b << The curvatures of the three surfaces of interest and the astigmatism are:

R . 46y /g = — [—8As;— A(A—1) + 3d (A"~ 1))/4fs}
/g = — [—4As; = f(A=1) + Jd(AT=1)]/4fs;

l/g,= —3(A*=1)d/4fs;

i S Wl A A=
Astigmatism = - +—

The third order aberrations are then in seconds of arc:
Coma, = 338aD ¥/f*
Radial astigmatism = —7.85(A7 + 2A—1)a’D/fs;
Tangential astigmatism = —7.85(A’ — 1)da’D/fs;
Distortion = —0.34df (A —1)a’/(5})?

and the curvatures of the astigmatic surfaces and field curvature are:

1/gt = 2(2C + D) = = (A*42A—1)d/fs]
1/g=2(C+ D)= — (A’+A~1)d/fs,
1/g, = 2D = — (A’—1)d/fs,

The astigmatism equals 2CH or CW?/2 where W = IH = field

inches. AdW?
Astigmatism = — ;
4fs,

Two Mirror Systems with Spherical Secondary: Dall-Kirkham.
Again, since spherical aberration is zero, B is set equal to zero and since,
a spherical secondary, b, = 0, the equation for b, is found to be:
(A-1)(A+1) s,
e

2 » &

Two Mirror Systems with Zero Aberration and Coma, Ritchey-Chretien and
Schwarzchild,

Two extremely interesting combinations are the Ritchey-Chretien and the
Warzchild telescopes, although the Schwarzchild is not used visually but as a
famera since its focal plane is between the two mirrors. The basic equations for
e are oblained by setting B = F = 0 since these systems are aplanatic, they

Ve no spherical aberration or coma. The equations for b, and b, are obtained
the B and F coefficient equations as:

R 25;
. Ald

; 2 _(Au)‘

d(1-A4y  \A-1

b = —1-
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The expressions for the coefficients are then found to be:

2 -d
C=_' ]
4f::
d(2A? -
e SOREDY
I'n:
E=———— [2(f-3b)(A—1)—Ad
8f (5] )? (3¢ ] ]
The equations for the aberrations in seconds are: %
Radial astigmatism = —3.93 (4f+ 2A%d-3d) "_rfl_
5
3 a
Tang. astigmatism = 3.93 (242—1)d 2.2
|l
3
3
Distortion = -0.17d 2 ( f-3b)(A-1) — Ad -~

f(s))°
The field and astigmatic curvatures and the astigmatism are:
1/g, = —[4F + d(2A"-3)]/2fs,
/g = — [f+ d(A2— 1))/fs,
1/ge= = (2A'=1)d/2fs,
(2f -d)w?
8fy,

These five types of two-mirror telescopes, Cassegrain, Gregorian,

Astigmatism = —

Kirkham, Schwarzchild and Ritchey-Chretien, are all on-axis instruments

opposed to some of the more exotic off-axis two mirror instruments such as
schiefspiegler. Perhaps the best way to compare these five instruments will

assemble the aberration equations in a table and then give numerical examples,
make this more useful and to reduce confusion about the signs of the quantiti

involved, we will let:

p= —s;andp’ = — s; and thereforer,= —p /(A= 1), =p —d = —

The quantities used to determine the aberrations will then be f, A, 1, d, p,
D, a and W which are defined as follows:

[ = effective focal length (f, is primary focal length)

A = secondary amplifying ratio = {/f, = p'/p

| = distance from final focus to surface of primary mirror

p = distance from secondary mirror to primary focus

p'= distance from secondary mirror to final focus

D = aperture of primary mirror

a = field diameter in degrees

W = field diameter in inches (H = W/2)

Aberrations of Two-Mirror Reflectors
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The arrange-

ment of the “pliﬂs EN
and these dimensions i == — — — =

in the Cassegrain type - I |
of instrument, which | =4 ——" " N

includes the Dall- 2
Kirkham and the 1
Ritchey-Chretien is then this. In this type of instrument the only negativ
quantity will be thy
radius of the second-
ary. This shows the
optical arrangemen

» |

of the Gregorian.
this telescope p
| | p — taken as a negative
I |- d ) ol number, therefore
b L e< p—» and f are also neg

tive and r,is positive. The Schwarzchild is normally used only photographically and
the focal plane is
inaccessible for
visual use between
the two mirrors as
shown here.

The defor-
mations of the
Ritchey-Chretien
and Schwarzchild mirrors may be calculated by the equations given, but it is well
realize the conic sections defined by these deformations, for extremely wide ape
ture systems are only approximations to the fourth order curves that should |
used in that case. However, for non-extreme systems these conic sections are adi
guate. In Schwarzchild's original paper, under a discussion of the Schwara
telescope, he states that the ellipsoid and hyperboloid defined by the deformatic
are adequate down to a focal ratio of 3:1.

In astronomical use, coma is the most serious of the third order aberratil
since it distorts the image in a non-symmetrical way and decreases the appare
magnitude of the stars at the edge of the field. Coma in the Cassegrain and Gré
orian telescopes eguals that of an equivalent Newtonian and in the focal rat
usually found in these compound reflectors is unimportant. The coma in the D
Kirkham at the edge of a 1° field in the numerical example is 12.8 seconds. Wil
normal 1% inch outside diameter eyepiece of 1 inch focal length, a field of only
degree would be seen, however, and coma at the edge of the field would be oni¥
seconds. This equals the coma of an {/5 Newtonian when the same eyepiec®
used. So for general viewing the Dall-Kirkham will perform adequately al
resolution on an object like the moon will be really excellent only in the centef’
the field.

Coma for various amplifications of the Dall-Kirkham secondary is plof

the graph Fig. 4, coma of the Newtonian-Cassegrain-Gregorian telescopes is also

.'_ In the numerical example, the Gregorian's coma appears to be less than the

in, but this is due to the effect of the longer focal length. If the effective
focal lengths were equal, coma would be equal also. The Gregorian's astigmatic
fields are opposite in order to the Cassegrain’s and this does cause a slight
difference in the astigmatism. Ordinarily, the Gregorian is about 30% longer than
the Cassegrain and, except that the ellipsoidal secondary may be tested more easily
in figuring, has no real advantage over the Cassegrain.
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F. tion of the axes'’ for the second. This paper is concerned with the first
il of alignment only—optical collimation.

¥~ |f a study is made of the literature on telescope making most readily available
t 1o the amateur, relatively little of it will be found to be concerned with the problem
is proportional to the square of the field diameter. With the same 1 inch of optical collimation. To illustrate this point, out of approximately 1150 pages
mentioned above, that covers 0.4°, the radial and tangential dimensions would uoted 10 telescope making and allied subjects (some rather remotely allied) in
reduced by (.4)" or .16 as much. This would be a 1.5 by 1 second image for - Telescope Making Fand 11, a total of only about 7 pages (ATM [, pp. 43,
Cassegrain and 1.6 by 1 second image for the Ritchey-Chretien, and means th Wﬁm 446, ATM 11, pp. 213, 272-274, 279-281) is given over to this subject.
these telescopes would perform very well visually. B ;‘ situation might easily lead the beginner to think that collimation is a relatively

The [/6 Ritchey-Chretien is interesting since we see that a fast, coma-fre t detail of telescope making. Although Hindle, Haviland, Ellison and
telescope can be made from only two mirrors that still has only a minimal amou state quite Matly that accurate collimation is essential to the satisfactory per-
of astigmatism. It is for this reason that many telescopes being made today in of some reflecting telescopes, no hint as to the accuracy of alignment
porate Ritchey-Chretien optics. "J.u; necessary is given. This may leave the reader with the impression that these

The Schwarzchild example, which is scaled from one given by Schwarze writers are unduly concerned with the problem, and that by exercising a little care
in his paper, shows its optical superiority as a camera over a wider field. Astigm ' in his use of any of the rather simple collimation procedures presented, optical
tism is minimized in this design by selecting dimensions that give almost no fie alignment good enough for all practical purposes may be achieved. The fact that
curvature. Few of these have been made because of the difficulties in testing ! many beginners have produced reflecting telescopes which perform almost to the
optics, although they are being used today in orbiting astronomical observatorie theoretical limits of telescopic resolution tends to substantiate this idea.

" A careful study of the above-cited material suggests that the Cassegrainian
type of reflecting telescope, at least, may require more accurate alignment of its
pptical elements than the Newtonian. Because | was contemplating the construc-
tion of a Cassegrainian telescope of short focal length and, eventually, would be
confronted with the problem of collimating it, several different collimation pro-
gedures were planned and analyzed. It was soon realized that only one procedure
would be necessary, but that it would have to be good enough. This raised the
question of just what was *‘good enough™ —what errors in collimation, or
Iolerances, could be permitted without a serious loss in the resolving power of the
telescope?

Collimation Errors.

For each aspherical surface curve (paraboloid, ellipsoid or hyperboloid),
there is a single straight line about which the curve is symmetrical. This is the opti-
cal axis of the surface. For a spherical curve there are an infinite number of straight

(all passing through the center of curvature but in different directions) about

the curve is symmetrical. Since no one of these lines commands any more
distinction than another, the spherical curve is considered to have no optical axis.

In addition to these lines, there are a number of points that are important:

L. Both the ellipsoid and hyperboloid have two focal points; and the
Paraboloid has a single one. All focal points lic on the optical axis.

_ L Each aspherical mirror curve has an optical center. It is the point where the
axis passes through the surface.

3. The important point for the spherical surface is its center-of-curvature.

4. Each optical surface has a geometrical center. It is the point on the surface
Squidistant from the edge.
of 3. In addition to these, we will use another point which we will call the center

*’Uh_"l!u.r:. Actually, there is no such thing as the “center of curvature' of an
Nical surface; but we will call it that and describe it as the center of curvature
surface at the optical center,
Perfect collimation requires that the axes of all aspherical surfaces and the

At first glance, the astigmatism of the /15 Cassegrain of 9.5 by 6.2 secone
and of the {/15 Ritchey-Chretien of 10.3 by 6.4 seconds appears to be of seric
amount. It must be remembered, however, that this is at the edge of the field g
that the size of the elliptical blob of light caused by astigmatism and field curvaty

COLLIMATION TOLERANCES FOR REFLECTING
TELESCOPES
by A. 5. Leonard

he purpose of this paper is to bring to the attention @
amateur telescope makers the importance of collimatie
This is one part of the building of telescopes that the writer feels has not bet
given the study and thought it deserves. Although | have devised several ng
methods (new to me) for collimating reflecting telescopes, a discussion of them'
considered to be out of the scope of this paper, and so will not be included in it. It
hoped that the information given herein will inspire others to devise new and be
ter methods of collimation, and so will help telescope makers to build bel
instruments with less work.
So far as the amateur telescope maker is concerned, *‘collimation™ 1
mean one of two things. One relates to the alignment of all optical parts—i
objective mirror or lens, any secondary mirror, diagonal, or Barlow lens, and U
eyepiece. Actually, the observer’s eve should be included in this, but usually !
not. The other meaning of the term applies to the alignment of the axes of i
telescope mounting so that the instrument will follow the stars accurately as the
move across the sky, and so that the setting circles will indicate the correct value
of right ascension and declination for all regions of the sky. The confusion resl
ing from the use of the single term for these two different meanings might
avoided by using the term “*optical collimation’ for the first type of adjus
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centers of curvature of all spherical surfaces fall on a single straight
defined above) on this line. This is the optical axis of the telescope. For the b
possible performance of the instrument, the geometrical center of the surface
surfaces which act as diaphragm stops should also lie on the optical axis. i

Since it is humanly impossible to make any adjustment absolutely perfie
there will always be some error of collimation in any telescope, The collimaj
error of any optical component is the amount by which its axis or center-of-g
vature fails to coincide with the optical axis of the telescope. .

So far as any one error is concerned, there are only two kinds of collima
error. They are lateral displacement and angular displacement of the axis and.
illustrated below (Figs. 1 and 2). Both kinds of error may be present at the sa
time and they may lie in entirely different planes.

Collimation error
o ?_/épliﬂl axis of mirror
i

P 2 __ Optical axis of

of the mirror as to allow it to tilt in its cell as the telescope is pointed to

wracant parts of the sky. In large reflecting telescopes, both flexure and thermal
- ansign or contraction of the mounting may be causes of collimation errors,
" PBesides these two kinds of collimation error, there is a third (shown in Fig. 3)
which might be called “‘edge error.”” It is caused by the edge of the mirror not
peing concentric with the optical axis. The magnitude of this error is the separation
sen the geometrical and optical centers of the mirror face and is denoted by
**c"". The nature of this error is such that if the mirror were to be aligned
e by the usual method of attempting to place its geometrical center on the
optical axis of the telescope and then adjusting the three adjusting screws to make
‘the surface of the mirror perpendicular to the optical axis of the instrument at that
] point, there would still be an error of collimation, It would consist of a particular
L ‘combination of lateral and angular error in which both lie in the same plane with
g=c and b= =c, and with the effective diaphragm stop of the system eccentric
‘with respect to the optical axis by the distance c.

Optical eenter of mirror

Optical axis of mirror Center of curvature
rest of telescope L ) Dl O
" el S
/-—f- ——LMFHIEJ“L_::; ek L
o of misror
Fig | Lateral eror

Geometrical center of mimor

i Collimation erros

Center of curvature ) Fig 3 Ede emor

Optical axis of mirror e
‘_._...-

Acceptable Errors, or Tolerances.

N e b - The setting of tolerances is at best a compromise, and in some cases is no
= ~B _Optical axis of rest __ e, more than an arbitrary decision. As a general rule, a reduction in a tolerance
f of telescope \Specifying greater precision) will result in better performance of the finished

» but also, it will increase the total cost or time consumed in its production,
» the magnitude of a tolerance should be reduced to the point where any
r rqdumiun in its numerical value will increase the cost by more than the
h Improvement in performance is worth. In practice, however, this point
May be difficult to find. Although we may be able to make a fairly accurate esti-
Male of the increase in cost that would result from any given reduction in
ﬁlﬂf » We may hc unable to make a reasonably accurate estimate of the increase

Ormance that it would bring about. Furthermore, even though we were able

Collimation error

Fig 2 Angular emor

In the equations which follow, the lateral error will be denoted by l'IlI ;

“a" and the angular error by the letter **B". Since most persons can visualize S 10 tell just wha improvement in performance would be realized, there might not
distances more readily than small angles, the angular error will be multiplied by! Eeneral agreement as to what this improvement would be worth. For these
radius of curvature of the surface curve to give a linear dimension (error) ™ ] . @ lolerance which is quite acceptable to one person may be considered

As for the causes of collimation errors, lateral error may be caused eithe
inaccurate original centering or subsequent lateral shifting of the mirror in iS¢
Angular error may either be caused by the incorrect original adjustment 0"
three adjusting screws that are used to tilt the mirror, or by such insecure ma

close or not close enough to another.

Witk .. 1¥ing to arrive at optimum values for collimation tolerances, we are faced
: Ill these problems. To start with, until we have decided just what collimation
008 will be used and have tried them out, we are not in a position to say how
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much time and effort will be required to achieve any given accuracy in collimatig 1. Temperature differences in the atmosphere (seeing).
In the second place, although we can calculate just what optical performance woy 2 Errors in the surface curvature of the objective.
be obtained in a telescope which is perfect in all respects except for given collim 3, Errors in the surface curves of any secondary mirror, diagonal, prism or
tion errors and, therefore, calculate the exact magnitude of the loss in perfo mirror, or Barlow lens. )
mance Lthese same imperfections will produce in actual practice, we cannot say j 4. Aberrations in the eyepiece.
what loss in performance these same errors will produce in actual practice, becaus 5. Imperfections in the lens of the observer's eye.
no actual telescope will ever be perfect in all other respects. Finally, differes 6. Errors in collimation of the optical parts.
Gbﬂcrw{rs will place different values on high optical performance. Each one's stas If each of these sources of error acted on the light rays in the same way and b
dards will be different and may depend to a large extent on what performance he {he same amount, their effects would be directly additive and we could tolerate .
used to getting from the telescope that he has. In order to resolve thi;dihmn-",'_ mum value of only 1/24th of a wavelength in each. Fortunately, it is ve .
will go ahead on the assumption that eventually collimation procedures capable jmprobable (although possible) that each will act in the same way an‘m 'verf
working to very close tolerances without the expenditure of an unreasonal light-ray. Also, through good optical design, some of these errors can be ridg:m E
amount of tiﬁne and effort will be developed, and the “*tops’ in optical perfo; nmn;idﬂrlhl}' less than 1/24th of a wavelength. ”
mance is really worth a lot. If we dismiss the first source of trouble, seeing, i
An optically perfect telescope would be one which makes the effective pal of the telescope maker, or assume that he has fou m‘;ﬁ;ﬂgﬂ;ﬂ‘:ﬁ,ﬁﬂ‘,’f‘
length identical for all rays which traverse its optical system in going from a p “pbserving from there, we still have a formidable group of obstacles standing i .
in the object to the image-point on the retina of the observer’s eye, With any actu _way Lo obtaining really top optical performance. Even with the best o “mg‘;n;u:
telescope the path length of some rays will be a little greater than the average “and with patient and careful testing and figuring of each optical SU,me . ngn
for others it will be a little less, When the path difTerence (difference between “well to reduce the maximum net error, or path difference, resultin I‘rm\'nw: b 20
effective path length of any given ray and the average of all rays) is only a sm 3,4 and 5 1o less than one-quarter of a wavelength Furihermureg th i
fraction of the wavelength of light, the loss in resolving power suffered by i these errors are such that the maximum net path ﬁiﬂcr:m will nlr?::-l:xmzﬁ ud
telescope is directly proportional to the square of the path difference. Because ~oocur at the outer edge of the light-path. In optical terms. the instru s
this, there will be some rather definite value of path difference, below which t ‘usually turn out to be just a little over- or under-corrected lfilhr: tel ety
resulting loss in resolving power rapidly approaches zero. be perfectly collimated and & knife-edge test made on it ﬂﬁ,: mim““‘?"‘ bsienion
If the path difference of a ray is one-quarter of the wavelength of lighty appear to have a slightly turned edge (either up or dm:m] i i
contribution to the central disc of the diffraction pattern is nil, and all of its lig ~ Collimation errors are such that they will make an uihemise rf i
energy goes into brightening the surrounding ring-system. Such a ray defini appear 1o have a surface curve similar to that shown in Fig. 4 (in = Im[ e
reduces the resolving power of the telescope; and the telescope would give bett  ated form). 8 greally exagger-
definition if that ray were 1o be blocked out. If the path difference is one-gighti )
a wavelength, 71% of the energy goes into strengthening the central disc and
into the rings. _
From this discussion it might appear that we should set one-eighth @ QL Mens et wrron | T
wavelength or less as the upper limit of acceptability for path different :
Experience has shown, however, that we can tolerate a somewhat higher value
we could measure the path length of each ray in an actual telescope (the crossss
tion of the light path is divided into a number of small but equal areas and ¢
assigned 1o represent each small area), we would find that only a small fraction
the rays had path differences which were over one-hall of the mi
difference; and a very large fraction would be found to have path lengths W
differed from the average by considerably less than one-half of the maxi® .
Because this type of distribution in the values of path difference is typical of g k"
actual telescopes, one-guarter of a wavelength has become generally acceplect
practical and attainable maximum path difference, or error, to be tolerated i
optical system that is designed to give the highest possible resolution. In
a large fraction of the rays will have path differences well below one-eigh h |
wavelength and only a small fraction between one-eighth and one-quarter- \
When a search is made for the causes of optical path length in a telescopés
following are found:

Aake

= 5 Hd';]'l u rl::t-

T F

0/

Fig 4 Crowsmctiond v
mooducesd by m*:mm:m ol misror wirface (greadly exaggeraied)

The maximum error o iati
r deviation from the theoretically perfect surface

*.H‘h ﬂ‘::! nearly represents tl_-n.-, actual surface is e. Because the light-rays ua?;rr;:
'ﬂl".hlt e :;:I_e path both going and coming from the mirror surface, this will
i imum path dlfl‘erenue of 2e. It will be noted that collimation errors

they N Ximum path difference at the edge of the mirror and furthermore
Hhe s | © the effect of making the edge to be i l
_ ™ e to be turned down on one side and up on
. - 1S, no matter whether the net effect of the other errors is equivalent
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to a turned up or turned down edge, on one side or the other of the mirror, the t

errors are directly additive —we can’t win. In view of this state of afTairs, it see = _'.Dl_ + _.'jD:
wise to allocate not more than one-half of the total permissible path difference BOF*  16F? (1)
collimation errors. This will make the maximum allowable value of e, 1/16th of
wavelength of light, and the maximum permissible figuring error (all reflecti 2a = b - _vp?
surfaces combined) the same. This will take some doing! 160F* 64f” 2)
Equations and Results. D? 2
In order to determine the net result of any given type of collimation errg 2o — ":_[},. . (3)

Y
any type of reflecting telescope, let us first consider the conventional Newtonis s 160F* 64F*
With perfect seeing, perfect optics and perfect collimation, a plane wave fron ¥ .
star on the optical axis will be converted to a perfect spherical wave by 1 r‘ﬂl- b and c are the collimation errors illustrated in Fig. 1, 2 and 3, and D and
paraboloidal primary mirror. This will result in the formation of a perfect Airy are the diameter and focal length of the paraboloid.
on the retina of the observer's eye. If, now, the primary mirror is put out of e ~ The first term on the right hand side of each equation is the error due to
limation by some specified amount and the telescope re-pointed to bring the : coma, and ‘ht_ second due to astigmatism. These equations do not tell where on the
image into the exact center of the field of view (on the optical axis of } ¢ of the mirror the maximum error occurs or whether it is a positive or negative

telescope), the parallel rays from the star will no longer be converted into a pen quantity. Also, they do not show the effect of eccentricity of the edge of -
ir. For these reasons (and others) they cannot be used to mlcul;:ltf]: tn::?:i :I’.';l

difference when more than one type of collimation error is present.

- If we make the assumption that the maximum acceptable path difference is
the same for each type of error, the following will be true:

In order to be able to cal e S
‘ o be able to calculate these quantities di

ranged to give the following: 2 ST e

b : 32eF? D
|

spherical wave. However, since the image of the star is on the optical axis of
rest of the telescope, no further imperfections, or path differences,
introduced by the diagonal, the eyepiece or the observer’s eye.

If, instead of in a Newtonian, the same paraboloid were to be used as the p
mary of a Cassegrainian, and if it were to be put out of collimation by the
amount, and if the telescope were to be pointed so that the star image would
formed on the optical axis of the rest of the telescope, the parallel rays from
star would make the same angle as before with the axis of the paraboloid, and |
same imperfections of the spherical wave formed by the paraboloid would be p
ent. Since the star image would be collimated perfectly with respect to the rest
the system, no further errors would be introduced. As a result the net error, 50
as the observer is concerned, would be the same as in the Newtonian. From this
conclude that the loss in optical performance sufTered by any telescope as & res
of an error in collimation of its primary mirror (a paraboloid), will be indepen
of the type of telescope in which it is used. Because of this, we can mak
calculations as to the net effect of any given error of collimation of a parabolol
primary mirror without being concerned about the type of telescope in which
o be used. _

In deriving the equations presented below, the following assumptions b
been made:

1. The surface curve will be a perfect paraboloid. A
2. Only one type of collimation error will be present in each case and only
primary mirror will be out of collimation. i
3, The image point will be so chosen that: y
a. the path difference of the central ray will be zero (this is accomp ishe
choosing as the focal plane the plane of best focus), 1

b. the average of the path lengths of all rays reflected from each of the
halves of the mirror, formed by dividing it along any diameter, Wil

the same (this corresponds to taking as the image-point the poif
maximum brightness in the diffraction pattern). :

4, The edge of the mirror will be the effective diaphragm stop for the SyS!
In each case, the maximum effective path difTerence is 2e and occurs
edge of the mirror:

sy —) ¢+ — =

- 0 D? 10 e
' ming that the maximum acceptable value of ¢ to be 1/16t

i : h of the
mm:u{ light, and the wavelength of light to be 0,555 microns, the following

_J D 32 437x10"° F* D

- (—) +- - — — (6)
10 D? 10

LDandFarc in inches.

. mrnrde: 1o get some idea as to what precision in collimation will be required

: given primary mirror, the following table has been computed, using Eq.

Values of Collimation Tolerance (a) in inches, based on a
maximum path difference of 1/8th wavelength

F/D k] 4 5

3 6 B 10 12

| ﬁﬂ
B g.uuﬁ 0014 | 0027 | 0045 | 0103 | 0.19 | 030
ok 006 | 0014 | 0027 | 0046 | 0106 | 020 |
0.006 | 0.014 ' '
0027 | 0047 | 0109
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ing a practically perfect parabolic figure even though the edge error is many
g the acceptable tolerance.

= |f the mirror were 10 start out as a perfect sphere and if, in the figuring opera-
were to be removed absolutely uniformly all the way round and con-
- ntrically with the geometrical center of the mirror face, the optical and geometri-
el axes would coincide, In actual practice, however, this is not always true. If the
icenr is small and slow (f/10 or {/12), the amount of glass to be removed in figur-
ing it is quite small, If the figuring of such a mirror is completed quickly and with
the removal of a minimum amount of glass, the chances are good that edge error
will be within tolerance. If, on the other hand, the mirror is both large and fast, or
ifa long time is spent and a large amount of glass is polished off before the figure is
nounced satisfactory, the probability that the edge error will just happen 1o be
within acceptable limits is much lower.

In not testing for and locating the optical axis of his mirror, the telescope
\maker is just trusting to luck. If his mirror is small and slow, the chances are that
his luck will be good. As he attempts faster and (aster mirrors, his luck will get
‘poorer and poorer. [t will take more than just luck to hold the edge error of an f/3
paraboloid to within the tolerance of 0.012 inches,

It will be noted that with very fast mirrors (F/D = 6 or faster) the colli;
tion tolerance is practically independent of the diameter and depends only on |
focal ratio. A comparison of these values will show that in this range of focal rati
the collimation tolerance can be expressed by the following: 1

3

E
a=000022( — )
(h]

Collimation Toelerances for the Other Optical Elements of Reflecting Teleseo

When collimation tolerances for the secondary elements (secondary mig
or Barlow lens) of compound telescopes are calculated, they are found to be
greatly different from those of the primary mirrors of the same telescopes. Eq,
gives at least a fair approximation for the collimation tolerances of these op
This is true even of the diagonal flat of the Newtonian reflector for, if this
were to be shifted a short distance along the axis of either the eyepiece or the
tube, the result would be the same as if the primary mimror had been
laterally by the same amount. i

Because the purpose in presenting this paper was more to call attention to
seriousness of the problem in reflecting telescopes than to set definite values

the tolerances, the equations and calculated values of tolerances for these p " Someof tlfrm repluﬂﬂd cases of warped mirrors may be due in part to large edge
not b inciuded. 3 . If the mirror is not particularly fast and if the edge error is large, the astig-
Discussion. d matism term (second term in the right hand side of Eq. (3)) may be larger than the

¢oma term. In that case, the most noticeable defect will be astigmatism and might
:- sily be diagnosed as a warped mirror. Another way in which a telescope might
to have a warped mirror without actually having one is by having two or
jore types of collimation error which are rather large and which are so oriented

regard to each other that the coma terms largely cancel while the astigmatism

3 ~ To some, the choice of 1/8th wavelength as the maximum acceptable path
After completing such an instrument, many telescope makers find that! (used in computing the tolerance for each type of collimation error)
would like to have a larger telescope and decide to build one, In order that it she Sy seem unreasonably close. If only one type of collimation error were involved,
be easy to house or transport in an automobile, they design it with a relatively - this might be so; but, because of the possibility of the presence of more than one
primary mirror. They feel that since their first telescope turned out fairly wel Lda of collimation error and in more than one optical element, these tolerances
of the procedures that were used in its construction, including the collimating . not be close enough. In fact, it is the writer's opinion that for of a greater
cedure, are good enough; and that with the experience gained in making the mber of collimation errors at the same time, the working tolerance for each
one and with a reasonable amount of care, they should be able to turn out & 1 I'Ml |-'¢1 even lower than the values given.
and faster instrument which will perform almost to the theoretical limi ; ! might be argued that in a compound telescope, such as the Cassegrainian,
telescopic resolution. Unfortunately, the collimation procedure which was | g Optical axis of the telescope could be defined as the straight line passing
enough for an (/10 or [/12 primary mirror may not be at all good enough for| e the optical centers of the primary and secondary mirrors, and that for both
faster instrument. e d_thls would automatically reduce the lateral error to zero and make the edge
Another source of loss in performance in reflecting telescopes, and of the N0 consequence. The trouble with this is that, unless the actual locations
which is not generally appreciated by the amateur, is what has been descrik Blescor . coniers of the mirrors are known and made use of in collimating the
““edge error’’. Most of the amateur built telescopes are collimated by proce 'Fimn“' We will have nothing at which to aim when we try to adjust the tilt of the
which, if they could be executed to perfection, would result in placing - In other words, we will have no control at all over the tilt errors of the two
geometrical axis of the mirror, instead of its optical axis, on the axis 0 way of holding them within any given tolerance.
telescope. This is based on the assumption that the edge error will always be &
or at least within acceptable limits. It should be pointed out that the convent
zonal test method for the concave paraboloid does not make the optical axis @
mirror pass through it at any particular point on the surface, and is capable of

One of the first things that is shown by both the tabulated values and Eq;
is the very rapid rate of reduction in the collimation tolerances as we go 1o fa
and faster primary mirrors, This is a feature which is not fully appreciatel
amateur telescope makers. The beginner's telescope is usually a 6-inch
f/12. From the table of values it can be seen that such an instrument has a [
liberal collimation tolerance. Many of these telescopes turn out quite we 1l
show no evidence of poor collimation. !

':*"’"5 and no

k.
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NEW HORIZONS FOR TILTED-COMPONENT
TELESCOPES
by Arthur S. Leonard, University of California, [

n the past, the field of highly corrected optical sysiem

wide-field photography and other applications has been

exclusive domain of lenses and the lens-designer. In ¢
respondingly complex reflecting systems one mirror would obscure another g
the photographic plate would either obscure mirrors or be obscured by them, ®
recent advent of tilted-component telescopes has changed all this; and the desig
of all-reflecting and catadioptric telescopes is now free to lay out relahvclr
systems which will provide most of the end results which previously, o

Fig. 1| NEWIONIAN REFLECTOR OPTICAL SYSTEM

!, With the Cassegrainian optical system (see Figure 2) the reflector designer
has two optical surfaces to work with, The Ritchey-Chretien design is probably the
that can be obtained with this configuration. Since the secondary mirror in this
refracting systems could deliver, forms an obstruction in the center of the approach-path to the primary mir-

Inrroduction ror, its presence there is detrimental to the over-all performance of the system. In

Not so very long ago, an optical-designer friend of mine said to me, “E' r to keep this loss within acceptable limits, the size of the secondary mirror
much prefer to work with lenses. You can do so much more with lenses than m the associated light baffles) must be made small and the wave-front must be
can with mirrors.”” He was, of course, referring 1o high-performance op jllowed to contract to a correspondingly small diameter before it reaches and
systems capable of providing wide flat fields suitable for photographic applicatig ,' r s with the surface of the secondary mirror. This fact tends to make the opti-

When we look into the design parameters of a typical high-performance cian's pmbltms of producing the desired surface curve more difficult and tends to
system such as a modern camera lens, we will find it to contain between six and reduce somewhat the benefits which the designer can achieve from its presence in
lens elements—as many as 20 glass surfaces. Since a large fraction of these | he optical system. Although the field coverage of the Ritchey-Chretien optical
faces will be cemented together in pairs, the designer will not have quite that m em is much larger than that of the Newtonian, it is still much smaller than that
independent radii of curvature to work with; but with a long list of glass type which could be achieved with a lens sysiem of the same size. Also, if the focal
choose from and many thickness and separation distances to be adjusted, he ha length of the Ritchey-Chretien is made large in order to give it a large field of clear
impressive list of independent variables at his disposal. ‘definition, that field may turn out to be larger than the area which can be devoted

When we analyze the action of such a lens system on a wave of light, 10 the photographic plate without making it into an unacceptably large obstruction.

find the wave-front encountering surface-after-surface in rapid nmﬁun' ;

passes through the system. Although the system as a whole has a [ownl:' —
on the light, the wave-front, in most systems, will be found to emerge fi
last surface while it is still well over one-half of its original diameter. Thll.
surface in the system has an opportunity to work on the wave-front while it i
relatively large. Finally, there is no restriction as to the size of the photog _'
plate which will be placed behind the optical system. Clearly, the lens-designer
had many variables at his disposal which he could manipulate to achieve his g
tives,

- —]
+

Fig 2 CASSEGRAINIAN REFLECTOR OPTICAL SYSTEM

Up until recently, the designer of reflectors has had no such freedom
choice. With the Newtonian reflector optical system (see Figure 1), there i
one optically active surface which can be manipulated. All that can be done ¥
this system is to make that surface into as accurate a paraboloid of revolutiof
possible. The primary mirror of the 200-inch Hale telescope is an example of
system. That giant mirror, by itself, has a field of clear definition (undegradex
off-axis coma) of only one-half inch in diameter—seven-tenths the diameter! In org
dime. In order to improve this situation at all, we must call in a good I 4
designer—1o give us a Ross correcting lens. Although the field of clear definitio
much larger with this added component, it is still quite small compared with
might be obtained with a high-performance lens system of the same size.

How Much Freedom Does the Reflector-Designer Really Need?
nses are afficted with chromatic aberration and other chromatic problems.
I to do a really good job of controlling primary chromatic aberration, the
Ener must employ three or more different kinds of glass in his lenses, and
ﬂlln w0 or more radii of curvature just to this task. The control of other
Matic effects will require the assignment of one or more additional radii of
ture. The reflector designer, on the other hand, does not have to contend
any kind of chromatic aberration and thus, does not have to devote even one




mirror surface to this problem. By employing aspherical surface curves ing
spherical (the paraboloidal surface of the mirror of the Newtonian refl
aspherical curve) the mirror designer needs still fewer surfaces to

desired end result

Theoretical calculations have indicated that in order to make a good stan
the problem of controlling primary spherical aberration and off-axis com 4
astigmatism, the reflector designer will need a minimum of three optical s rfa
each separated from the next and the photographic plate by a distance at least y
to the diameter of the wave front at the surface in question. Also, there shot
adequate room for the photographic plate; and preferably, it should be possible
locate the mirror surfaces along the optical axis so that the wave front will by
large as possible when it encounters each optical surface. With additional surf
lo work with, other aberrations such as field curvature and distortion might be
trolled. From this discussion it is apparent that conventional reflector g
(axially symmetrical) leaves the reflector designer one mirror short of the requ
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minimum and inadequate room for the photographic plate.

Off-Axis Reflector Systems
Off-axis reflector systems offer a possible escape from this situation. Sh
in Figure 3, is one such system. It has three mirrors and room lor the photog;

—
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Fig 3 WIDEFIELD MMIRROR ECCENTHIC PUFIL OFTICAL SYSTEM
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Technically, this is not an off-axis system, but an eccentric pupil system,
" ee if the object (located at an infinite distance) is on axis, its image will lie on
. axis. The stop, which defines the eccentric pupll, and the cones of rays
wre off-axis. Most of the reflector optical systems which currently are described as
Soi-axis'', are in this class.

The all-reflecting system shown in Figure 3 has a photographic speed of [/8, a
raid of 8 degrees in diameter, and is drawn to scale. The primary is a one-fifth
neter eccentric section of an /1.6 concave mirror having a very strong hyper-
~idal surface curve. The secondary is a three-elevenths diameter eccentric sec-
ion of an /2.9 convex mirror having a very strong hyperboloidal surface curve.
The tertiary mirror is an eccentric section of a surface which might be described as
a reflecting Schmidt plate.

' [ have not tried to actually carry out the design of this system, so | cannot say
well it might perform. However, I do believe that such an all-reflecting system
eould be designed. But actually building it would be gquite another matter. It is
obviously very bulky—50% wider than it is long, and yet, only {/8 effective. But

i

he real problem would be to polish and figure the off-axis (eccentric) sections of
the very strongly aspherical surface curves. There must be a better way to do this

Tilted-Component Telescope Optics

And fortunately, there isa better way—through the use of tilted-component
| Al the present time there are three basic tilted-component telescope
systems, the Schiefspiegler, Figure 4, the Yolo, Figure 5, and the Catadioptric
Herschelian, Figure 6. For someone not familiar with these designs, they might be
mistaken for eccentric-pupil (off-axis) systems. They differ from eccentric-pupil
Sysiems in two important respects. First, they have no single straight line axis
Which is common 1o all components. Instead, the optical axis is defined as a series
0f straight lines joining the object-point, the vertices of successive components,
#nd the image-point. Second, each component is designed and manufactured as an
Axially symmetrical unit and it is assembled in the system so that its axis bisects the
ahgle between successive straight sections of the optical axis of the system,

Fig 4 SCHIEFSMBECLER OPTICAL SYSTEM
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Fig. 5 YOLO OFTICAL SYSTEM

The design philosophy of tilted-component systems is to arrange to h
principal tilt-aberrations (primary coma and astigmatism) of one component &

celled by the corresponding tilt-aberrations of all the other components. Eccenl
pupil designs, on the other hand, are usually designed by arranging to have
spherical aberrations of one component cancelled by those of the other con
nents, -
One of the first questions which might be raised is, **How good are sg
these tilted-component systems or, how large are the uncompensated tilt-abe
tions?"" Figure 7 is a spot diagram for a 10 inch, /13.9 compound Yolo reflee

This shows all rays falling within a circle about 1/25th the diameter of th

diffraction pattern for that system. This means that considerably larger and [s
systems could be designed without having unacceptably large residual tili-abe
tions.,

All-Reflecting Systems

The Wide-Field Compound Yolo system shown in Figure B is an examp
what can be accomplished along these lines. It is an all-reflecting optical *
consisting of three concave front-surfaced mirrors arranged as shown. At least
mirror will require a warping harness; and, for the highest performance (&
aperture and fast system), all three mirrors should be so equipped. When all tf
mirrors are given the proper aspherical surface curves, the system is free o
mary spherical aberration and off-axis coma and astigmatism.

=
Fg 6 CATADMFTRIC HERSCHELIAN TELESCOPE (CHT) OPTICAL
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The performance of this system should be superior to that of a Ritchey-Chre-
tien of the same size and photographic speed. It should be useful for general
- astrographic survey work; and it should be especially good for space applications
- where its wide wave-length capabilities should make it most valuable.
Catadioptric Systems
A description of the Hamiltonian Reflector, Figure 9, was first published in
14. Then, in 1899 the German mathematician Ludwig Schupmann patented a
family of catadioptric telescope designs. His **brachyte'" design is shown in Figure
% and his “medial™ in Figure 10. Several telescopes of the medial design have
beer built in recent years and they have been reported to demonstrate excep-
ionally high quality for visual observation. Although there are three refracting
- *mponents in this design, it is virtually perfectly achromatic and free of all
- Hiromatic defects. It is also unobstructed.
- The Pprincipal objection to the Schupmann medial design shown in Figure 10
g fﬂrl-‘llwlely great over-all length. A rather obvious solution to this objection is
g old it twice, Lo give the Folded Schupmann Optical System, shown in Figure 11,
_ﬂl'ﬂdu_:e its length to approximately one-third of that of the design in Figure 10,
¥ replacing the flat with a long-radius concave mirror and applying the techniques
' “’lﬁfumn_uncnt optics, this system can probably be shortened even more.
of 1 design, fine as it is, still has two minor disadvantages. First, it has a total
i:"l‘ Optical components, whereas three should be sufficient to accomplish most
i %mﬂfe Important objectives. Second, since the light is brought to a focus twice
» design, the various radii of curvature which it employs are somewhat
b than would otherwise be needed and, as a resull, the various uncompen-
- fesidual aberrations are a little larger than they would be otherwise.
Il Hamilton's reflector and Schupmann’s Brachyte design is adjusted to be
B from chromatic aberration, it will have the aberration chromatic-difference in
by cation. Also, the diagonal mirror of that design constitutes a central
ton in the light path of the system. A theoretical analysis, however, shows
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again, through the application of tilted-component optics, we can free
.flector designer of his age-old resirictions and come up with the Hamil-
fdnﬂpﬂl':aIS}rnm Figure 12. This design avoids all of the more serious
of chromatic aberration, ordinary chromatic aberration, chromatic-
IO n-masmﬁcauon and lateral color. It combines the compaciness and
erration-free performance of the Yolo, the virtually perfect achromatism,
4.tube, and Mangin mirror advantages of the Schupmann medial, and the
wetructed optical perfection of both designs.
~ Mangin Mirror Advantages
One of the objections to reflecting telescopes is that front-surfaced mirrors
,um:r more light than do air-glass surfaces (lenses). The principal reason
m; is a combination of sleeks and tiny areas of corrosion resulting from the
; d cleanings of the relatively soft aluminum surface and its exposure 1o
cts, dust, moisture, and pollutants in the atmosphere. Mangin mirrors (back-
face aluminized on optical glass) on the other hand, are not subject 1o such
gterioration with time because the actual reflecting surface is in intimate contact
ith glass, rather than being exposed to the atmosphere. Thus, these mirrors vir-
ally last forever.

that with two Mangin mirrors all chromatic defects can be eliminated,
Hamilton and Schupmann in his brachyte design, were blocked by the restrig
of conventional reflecter designs (axially symmetrical systems) and that desjg
just one Mangin mirror short of the minimum number needed o ach
which, otherwise, would be virtually optical perfection.
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~ The Hamiltonian-Yolo design offers us a closed-tube telescope which ¢z
built to eliminate all dust and insects from the interior of its tube and interior
cal surfaces, is virtually optically perfect (no central obstruction in the light pag . Field Co i
. ! : : ! sThe Wide-Field Compound Yolo Reflector,” A S. Leonard, Presented
chromatic aberration), and the sleek-free mirror surfaces will last a lifetime; pefore 3rd Ann. W. A. A. Telescope Makers’ Conference, Riverside, Califor-
all during that lifetime, will perform as if they had just been freshly alum nia, April 24-25, 1971. 1 :

yesterday! ) ““Technical Report Number 68. Design Examples of Tilted-Component

Unobstructed-Reflector Phifosophy - § B A Buchroed ; F s
For the past several generations, students of lunar and planetary ob Iﬁwﬁzﬂﬂh I'-il_v g uc er, Optical Sciences Center, University of

have known that the central obsiruction in the more common forms of reflec : Telescope i
has a slight degrading effect on the performance of these telescopes. In an effg i ST T ou il A Comder gp. 253:257,
realize the maximum possible theoretical performance by telescopes used in
service, a great deal of work by both professionals and amateurs has been inve
in a campaign to find the best practical solution to this problem. W
1 believe that T am safe in saying that the total thrust to devise and devely
forms of unobstructed reflectors has come from the knowledge that a slight gs
optical performance of the more common forms of reflectors could be res
through the elimination of the central obstruction. The people who have |
tributed to the successful conclusion of this campaign are to be complimente:
their long and dedicated efTorts. | believe, also, that these people have & (
pletely unaware of what may turn out to be a far more important contributis ; CHOICE OF FOCAL RATIOS IN
optical science —the freeing of the reflector-designer from his age-old restric : NEWTONIAN TELESCOPES
of no more than two active mirrors in any reflecting telescope design. The di by Edgar Everhart, PhD
ers of reflecting telescope optical systems can now venture out into the _ d . ' )
optics which up until now have been denied them, but which have been f
= T:p:::;:i?usbiym:he]dﬁ::n;r: ':]t;a:?:!:: restrictions which have y i here are several reasons why long focus Newtonian
designer of reflecting telescope optical systems for so many generatior B of short (o m ﬂ;ﬂt?mnxs give betler images for almost all purposes than
r'm.""' he%élft;::‘l;l:]slgug free mn?'?\l,mle and dE!EItha“ 'Tp{e.m:g E '_ I. Itis not generally realized how severely geometrical coma limits the field of
options. ide-Field Compound Yolo and the Hamiltonian- o sharp definition. We will calculate the size of the coma as seen in the eyepi
systems are examples of designs embodying these new freedoms. We can now Be edge of the apparent field of vi yepiece at
forward to having many new all-reflecting and catadioptric designs of incr ~ The usual formula f = .
sophistication and capabilities. These will include wide-field astrographs an . i Tor coma C in seconds of arc is:

1  Wide : C=11d/f (1)
most nearly perfect visual telescopes that can be imagined. raare d llithe off-axis angle in minutes of arc and f is the focal ratio or ““f/num-
S8 Letting “a” be the half-angle of the eyepiece apparent field measured in
'®ES, and letting M be the magnification, it is evident that d = 60a/M and
hie C = (11){(60)a/MI* (2)
tim expression is for coma in the focal plane. Since the eyepiece magnifies
e NS, the angular extent of coma C’ as seen visually is C' = MC = (11){60)
-- seconds of arc, or

, A Catadioptric Herschelian Telescope with Tilted-Components,” R. A.
roeder, Sky and Telescope, Jan, 1971, pp. 46-52.

i
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N C' = 11a/f*, in minutes of arc. (3)
hou, '-'- that Coma as seen in the eyepiece is independent of magnification, thus
ifie coma is very bad at the edge of a large field seen at low power, the mag-
| pae also lower in proportion and, as seen visually, the coma is the same.

*ﬂﬂl?ms have a 50° field, so the half-angle, a, is usually about 25°. With
f of “a™ in Eq. (3) we get

\ 1 C = 275/ 4)
this Tesult is tabulated in Table 1.

ky
Ly
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- : [V. There are a number of other considerations, such as the supposed easier

f C' (minutes) f C' (minutes) ¢ of long focus mirrors. [t is the author’s opinion that this is not nearly so

: ~rtant & consideration as the optical performance of the finished telescope. In

! 4 11.2 8 43 + event, making a mirror is only about 1/3 of the effort of making a telescope.
5 11.0 10 28 mechanical parts take 2/3 of the effort.

| s 77 12 19 One very real problem is that of making a very steady mount for a long focus

7 5.6 15 12 7 . In diameters over 6 inches, there is also the problem of arranging stools

or step ladders in order to reach the eyepiece, and the difficulty in slow-motion
.ﬂ.ﬂ‘lﬂ’ from the eyepiece, There is also the awkwardly long tube to handle and

Table 1. The angular extent of coma as seen visually at the edge of the e
field. The eyvepiece field is 507 in diameter. The result is independent of
tion,

Short focus instruments are easy to handle and transport and will work very
‘well on nebulae since the objects are blurry anyway. An f/5 instrument with a 114"

ece makes a good richest field telescope and comet seeker. For many pur-
w the {/8 ratio is a compromise between ease of handling and mounting, on the
one hand, and tolerable optical performance on the other. If, however, one is will-
ing to make no compromise with image quality and is willing to spend the effort
necessary to mount, handle and control a long tube, there is no question that an
instrument of /10 proportions is well worth the effort.

The eye can detect as blurred, an image larger than about 2 minutes of
Thus an [/8 telescope, at all magnifications, has stellar images of 4.3 minutes gf
diameter at the edge of a 257 half-angle field. This comatic blur varies linearly}
field angle and the images will be sharp only inside a field of about 12 ¢
radius. The situation is much worse for telescopes of ratios of less than [
conclusion is that short focus telescopes cannot have flawless images at any
nification over the field of the eyepiece. Only a ratio of /10 or longer gives imi
which are substantially flawless to the eye to the edge of the field.

I1. The linear field of the prime focal plane over which the coma is sma
than the theoretical diffraction image is quite independent of the size of
lelescope and varies only as the cube of the focal ratio. Table 2 below j
diameter of the field of substantially perfect images for various focal ratios:

TO DESIGN A SECONDARY HYPERBOLOID
FOR A CASSEGRAINIAN TELESCOPE

by A. M. Crooker, PhD.
f diameter f
4 0.055 in. g et the primary form its focus at F,. Then we want to calcu-
5 0.104 in. 10 late the radius of curvature and the hyperboloidal figure for
p 0.185 in. 12 A secondary mirror surface placed at a distance of L, from F|, so that the final image
- 0,354 in. 15 I8formed at F,, a convenient distance behind the primary, at a distance L,from the
Secondary. The equivalent focal length of the primary-secondary combination is

FL/L,, and L,/L, is called the telephoto ratio.

l._First we calculate the focal length [ of the secondary required to image F,
8LF,. Since F,is a virtual object | 1 1
Rk + =

L L i

I ]

Table 2. The diameter in inches of the field of good definition in the focal
various focal ratios.

The theory for this may be found on page 160 of Sidgwick's An
Astronomer's Handbook, .

It is seen from the table that short focus telescopes require superb colll
tion in order that the region of good images coincides with the center of
gyepiece axis. The tolerance in collimating long focus instruments is much :
and these will in practice be collimated well enough a larger fraction of the |

I11. A long focus Newtonian telescope can use a8 much smaller diag
ror and thus avoid some of the effect of diffraction in reducing con
Cassegrainian type will lose out on this score in comparison with a New
the same [ocal ratio.

1 Thislf will turn out to be negative, which just means that the mirror is convex
dispersive element). Then the radius of the mirror is r = 2f.

For example, L, = 320,386 mm and L, = 963.486 mm, so that f = —480,
= 960 mm (convex).

II. We next reduce the equation to the hyperboloid in normal form:

i.‘_‘ r




_——— W —— PR e — bl o n g e, Bl
Secundary  focus 1.54650° 3.09040° 4.11789°
L _ a(l-<cosf)  a(0003642) 2(0014543) a(.0025816)
i T s 9996358 9985457 9974148
" 11714 468305 832268

Also calculate the X, values for a spherical surface:

Fi o T — X,mr—X, ===
=N y=I1Smm  =30mm  =40mm
Secondury [ e 117195 46886 .B3370
IR = X, — X 000055 00056 00143
sing A/2 = 000273 mm 0.2 rings 2.0rings 5.2rings
Both the zonal increase and A expressed in rings can be graphed to interpo-

L, —I" Ly = their values al other values of y, the zonal radius.

e ' [incal  benggth of  pesmary =

Calculate 2c = 1L,1 + 1L,1;i.e., add L, and L,, both with positive
Calculate 2a = L, — L,.
In the example 2c = 1283,872; ¢ = 641.936; c'=4]12081.828
la = 643.1; a=321.55; a’=103394.402
then b' =¢'—a’ = J0B68T.426 i
b =555.59646 bfa’= 2.985533
As a check on the arithmetic, see that b'/a’xa =r = b'/a.
111 (a). If the convex hyperboloid is to be checked for "'no rings"
concave hyperboloid, then the subnormal of the concave hyperbola is
from the formula:

| hl
5““01'“13'-? l:xh]" ?lxh"' a)

where X is the sagittal distance measured from the center ( = vertex or poled
concave hyperboloid).
Let us calculate the subnormal form,

x: b +y? ) a -
o RS R Sl R
b* b
so that the subnormal —- , X = —+/ b +y°
a a
¥y = 15 mm = 30 mm
bi/a’X 960.3480 961.3967
add sag. X = v*/2R A172 AGRT
vertex distance 960.4652 961.8654
(measured in Foucault test)
zonal increase 4652 1.86

Il (b). The concave hyperboloid *‘test-glass" may be checked by I
from a convex sphere. For the appropriate equations, use the parametric equ
to a hyperbola

Xy = af cosd ¥y=bhtan#

y = 15 mm = 30 mm =4

MORE ON COMPUTING CASS. SECONDARIES
by Joseph Raab, Jr.

he way [ get “'e"" (eccentricity of the hyperbola) is to use
the formula: L 43

e —
A-1

gre A is the amplification. The derivation of this is as follows:
We know that e of the classical hyperbola is found by using

a!_'_h!
e m

We also know that ae is equal to OF, and 0 — F = /a” + b". Now in the

Hual telescope the distance 0 — F is the same as (f+b)/2, and a is (+b)/2 = p.

Now if we substitute the classical formula, we get
2 (f+b) /2

(f+b)/2—p

This simplifies to:

f+h
:‘: —— —r
f+b-2p
Now p = (f+b)/(a+ 1), so if we substitute this value for p, we end up with
A+l A-1
e= ——,  fora Gregorian e=
5 A+

Once we have e, it is simple to compute for the zonal aberrations from

Ola's fﬂﬂ'ﬂulﬂ e

2R
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o the Dall-Kirkham, the telescopes will have hyperboloidal secondary mir-
that is, K will always be more negative than —1 (say typically —3). The
wegjonal way to test such a mirror is in the Hindle test, but that requires a
B ce at least twice as fast as your primary. There are a number of “‘cheap™ tests
e hle_and the reader will only be given a method for finding the hyperboloid’s
hericity and thus its two foci.

We now proceed to design a compound reflector. Study the skeich below
hich gives all the essentials:

+ e ——

GENERAL CASSEGRAIN FORMULAS
by R. A. Buchroeder

7

b

E xcept for the classical Cassegrain, it is virtually impos
to find any written instructions on designing and bui
compound reflectors. Almost all professional instruments have conic mirron
this article gives complete equations, based on third order aberration theor
calculate Dall-Kirkham and Ritchey-Chretien reflectors that use conic "
long as the primary is slower than /2, and the secondary mirror amplificati
greater than 2X, the residual higher order aberrations will be entirely negh
For example, a 10" f/4 — /16 Ritchey-Chretien so calculated has a res
herical aberration of 1/20,000 wave. A professional Ritchey-Chretien St .
tsl|:|: 90" /2.7 = (/9 Steward reflector at !I,(.itt Peak, using o:nic mirrors, Mrameters. You need enough clearance behind the mirror to reach the image,
residual of approximately 1/100 wave. The amateur’s mirrors are likely | felerably enough to use a star diagonal as Cassegrains are uncomfortable without
somewhere between these two extremes, and he may place complete reliam 8. The axial obscuration ratio is just p/f, on axis, but you should add a little more
the formulas. friure. The extra amount is just the desired field of view measured in radians
The source of the equations is Woodruff' & Bottema's article on page 3 de degrees by 57) multiplied by the mirror separation, d. Usually the amateur
the February 1971 issue of Applied Optics. That article also gives equations to| BE1S this far on his own just by geometric proportions, but has difficulty in figuring
late the aberrations of any compound reflector, and the interested res ‘“ the radius of curvature on the secondary. This is found by the equation:
referred to it. What we will do is to replace their measure of asphericity, the o 2/R;= l/p— l/g
tity ““e¢"" (which is not, incidentally, the usual geometric accentricity of the 6 “:3;:'-:«::-‘ positive n_umbci's fﬂ;‘ pand q, but for 1|1I.cli uﬂl i; to be understood
= (g— i : . 3 ave a negative value. Let us start an example. Let the primary mirror
2[323: u:af : LT;L:;;E slll[;‘l ;I.:}!i';gu t;::: mﬁc:lz;ds:l;n:s fm -:' be 10 f/4 (soits R -g;{}"], let the mirror separation bcp.'lﬂ"i which I:‘:cnagv:i P=
paraboloid is K = =1, A sphere has K = 0, so it would show no knife-edge '_ ;6‘3?4" 10", so that mu}ms the distance lrom the secondary o the Cass, focus
center of curvature. All the Ks of interest will have negative values, and It - Now we find the Mdllfuanrnll;”l::mlﬁﬂ o
out that the knife-e shift of any concave mirror will be simply K L : = - = U7y,
parabolic tniﬁ;.gd“':ﬁ?ﬂl Thusa Wynwvg mirror with, say, K = E{JL will k. ! :f%ﬁ.ﬁﬁﬁbﬁﬁ, but we shall call it minus later on. It is, of course, allowable to
a shift 1.25 times that of a paraboloid, which is to say 25% more. An ellipti€ the numbers, say Ry = —26.667. 1 ;
ror has its K between 0 and =1, for example the usual Dall-Kirkham will B . We can calculate the only two quantities needed to prescribe the
= —_7, and so its knife-edge shift is only 70% that of a paraboloid. With S, m and s. We find that m = gq/p = 40/10 = 4, s = q/d = 40/30 =

f, =focal length of primary —Y: radius of curvature.

R, = radius of curvature of secondary, considered negative.

d = mirror separation,

P = prime focus intercept distance = f; — d.

g =distance [rom secondary to Cass. focus.

m = secondary magnification = q/p.

8 =g/d = (distance from secondary to Cass. focus)/(mirror separation).

Now by reference to any source on Cassegrains, one can relate the geometric
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ce between the spherical curve and the aspheric. Professionals use Offner

1.33333. The aspheric I"igum are calculated with the formulas: ! .' 1 to ﬁsum their primaries, but these are oo much work for the ATM, 50

Type Primary Secondary are left with the simpler tests.

. (K+1) K+ 1) The secondary mirror will always be hyperbolic in these telescopes, except
Dall-Kirkham s(m-1)(m+1)? 1 tor the obviously simple mirror of the Dall-Kirkham. Our opticians figure convex
(m+s)m* S nerboloids by removing stock mainly at the 70% zone. Despite the high K
—4m the amount of stock removed on a secondary is always much less than on a
True Cass. 0 i mirror, and the 70% zone is the minimum stock removal form. In order to
(m-1p with a radius that should end up with the design value, again the starting

2s dm(m-1)+2(m+s) gphere should be long, as given by:

Ritchey-Chretien

,Adesign )
ai 2
I+ (Ky? R? ) gogien

m (m-1) Rsiart) = remember K is negative

Note that m and s are common to all designs; you may then want to comy
the aspherics for all types to see how great the differences are, and so j
carefully you need to make the mirrors to get what you want,

As a conlinuation of our design sample, we will compute the aspherics fi
three types of design: i
Dall-Kirkham:  Primary mirror K+1 = s{m—1)(m+ D¥(m+s)m’

= 4 2070687
so primary K = —0,7070313
Secondary mirror K+1 = 1, or K=0, which is a
sphere.
True Cass.: Primary mirror K+1 = 0, s0K = —1,
which is a true paraboloid. 1 —
Secondary mirror K+1 = —4m/(m—1)*= i ,
=177
Secondary mirror K = —2.777777
Ritchey-Chretien: Primary mirror K+ 1 = —2s/m’ = —(.4166666
Primary mirror K = —1.04166667

The above formula differs from the one for the primary because we are using
the minimum stock removal method. Dls:regardmg the above formulas sometimes
results in a Y2 percent error of radius on a fast mirror, an amount that is negligible
h the average small amateur telescope, but consequential to the large professional
slescope. We always take account of it in our work,

Finding the Foci,

First we deal with the ellipse of the Dall-Kirkham. The sketch below shows
h situation:

Fa

_ R = the mirror's radius, F,is its short focus, and F, is its long focus. A source at
Secondary mirror K+1 = minus _m{(m - 1) +2(m+s} r will be perfectly re-imaged at the other when you have the correct figure, so it
m—1) & good null test. K was calculated from the D—K formula, and is negative. For
= —2.1728395 the mathematician, if the eccentricity of the conic is E, then K = —E The steps

Secondary mirror K = —3.1728395 hnlﬂ the two foci are as follows:

.
l. Calculate m = R/(K+1), remember K is negative.

The above prescriptions were all ray-traced on the computer as a check € B 2. Calculate n = i
formulas themselves, to see what sort of residual errors due to higher order al ' 3. Calculate o = \%
tion occurred. The computer shows that the Dall-Kirkham is good to 1/ “The F

h“’ﬁ‘“ conjugate CF, = m - o, use positive values of m and o. The long con-
=m+o

. :3:'“ nnd Up with negative values for the two conjugates, check your math for
Emror,

wave, the Ritchey-Chretien to 1/20,000th wave, and the true Cassegrain is pé
Making the Mirrors.
It is presumed that the reader will use the knife-edge tests and the form
desired longitudinal reading = z
z = Ky'/2R for both source and knife-edge moving together.
Mathematically, the way to keep the design radius from changing &
figure is to knock down the edge of the mirror, but this is rarely done owing
risk of ruining the figure due to a turned-down edge. Opticians generally |
the center, and to get the right final radius it is advisable 1o start with a Spi
radius that is long by Ky’/2R. If all you did was to directly aspherize, the dé
the stock removed in the middle would be Ky*8R', which is approxim

Exampie.
Let R=100, K = —0.7
then m=333.333
n=182574
o= 2T8 BR6
and m — o=754.447
m+ o=612.193
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For telescopes with unusually high secondary magnifications, you'll fing
the long conjugate may be so far away as to be impractical for testing, and then
best to go ahead and knife-edge it. The shift sought is just K times the shift f;
paraboloid, and of course is always less than a paraboloid would have,

Hyperbolic Secondary.

Secondary Mirror Irvaginary Mirror

Given: R = design radius, megative.
K = value calculated with the equations, K is always more negative |
=1.

Ehedadtheke WL L LW

for this article, but have been used in our shop and proved time and

on actual optical instruments.

TOLERANCES (SAGITTAL AND OTHER)
by Diane Lucas

hen starting out to make any telescope, one of the first
things to consider is just how closely the given radii must

e obtained. Most of us probably didn’t come within more than a few inches of our

with our first (/8. This was not (oo disastrous, however, since [t meant al most
a few more holes in the tube and moving the diagonal and eyepiece holder;

unless, of course, you were smart enough to wait until the mirror was all finished
o drill the holes. The important thing was achieving a usable figure on the mirror.
. For anything more complicated than a Newtonian, the problem of attaining a
certain accuracy of radii and figure arises. Since there is an ever increasing number
of ray-traced designs available, it would probably be advisable 1o come as close as
possible to one set of specified design figures as can be attained in a reasonable
- amount of time with a reasonable amount of work. This should reduce the final
wspherizing required, if nothing else. For accurate radii, a good tool would be a
spherometer, and an understanding of its possible sources of error and their effect
- 0n radius measurement is useful. To use a spherometer, once we have it made, we
.~ Deed to measure its diameter (v) and the sagitta (s) of the surface to be measured.
Then we find the radius of curvature (R) with the spherometer formula:

1
5 y
R:... + {1}
2

Y

L. Errors in sagitta measurement are the major causes of error. From the
Spherometer formula, the following is derived showing the error in radius dR,
Bused by a sagitta error ds.

1. Calculate m = R/A(K+1), itive.
2. Calculaten = —m ++/m’ = mR,
but since R is negative, both quantities under the root sign are positive and af
live.
Then the short conjugate S = n.
The long conjugate S' = 2m + n, both items positive.
Example,
R=-=50,K = -1
gives m=—50/(—3 + 1) = +125
and n= =25 +J25 = 25(=50) = 183013 = §
so8'=2x25+ 18.3013 = 68.3013.

The way a Hindle sphere works is that it is concentric with the lefl
focus, and since it must not hit the secondary mirror, its minimum

get the light in and the knife-edge at it as it comes out. Thus the Hindle sphere
a value somewhere between these two extremes; ideally its radius is aboul equs
the focal length of the primary mirror, at which point its diameter would be @

the same as the primary. Usually this is uneconomical, so one of a shorter rac

]

JRI=+:I]—1:}ds (2)
5

used, with a consequent increase in central obscuration due to the il
enlarging the hole in the Hindle sphere to get the light through. It is possible i€
a folding flat, but it is harder to align. One can also use a smaller Hindle sphen
off to one side 1o examine parts of the secondary rather than the whole thi
once. This is quite a mess, but often required in large telescopes. As to efrol
the conjugates, the accuracy of the shorl conjugate is more important than
the long conjugate and the ATM should be certain his two conjugates ane pr
when he gets his null!
Derivations of the various equations used are omitted for the sake of bf
However, the reader will perhaps take comfort in knowing that none were COm

Obvious sources of error here would include an inaccurate indicator, lack of

Care in making measurements, etc. This formula can be used to show the effect of

ng spherometer diameter, 2y, in the accuracy. Let us consider a 10"
fometer and a 10°3/4" spherometer, both measuring a radius of 18.2".

For 2y = 10 and s of about .7, dR, is 25 ds.

For 2y = 10.75 and s of about .8, dR, is 21.4 ds.
For a longer radius of R = 100, the advantage of the larger diameter may be
@pparent,

For dy of 10, dR,is about 800 ds,

For dy of 10.75, dR, is about 700 ds.

& system favors the shorter radii, which is where Maksutov tolerances are
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most stringent. With a 10.75" spherometer, measuring a 18.2" radius and n
-001", the radius error will be .021", With a .0001" indicator carefully zeroed
checked for accuracy, we might have an error in sagitta of only .0002" 10 00N
which in this case would cause a radius error of .004” — 006", Maximum acou
could be obtained by using a spherometer with y equal to the R that nee
measuring, then dR, = ds. This would lead to some impossible situations, wiy
spherometer diameter of 200", [
2. Errors in y. A possible source of error here is an inaccurate measus
of y. This formula gives the effect on R of an error dy in y as dR,.
dR' = : dv ]
For example, if dy is .001" and s is .5", then dR, will be .002", With the sa
spherometer and dy, if sis. 1", the error dR, will be .010". '
The more accurately y is measured, the less worry there is about its
tributing error. If 2y is measured within ,0002", dy will be only about .0001" an
the above two cases the error dR, will be reduced to .0002" and 001" respective
3. Effect of an off-center indicator. If a .0001" indicator is used, the old y*
equation can be employed to find how far off center the indicator may be place
a sagitta error of .0001" is permitted, the eccentricity of the indicator will be
y = .0002R b

The case is worse for short radii. For R of 10" this equation will give a y of L
(about 1/64"), For R of 20", it will be .064". If the indicator is off center b
appreciable amount, it should be possible to measure the amount and comper
for it,
4. Temperature affect. Besides the obvious effect of dust and dirt ur det
feet of the spherometer, in extreme cases temperature could also cause an ef
Steel expands 6.36 x 10~ *inches per degree Fahrenheit. If a measurement of 2y
a 10" spherometer were made at 65°F. and the spherometer later used at |

T.C.T."'s (TILTED COMPONENT TELESCOPES)
by A. 5. Leonard

eports from many (but not all) experienced observers indi-
cate that for planetary observation increases in aperture

« some moderate size yield very little improvement in performance. The
o eon for this appears to be a combination of the fact that even a small loss in the
otical quality of a system will result in a rather large loss in a lelescope's ability m
ehow faint planetary detail and the fact that as the aperture of the telescope is
eregsed, the loss in the optical quality of the system due to astronomical
: ng'® increases. The net result is that there is some size above which the

sotential gain in performance which should be obtained from a further increase in
anerture is just about wiped out by a corresponding increase in the loss of optical
ity due to seeing.

Quite a number of experienced amateur observers who have used both
peflectors and refractors of the highest quality have expressed the opinion that &
inches is just about the optimum aperture for planetary work. The quality of their
work seems to leave little room for doubt about their observing ability or the opti-
pal quality of their telescopes. At the sites where these observers had their
lelescopes set up, the seeing was probably just about the same as that at the average
's observing site. Dr. J. A. Anderson of the Mount Wilson Observatory,
‘with the benefit of the very good seeing at Mt. Wilson, has raised this optimum
‘aperture to 10 inches.
~ Another way of explaining this is as follows: a wave-front of light from a dis-
ant planet is accurately flat at the time it reaches the top of our atmosphere. By the
Aime it has passed through our atmosphere and arrived at the observer's telescope,

T

o o s e _hlnlty badly wrinkled. However, there are a few small patches in it here and
there would be an error of .00064" in 2y, or dy of .0003", and from Eq. (3) "._; y - there which are still fairly flat. Since for planetary observation we can tolerate very
.0003/s. If a long radius is measured, s may be .1” or less, and the error dR, W Miitle deviation from perfection, we must limit the size of the piece we take to the

003" or more. J

If the radius measured is short, as for an s of .5, the error will be only .00

These effects would probably be the only temperature effects worth conside

3. If a two ball footed spherometer is used, the spherometer equation

R= 3. + Al r

2 25

where r is the radius of the bearing ball used. Since two balls are used 1

dR, = 2dr A

where dr is the error in ball radius from the value used. Since bearing balls cal

obtained as uniform as desired, this error can probably be ignored, unless § find, ultimately, this must be resolved by setting some sort of standards, or
bearing balls have flats worn on them. : “lolerances™

The total possible error in radius determinations will be the sum of all ' Many years ago Rayleigh stated that if the effective total path length of the

contributing errors. This analysis should give an indication as to the area W h’“ﬂ and shortest ray in an optical system did not differ by more than one-

extra care should be taken. My own approach is to pick a good design and ® 3 Quarter of wave-length (%)) of the light traversing the system, the optical perfor-

radii and thickness as closely as a good spherometer and skill will allow, wit b of the system would be practically the same as a perfect system. Stated in

worrying about gnats” eyebrows, and then finish aspherizing by autocollimat . e way, this means that no path length should deviate from the mean by

828 of the largest reasonably flat area that we are likely to find occasionally in the
- Wave-front. After we have taken this section of the wave-front into our telescope,
W& must handle it in the best possible way—our telescope must be as nearly
 Otically perfect as possible. We will not get the same result by taking in & larger
- 8ection of the wave-front, which will contain larger imperfections to start with and

::J Passing it through an imperfect instrument which will add its imperfections to
- 10e tota),

! In order 10 locate areas in the design of the reflecting telescope open to
& ment, let us raise the question, ‘*What, if anything, is wrong with availa-
¢ feflector designs?” This requires a definition of what we mean by “‘wrong"
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The central obstruction brings about changes in the light distribution .d 1o about 0.7 the diameter of the aperture, it decreases the light in the
the diffraction pattern which result in the telescope losing some of its ahil 42

; ; ¥ : <t ring by 3 maximum amount and increases the light in the other rings by a
show detail of low contrast in planetary images. Since the telescopic im e | ; amount. Finally, an obstruction added at the outer edge of the aperture

more than a mosaic of overlapping diffraction patterns formed on the retina o I the light in the central disc and in each bright ring by the same fraction.
observer's eye, and since all diffraction patterns formed by any given teleg ™" As a check on calculations such as these, Horace E. Dall of England set up
within the central part of its field of view are of the same size and geometn  nerformed & series of tests in the laboratory in which central obstructions of
quality of the telescopic image will depend almost entirely on the quality of < diameters were introduced into the light-path of a small telescope, and its
y to show detail of fairly high contrast was evaluated. He found that with

individual diffraction pattern. = y
The difTraction pattern consists of a bright central disc surrounded by a s ral obstructions as small as 1/5 the diameter of the aperture, the loss in perfor-
- could be detected. These experiments check the theoretical calculations

of concentric rings, each successive ring being fainter than the one just inside.
{20 e, THEDANS £ Sy PR e RN W, TSt T gy well, but it is felt that if he had used a target of very low contrast, he might
been able to detect the loss in performance down to even smaller central

brightness of the central discs of all the diffraction patterns whose centes

within a radius equal to the radius of the central disc of the diffraction pattern, tions

the brightness of the first bright rings of all diffraction patterns whose centey It should be pointed out that both the theoretical calculations and the

within a circular band around the point corresponding to the first bright riny ory experiments referred to above were carried out under ideal condi-
everything in the optical system was practically perfect. In actual practice

diffraction pattern whose center lies at the point in question, plus the brightne i

the second bright rings, etc., etc. From this explanation, it can be seen thata ‘his is seldom the case. Even if the telescope is practically perfect (which it seldom
few diffraction patterns will contribute the brightness of their central discs i is), the seeing is usually far from perfect. What then? Recent experiments in
given point in the image while successively greater numbers will con L th central obstructions of various different sizes were placed in front of a 4-
brightness of their successively fainter rings. The net result is that the ratioy hand a 6-inch refractor, and these telescopes were used on astronomical objects
counts is the ratio of the tetal light in the rings, and not the ratio of apparent b ghis of average seeing, have indicated that under average conditions the loss
ress, which has been stated erroneously by other writers on this subject. n performance chargeable to a central obstruction may be considerably greater

The ideal diffraction pattern would be one which consisted only of a & ‘than predicied by theory for ideal conditions.

bright central disc—no rings. In actual practice the diffraction pattern will | Another very good reason for the amateur's trying to eliminate the central
rings. Now if the diffraction pattern must have rings, it would work best if the! ion of the typical reflector (if at all possible), is that amateur telescopes
of the rings were spread out uniformly around the central disc (all rings of ently turn out to be “just a little sour”. Although this “‘sourness’ may be
same brightness). The reason for this is that the eye is particularly sensitive 10 a combination of several, or all, of the first five defects mentioned above, a
contrast gradients (abrupt changes in surface brightness) even though the ra ed analysis of the optical errors in the system will usually show the “‘sour-
the surface brightness of the two adjacent areas may be very nearly unity. W : to be confined largely to the outer part of the light path. By stopping down
diffraction pattern of this energy distribution, abrupt but small changes in b e aperture of such a telescope only a relatively small amount, most of those parts

ness of the object would still be represented faithfully in the image by fairly at : wave-front (of the light traversing the system) which are subject to serious
changes in surface brightness, but of a somewhat lower magnitude. - MBerrations, will be eliminated. If the telescope is unobstructed, this procedure will
In actual practice, the first ring is much brighter and contains more light® (Ssually turn it into a really fine instrument (optically). But if it has a central

any of the others. This is very unfortunate because the light of this ring falls] Tuction, this same procedure will make that obstruction relatively larger and,
that part of the image where it will be most effective in reducing the contl the loss in performance from the other aberrations may be reduced very
dient. This means that as far as the telescope’s ability to show detail Of'S Sy, the loss from the central obstruction will be increased. The net result will
brightness difference on planetary surfaces is concerned, the ratio of the totall S=E0m amount to very much.
in the central disc of the difTraction pattern to the ratio of the total light in th 1 moral 1o all this is: the center of the light path is the heart of your
bright ring is the most important, " =EScope. Don't cut it out!

With a clear circular aperture, this ratio turns out to be 11.6, With a c8 B No single one of these six defects of the reflector is really very bad (if any
obstruction of one-quarter of the diameter of the aperture (lypical refl _" of them were really bad, it would have been proven so long ago), but taken
design) this ratio is only 4.6. This is a change of 2.8 to 1. If we compare the lIig .

! ' el they do add up to definitely inferior performance. At one time or
the central disc to the total light in all the rings, the ratio goes from 5.16 for @ e T €ach one of these has had the finger of suspicion pointed at it, but up o

aperture to 2.65 for the obstructed aperture. This is a change of 1.95 to L. ,:I . Mobody seems to have been able actually to pin anything on any single one of
The center of the light path is the worst place possible to have an obstrue M. If & telescope had only one of these things wrong with it, it would be rather

An obstructive ring having a mean diameter (half the sum of its O.D. and 1B PRUOUS, but with five other things, plus seeing, wrong with it, it is very

0.47 times the diameter of the aperture neither increases nor decreases the Ul 1o proye any of these charges.

the first bright ring, but it increases the light in most of the other rings @ 't € telescope owners have tried placing an off-axis diaphragm stop in front

expense of the light in the central disc. When the diameter of the obscuring @  eir Newtonian reflectors. In most cases they have been amazed and perplexed
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e classify these under a separate heading **all-spherical off-axis designs'".
: we have a whole new group of designs which are based on the princi-
in ;. multiple-mirror system in which more than one mirror is tilied
y an angle of appreciable size, it may be possible to adjust the various angles
" the relative orientation of the various tilt lines so that one or more of the
S duced aberrations of one mirror are completely cancelled out by the corres-
g aberrations of one or more of the other mirrors. Although some of these
ione gmploy only spherical surface curves, the method of their design is quite
e rent from that of the “all-spherical off-axis designs™". Furthermore, they have
xis parallel to the line of sight and about which all the surfaces of the system
= surfaces of revolution. It seems logical, therefore, to give them a separate
ecification: ““unobstructed tilted-mirror systems’’,
Off-Axis Sections of Axially Symmetrical Systems Which Employ Aspherical Sur-
All the optical systems of this group have much in common; they all look
«l on paper and probably can be made to perform quite well provided that you
in make the off-axis aspherical mirrors. Only the Herschelian will be discussed in
gtail here but most of that which is said about it will apply to the other systems as

at the improvement in performance (for the aperture used) that they
obtained with this device. The reason for this very great improvement inp
mance is that the device completely eliminates loss No. 6 and reduces very g
losses Nos. 1, 2 and 4. The fact that it has gained this reputation is good ey
that taken together, losses 1, 2 and 4 do account for a significant loss in g
mance for the average reflector,
Possible Ways of Eliminating or Reducing the Loss in Performance
Central Obstruction. a
If the optical performance of the reflecting telescope is to be raised ig 1
a theoretically perfect instrument, something must be done about the o
obstruction of the common types of reflector. The central obstruction mu
be eliminated entirely or at least reduced very considerably in size. One pe
design change which will permit a very significant reduction in the size i
diagonal of the conventional Newtonian reflector is to move the diagon
near the focal plane of the primary mirror, Since the individual cones of rays}
quite small here, the diagonal need only be as large as the desired field of ¥
the focal plane. If the telescope is equipped with a good finder and is intendey
marily for planetary observation, its diagonal can be quite small. '

Since each cone of rays will be diverging after being reflected by the dis ~ In the Herschelian, the field of best definition lies in a plane which is nearly
of this design, the cones of rays must be intercepted by a positive element ( ppendicular to the line joining the focal point and the center of the face of the
vex lens or a concave mirror) located at the side of the telescope tube in of -axis mirror. This means that the eyepiece should be pointed right at the mirror
bring the rays back together again to form an image which can be viewed W not down the optical axis of the system). With moderately high f/ratios (f/10 and
eyepiece. Horace Dall has reported using a high-quality lens-type erecting 8 figher), the aberrations for those parts of the image which lie some distance from
for this purpose with very satisfactory results. The Johnsonian reflector, iny center of the field of view are not at all serious. This is in contradiction to what
by Lyle T. Johnson, uses a concave mirror which has an ellipsoidal figure 1o pme authorities have stated, but their calculations were based on the assumption
cept and re-focus the rays at the side of the main tube of the telescope. It m it the eyepiece would be pointed straight down the optical axis.
considered to be a folded Gregorian reflector with the field being located 8 The most obvious way to make the off-axis aspherical Herschelian mirror is
focal plane of the primary. | BStart with a spherical mirror of the desired focal length and gradually work it into

If the effective focal length of the system is made fairly large (and thi ME correct shape by local polishing with a small sub-diameter tool. This can be
done quite easily in both of these designs], the loss in performance from ep @one, but it is difficult, requires a good null-test method (the autocollimation
aberrations will be reduced very greatly. Neither of these designs, howeve Sethod which uses an optical flat the diameter of the mirror), and you may end up
tend to reduce the loss in performance from the other four defects listed abo “With & blofchy surface. Although this may be done by a real expert, it is no job for a
reflectors. Satisfactory collimation will be a particularly difficult problem in® ko
these designs. . A second possible method of making the Herschelian mirror is by thermal

When we look into the possibilities of eliminating the central obstf (MMEpIng. Andre Couder of France has reported making a large paraboloid by heat-
altogether, we find several very promising leads. The first of these is the Hel 1' back of the mirror electrically (just a little and in just the right places) dur-
lian telescope—the original unobstructed reflector. This might be described the polishing operations and polishing with a full-diameter lap to produce an
off-axis section of the Newtonian reflector. Following this idea, we might § . aiely spherical surface curve. After the mirror was polished out, the heat was
designs which would, in effect, be off-axis sections of the Cassegrainian angé off and the mirror changed its shape from a sphere to a paraboloid (lo
gorian reflectors. Since all of these optical systems employ one or more asp N the desired tolerance). Perhaps this method (thermal warping during
surface curves, we might classify these designs under the general heading oF ey LOperations) could be developed to the point where it would produce a
axis sections of axially symmetrical systems which employ aspherical § ISSIaCtory off-axis section of a paraboloid.
curves'”, § = Athird possible method of producing the Herschelian mirror is by controll-

Another very promising unobstructed telescope is the Wright off-axis sy Warpage, or distortion from grinding stresses. When glass is ground in the
sutov. This is an off-axis section .of an axially symmetrical system which L Manner, rather deep cracks (which are usually invisible to the unaided eye)
only spherical surface curves. Other designs along this line are possible- € lefi oy the surface of the glass, and these cracks have tiny slivers of glass driven
designs have a distinct advantage over those of the first classification beck s by the abrasive. This puts the whole surface of the glass under compres-
off-axis section of a spherical surface curve is still a perfect sphere. We
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sion. The coarser the abrasive, the larger are the slivers, and the greater is the
pressive stress.

Experiments wherein a mirror had originally been polished spherical, |
had its back ground with various sizes of abrasive in concentric zones (coarse
the center and graded off to finest at the outer edge), have demonstrated i
certain amount of parabolization can be produced in this way. Perhaps this my
could be developed to the point where it could produce a satisfactory off-axis
tion of a paraboloid; or it might be employed to effect a final correction in 4
that had been figured only approximately correctly by another method.

A flourth possible method of producing a mirror for the Herschelian ref)
is by warpage, or distortion of the mirror by means of a mechanical pre
applied by a warping harness. Preliminary calculations and experiments
shown that by applying bonding and warping forces to a mirror which has
ground and polished with an axially symmetrical surface curve, it can
reasonably good (within acceptable optical tolerances) approximation to &
axis section of a paraboloid. To assist in getting the correct curve, the
should be ground wedge-shaped before its front surface is polished, A thie
ratio of about 2 should be good, with the thickest part of the mirror neare
optical axis.

The warping harness will have pressure pads which press at various
distributed over the back of the mirror and clips which reach around and pu
against the face of the mirror around the edge. In order to be at all practic
warping harness must be designed so that the pressure at all those points €
applied simultaneously and in the correct amounts by tightening a single
Fortunately, this can be accomplished quite easily by a rather simple sysi
levers which connects pairs of pressure pads or clips and which in lurn an
nected by other levers. The whole problem in this method is to determine ju
much pressure should be applied where. A

At the present time it is difficult to predict with any certainty which of
various methods will turn out to be the most practical. [t may even turn o

might lend themselves 1o off-axis telescope designs, we would find the following:
1. Maksutov reflector.

2. Modified M_akaulov reflector (employs a concave spherical mirror and
a Maksutov-type correcting plate located in the cone of rays not far from the focal

E ].

= 3. The Questar system.

An example of the off-axis Maksutov system is the Wright ofT-axis Mak-
sutov reflector (see A.T.M. III, pp. 574-580). An example of the Modified Mak-
sutov design is J. S. Hindle’s design (see Sky & Telescope, Feb, 1953, pp. 107-108,
and Scientific American, Feb. 1954, pp. 102-106). I have not heard of an off-axis
reflector which employs the system of the Questar reflector but know of no reason
why it should not work well.

Although it should be quite possible to make all three of these systems work
__ well, each contains a lens, or correcting plate, which will turn out to be rather
difficult to produce within the desired accuracy (the correcting plate of the off-axis
‘Questar design will be very difficult to produce within the desired accuracy). Also,
the collimation of these systems to within reasonably close tolerances will prove to
be very difficult

- When we look for off-axis designs which employ only spherical mirrors in
their objective systems, we find three theoretically possible designs which employ
‘only two mirrors. The first might be described as an off-axis all spherical Cassegrai-
‘nian. It looks something like the following:

Light Frowm atai
the difficulties encountered with each of them will prove to be greater thi -—
telescope is worth. However, the Herschelian reflector is basically such 48
instrument and it offers the prospect of such good optical performance | - o el o o o
would seem that a determined effort should be made to explore these pe T A

methods of making the mirror in greater detail. / (=
In conclusion it should be pointed out that at best these methods uﬂ' r
means {or the elimination of the central obstruction. They do not help apph
with the other five defects of the reflector. If really top performance ¥
obtained with telescopes of this classification, a lot of work will have to be di
the other problems as well.
AN-Spherical Off-Axis Designs .
Omne way 1o make an off-axis optical system and yet not to have 10 11
ofl-axis section of an aspherical curve (a paraboloid, ellipsoid, hyperbt
Schmidt correcting plate) is to go to an optical system which employs only
cal surface curves. The reason for this is that an off-axis section of a sphere
sphere.
If we were to make a survey of published reflector optical systems
purpose of finding those which employ only spherical surface curves and

"The second and third look like this:

Light from star
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Geometry of a Tilted Mirror
- wave-front aberraliur} (general e:prm;.iun}: y
w=C o —'2— cos ¢ + Cyo? ;- cos 29+ Cyo” III_’ cos 3¢
ce the Cs are constants which depend on the amount of divergence or con-
“eance of the cones of rays.
~ 9. Because of the cyclic nature of the individual terms (proportional to cosd,
g 20, elc.), it is possible by tilting n elements (mirrors or lenses) in a system
ach one tilted through the correct angle and oriented in the correct direction), to
ke n-1 (or possibly more) of the terms cancel out completely.
" 3 By applying a properly designed warping harness lo one or more of the mir-
ars of the system, acceptable control or cancellation of one or more of the terms
ot eliminated by the combination of optical elements can be effected.
4 In order that the sum of all the residual uncompensated terms in the
sstem shall not exceed acceplable optical tolerances, the length of the sysitem
ust be made no less than some definite value (which will be a function of the
diameter and the design of the system).
~ Actually, the complete expression for the wave-front aberration contains
pany more terms. The three terms given above are merely the first and largest of
; ! ! an infinite series. The first order term given is the first of a series of “*first order
make sure that something f_ﬂllf _“Nfl” is not being overlooked. } " terms. (The other terms in this series are much smaller and are not
Unabstructed Tiited-Mirror Systems ) i A luded here). The second term is the “first order astigmatism."” The third is the
The design of optical systems covered by this classification is based o iincipal **second order coma." In most systems that will be designed by these
following general _pnn::lples: . — f method: only the first two lerms will be larger than acceptable optical tolerance
1. Whe r lens in an otherwise perfect system is tilted, a ane imi > . 2 1
; n a mirror or le ! pe ¥ xlrill need to be controlled or eliminated. They will be roughly of the same size.
error, or aberration, is introduced into each ray traversing the system. Thi Ihe third term will be in the order of 1/100th as large. Succeeding terms will be
nitude of this error, in terms of path length, may be expressed as follows: ven smaller.
When we look into the problem of designing a warping harness which will be
Capable of d:l'nrmir:m @ mirror in such a way as to cancel out one or more of the
lerms in the abe rration equation, we find the coma term to be very difficult to han-
dle. At best, a warping harness for the control of coma will be a rather complicated
e and very probably it will introduce other aberration terms, or residual
: EWlﬁFlabiE size. In other words, we will not be able to compensate a very
[ unt of coma with a warping harness without getting in return unaccepta-
15;'“ residual errors, For a telescope of 6 to 8 inches in aperture and moderately
"y ocal Iengr:h, however, we may be able to build a warping harness which will
Teasonably simple in design and vet not introduce an unacceptably large amount
dual error.
B The design of a warping harness for the control or elimination of astigmat-
18m, on the other hum! turns out to be a relatively simple matter. A rather large
nt of asligmatism can be eliminated from the system by such a warping har-
hh;l:nd without introducing an unacceptably large amount of residual error. This
€ady been proved by very sensitive tests in the laboratory.
d c:l':n we look for proven or proposed designs which might be placed in this
: Mﬂn. we ﬂl'lld only the sun telescope and the neo-brachyte. | suspect the
_mher designs have been proposed up to this time is that these two have
i hl -
k. Bned largely by a process of trial and error, or at least without a
' edge of all the principles stated above.

Ligh Tromm st /
-
4

Optical axis

—_— - —

MNone of these designs appear to be at all competitive with some of the
promising of the other unobstructed reflector designs. by

When we look into the possibility of using three spherical mirrors, we
that there may be six or eight theoretically possible designs. One or more of
may turn oul to be somewhat competitive with some of the more pros
designs of other types. Although none of them appear to hold really &
prospects, it is felt that they should be investigated more completely in __'

Croma-Sectmal View
(In angeniial plane)

Targential Plane
(Edgs View)
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- ‘ ¢ a concave primary mirror and a convex secondary with a warping har-
only En?u’::mﬁ; ;I:'ﬁ:anﬂﬂ:n dp::i;ﬁn m; l;or: E::w m,ﬁuﬁ it 4 Lhr;t secondary. At first glance, it might be mistaken for an off-axis
and the sun telescopes. Since there is only one mirror in each of these g ' earainian; but it is not, because it has no axis and its design is based on the
diagonal in the Herschelian and the flats in the coelostat of the sun telescope imination of first order coma by the proper adjustment of the tilt angles of the
2 : : : § <P gl ing harness is designed to eliminate the not first order astig-
introduce any tilt aberrations [in theory], and therefore don't count), eithe o mirtors, I"’; g
the coma and astigmatism must be eliminated with a warping harness or the s matism 0 e S— . .
; ; i n we look into the possibility of designing other optical sysiems along
ﬁﬁtﬁﬁdﬁ:gﬂbﬂ to make the sum of these two terms no greater than ag + i E‘ we find three more pﬂﬂibl; i Lysing s s s g,
The harness-warped Herschelian will employ a warping harness on th warping hamess for lhe_nsulmmusm , only one of w _:h appears to be practical,
mirror in the system and it must be designed to eliminate both coma and astj (Yolo) reflector, which is a totally new design, is illustrated below.
ism. It will probably be a rather complicated device. As has been explaine
viously, its use will probably be limited to rather small apertures and mod
long focal lengths.
Since the sun telescope does not employ a warping harness, no compen:
for the coma and astigmatism resulting from the tilt of the objective mirror g
elfected. Satisfactory design of this type of instrument is based on making il
length sufficiently large and the angle of tilt correspondingly small, Thus, alf
no provision is made to compensate the tilt aberrations, they can be kept
acceptable optical tolerances. L
Two-Mirror Systems
Since, with two mirrors in the system, only one tilt aberration tey
general) can be made to cancel out through adjustment of the tilt of the mis 0
warping harness will be emploved in most of the designs. Since the desis
warping harness for the elimination of astigmatism is much simpler than & It has a concave primary and a concave secondary with a warping harness on
coma, these systems will, in general, be designed to have the coma elimini the secondary. Iis design is based on the elimination of first order coma by the
the proper adjustment of the tili angles of the two mirrors, and the ast ! proper adjustment of the angles of tilt of the two mirrors and the elimination of the
eliminated by & warping harness. ' total first-order astigmatism with the warping harness. The construction of a 9",
The neo-brachyte, or neo-bra, (see The Swolling Astromomer, Dec. /16 model of this design has proved to work excellently.
looks something like the following: ' ~ Inthe course of designing these systems, it was noted that when one mirror is
soncave and the other convex and the angles of tilt are adjusted to make the coma
s cancel out, the astigmatism terms for the two mirrors are of opposite sign
4 tend to cancel each other. This suggested that by a suitable choice of focal
ihs, it might be possible to design a two-mirror system by these methods in
WAich both the coma and astigmatism would cancel out. When this was done. the
SyStems turned out to be identical to the two-mirror, all-spherical off-axis systems
-.:_ ctibed previously, and which had already been found to be rather impractical,
O a Yolo reflector design, see Chap. 10.)
-Mirror Systems
h‘. use of the possibility of cumulative figuring errors, collimation prob-
S, light loss from so many reflections, etc., some question as to the advisability
-h::‘ﬂl three mirrors might be raised. The addition of a third mirror to the system
the the focal point back up to the forward part of the telescope, thus permitting
Dosie - ! B relatively low and steady mounting and a more comfortable observing
100 (in most cases) for the observer. The use of three mirrors makes possible
~*What shorter designs and the elimination of the warping harness. It is felt that
r Cases the advantages of the use of the third mirror will outweigh its disad-

=

The Yolo Reflector

Ny

\

>

The Neo-Brachyte Reflector There appear to be a very large number of possible three-mirror designs.
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They may be divided into two groups: those in which the centers of curvatug
the centers of the faces of all three mirrors lie in a single plane which contaij
line of sight, and those in which the three mirrors and their individual optic
are skewed with respect to each other and the line of sight. Systems of both g
may contain concave mirrors only, both concave and convex mirrors, or even
rors and lenses.

Optical systems of the first group have a common tangential plane fo
three elements, and all tilt angles are perpendicular to this plane. In most of
designs the tilt angles of the three elements will be adjusted 10 make the ¢
terms cancel out and the astigmatism will be taken care of by a warping harne
one of the mirrors (usually the smallest one in the system). The design of m
these systems is rather a simple operation. There are quite a few systems ig

v of the single-plane systems without having their residual tilt-aberration terms
d _od reasonable optical tolerances.
i we consider the tilted-mirror systems from the standpoint of avoiding
e of the other defects of the reflecting telescope, we find them very promising
eed. Both the Yolo and the 3-D employ only concave mirrors and although
L aratically the surface curves should be paraboloids and hyperboloids, they are
such very long radius of curvature that they will be very close to spherical. This
ns that very little, il any, parabolization will have to be done on any of the mir-
and the test of these mirrors will be very nearly null and thus very sensitive.
s these designs should be able to avoid defect No. 1.
When we look into the problem of mirror sag, we find that since the second-
ry mirror in these designs is not much smaller than the primary, we can, by the
group in which both the coma and astigmatism terms will cancel out and thy le expedient of thinning down the secondary mirror blank a little before fine
not require a warping harness, Most of these, however, appear to be rath ding and polishing and by orienting the three mounting points for each mirror
ward-looking and may not be very attractive for various practical reasons, the correct relative positions, arrange to have the sag error of the primary largely
Of all the three-element skewed systems, the 3-D reflector appears to & gelled by the sag of the secondary and ternary mirrors (in the 3-D). Thus we
most promising (see Chap. 10). It contains three concave mirrors, all of very d that in both the Yolo and the 3-D designs defect No. 3 can, for all practical
radius of curvature, and requires no warping harness. It looks something liks purposes, be eliminated quite easily.
following: ~ When we look into the question of eyepiece losses, we find the overall focal
ratios of these systems (for fairly compact designs) to be in the range from about
/12 to [/15. Thus eyepiece errors should be practically non-existent.
. Since all these systems are unobstructed, only defect No. 5 (thermal effects)
s left to be dealt with.
In conclusion it can be stated that a number of small but significant defects
Jave been found in the optical system of the reflecting telescope. These can easily
‘8ccount for the reflector’s reputation of being not quite so good as the refractor for
! observation. A number of new and interesting designs of reflectors based
0n new principles have been proposed. These offer the prospect of providing
refle li.ns lelescopes with optical performance equal to that of the best refractors,
: 4 putting the reflector on an equal footing with the refractor for planetary obser-
I,
i.

Top View

LENS DESIGN
by R. A. Buchroeder

\ I I'for no other reason but that it is the most commonly used
- form of lens, the air-spaced doublet deserves attention,
b . l;“‘ simplicity, there are certain misunderstandings about it. For example,
|I§-I] + Jacob's Fundamentals of Optical Engineering (McGraw-Hill, 1943,
Waver € find the incorrect claim that if spherical aberration is corrected at two
om..  ELhS, then coma must be uncorrected. It is, in fact, possible to eliminate

g W!Iile simultaneously eliminating spherochromatism, as a simple computer
Y Wil show.

Side View

I'he 3-D Reflector

It appears that the skewed systems can be designed shorter (more ©€
and can be carried up to larger apertures (30 to 40 inches) than either the ¥
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In the archives of history, we find certain novel doublets that seem (g
been forgotten. For example, Herschel designed a doublet that was corract
spherical aberration at two distinct conjugate pairs. There is also reported 1
doublet that could be turned either way and still be corrected, Of more pr
value, doublets that could cover two separate spectral regions with excellen
rection in both have been designed with one element reversed and re-sp e
somewhat amusing that none of these “‘novelties’ are susceptible to _
design with our modern lens-design programs. There is still much to be Je: m
studying the behavior of the air-spaced doublet, and it is the purpose o
preliminary report to show some of the things that can be accomplished.

Most modern doublets are designed with two common glasses: borg
crown BK-7 and flint F4 (or F2 in Europe). For our study, the glass choice
critical. However, in applied design, lower cost elements can be more econo
fabricated with glasses that give equi-convex or flat surfaces. Optically, thers

TS A ¥

tle distinction among the preferred glasses. We will be concerned with ¢ ‘jifmtf;;“:d Eflliﬁ fi_h_r;'rr't'!l
basic forms: the Fraunhofer and the Steinheil, and all shall be corrected fi : I=ua

; : Flat flint equiconvex flat
unless otherwise specified.

The Fraunhofer and Steinheil Designs.

Figure 1 shows a conventional air-spaced doublet disclosed by J. G, Baker,

o BT Telescopes and Accessories, the Blakiston Company, Philadelphia, (1945). The

Fig. 1 Simple ner radii have the same value, and the lens is coma free. Figure 2 shows the

Visual 13 tinheil counterpart of the Fraunhofer lens. Both have residual spheru_l:hrﬂma—

Baker type m that cannot be corrected simultaneously with coma as long as the air gap or
types are kept fixed.

B H Figures 3 and 4 show the same lenses now corrected for spherochromatism as

(right) as coma. Note the increased gap. The spherochromatic correction was

Fig. 2 Steinheil ootained through the influence of high-order spherical aberration, and the balance

Visual f/15 sensibly perfect. The secondary spectrum of these widely spaced lenses is greater

Simple Aplanal fan in the close doublets, however, the spherochromatism degrades the lenses of

| | L_I L FIgures 1 and 2 to the point where their color blur is about the same as that of the

0ses in Figures 3 and 4. The only drawback of the wide doublets is that they
foduce lateral color, but for visual use the amount is insignificant.
Figure 5 shows a design in which the goal was to simplify fabrication by put-
. fing a flat surface on the flint. The crown assumed the form it wished, and while
hromatism was not eliminated, the design was superior to that of the lenses
res | and 2. Coma is negligible but not fully corrected.
Figure 6 shows the greatest simplification possible: the crown is equiconvex
0 the flint is flat. This design has some coma that is no longer insignificant and is
fecommended except for apertures smaller than perhaps 6 inch.
For lab. specialty work, it is not uncommeon for the optician to lake a lens
" e M equiconvex crown and flat flint and aspherize the back surface to eliminate
| aberration. This lens will show coma unless it is very slow, but the opli-
:’ will have a satisfactory lens without having to go to a designer. At the turn of
ey Ptury and well into the present, the old craftsmen undoubtedly made their
. "Uments this way, which probably accounts for the residual (and, to a profes-
Inexcusable) coma noted in some of their work.

§ l_'r—{ M

2 s d L

Fig. 3 Visual /15 Fig.4 Steinheil
Zero Spherochromatism Visual f/15
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¢ were optimistic that new glass could be developed that would allow
 ~matism to become general. This dream has not been realized despite the
P ous number of glasses now available. It would seem that all glass is similar,
1.u the modern achievemenis with phosphate crown and bornl:_ flint, the
. ity of today's designs is not greatly superior to those of Dennis Taylor's
1 the turn of the century. The latest attempts in the glassmaking art are directed at
~oducing a glass with the properties of crystalline fluorite. If this could be
i apochromatism could indeed be applied to almost any situation. Unfor-
'._, efforts to date have produced only the FK-20 and FK-51 glasses, both of
:;e exceedingly expensive and subject to fine parallel striation that dis-
~alifies them from a number of important situations. It is doubtful that suitable
«¢ will soon be developed, but hopefully efforts will be unceasing.

To show what can be done with a doublet, we have designed both a semi-
ochromatic lens (Figs. 9 and 10) with 5SK4 and KzFSN4 and a full apochromat
11 and 12) with S5K3 and KzF5N4.

Figures Ta and 7b are actually the same lens, but with the crown revep
re-spaced in the second figure. The Boyden 13-inch refractor at Harvard hag
of this type. In the days when photographic emulsions were
orthochromatic, a violet achromat recorded an image most rapidly. Howg
visual observer prefers a green achromat. Therefore the reversible crown _
have their choice at the lowest price. Figure 7 shows a design that is very w
rected for both spherochromatism and coma, while Figures 8a and 8b sho
that is more compact at the expense of these corrections. Both types woy
satisfactory performance in general use. The widely spaced settings, of cg
some lateral color. The implication in this type of design is that one can
squeeze more usefulness out of his optics by such tricks as this. The pn
somewhat resembles that of zoom design.

B ] B 4

a L i 4

Fig. Ta Long reversible Fig. 7b Long reversible

Fig. 9 Crown fromi Fig. 10 Fint front
i/14.7 Photographic mode f/16 visual mode {20 semi-apochromat /20 sem -apochromat
Fig. 11 Crown front Fig. 12 Flint frons
L f/20 full apochromat 1120 full spochrom st
L S

Fig. 8a Short reversible Fig. &b Short reversiblé
”E‘-ﬂ-" photographic mode f,-'llgh 03 visual mode s Actually, the semi-apochromat is a full apochromat in the red; the advantage
15 that jig elements are weaker and therefore its corrections are superior to those of

Apoch tic Designs ull apochromat in the visual. The borate flint used is optically inferior to its
pochromaric Des

Secondary spectrum has always been the main problem with refract! e
Eighty years ago, when the glassmakers were first producing unusual gias
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predecessor, KzFS1, which has been avaliable for at - M-E

least thirty years. However, the KzFSN4 has largely |_| ] R= —— (1) E=M-(M+1)R (3)

superseded the theoretically superior glass because it is il

far more durable. The SSK glasses are preferred by vir-

tue of their high index of refraction, which minimizes ki 5 g M(1-R)

the monochromatic defects of the doublet. Both the =+ (2) o (4)

full and semiapochromatic lenses here are corrected = ) _

for coma and spherochromatism; the full apochromat I The Seidel Aberration Coefficients

would benefit by aspherization on its rear surface in Fig. 13 The Scidel aberration coefficients B, F and C can be used to represent the

sizes larger than 4 inch. Figure 13 shows a normal om third order monochromatic aberrations of any system. Distortion willlbelg,nnredu

achromat of the same speed for comparison of shape, ual r is usually small and not mnﬂdgred a serious efror in most photo-visual systems,
£/20 The rélative Petzval curvature m”.b'.: given by J. From these coefficients, we can

Note by Ed. The above paper was included in the J s find the monochromatic characteristics of the image. —_

Applied Optics Research Report uf_ the Optical : wlar diameter of the spherical aberration blur circle = - i (5)

Sciences Center of the University of Arizona for October 1971. It is repre d ar length of the tangential coma patch = $3Fy ¢ 2 (6)

here by kind permission of Dr. A. B. Meinel, Director of the Center, and diameter of the astigmatic blur circle = £Cy,¢’ 7

Buchroeder. us of Petzval image surface = fp/Z) (8)

adius of best image surface = fp/(4fpIC + XJ) (9)

Our goal will be 1o find the Seidel coefTicients for the complete telescope and,
ately, the contribution to the coefTicients from each element can simply be

d together, provided that the contribution of the aperture stop is kept track of.

[he aperture stop is assumed to be at the primary mirror. The coefficients of the
lal system are!

CLOSED FORM THIRD ORDER ABERRATION
EQUATIONS FOR DESIGNING MAKSUTOV

AND TWO-LENS CATADIOPTRIC TELESCOPE i IB = XBin, + EBisroes (10)
by Robert D. Sigler IF = XF.en + ZFrnirrons (11)
Ll = Elens + Lo {13)

Since the two-lens designs are the easier to evaluate, let us turn to them first.
The Two-Lens Telescope System

First, considering the contributions of the mirrors of any compound, two-

Atroduction _
Third order aberration equations are an effective de E
and evaluation tool for Schmidt and conic mirror telescopes (Cassegrains, Ne

nians, etc.). For these designs, the aberrations are well approximated by itror telescope, the following equations can be derived from K. Schwarzchild's
order terms such as the Seidel coefficients. This is still true when the pal (Astron. Mint. Koig. Sternwarte, Gottingen, 10, 1905), but using considerably
power and thickness of the Schmidt plate is ignored. | ‘Gifferent notation:

When the relatively thick correcting element of the Maksutov has been B

into two relatively thin correcting lenses such as in the case of two-lens desi

third order theory using the thin lens approximation is sufficiently accurale Lo

vide a useful design tool. However, when similar thin-lens equations are af

Maksutov systems, the results depart significantly from the true third order 8

rations as given by the summation of the contributions at each surface or D! IF )

tracing. This is due to the thickness and large angles of incidence at the ce Misrory = {_3 +[h ¥ _ruif | )2 (M= I‘RJ (15)
M? s M- | ,FIJ

In this article, relatively simple thin lens equations of a normalized of
dimensional character will be developed which allow the capabilities of
Mo = L | 4(m-R) o, M i) -1y
Bip M*(1-R) ' M- 1| M (1_R)
Rirrors = 1 4 1 (17) (16)
5

=k 1 i it
mitrors = | 4pp - b Mt o] (M-1P(1-R)
sfp” . M- 'E

(14)

8fp?

designs to be readily explored. A similar, thick lens equation will also be d
to explore the Maksutov systems.

First Order Properties

The following equations describe the first order characteristics (radily
ings, etc.) of the mirrors of conic or catadioptric telescope systems. The defif
of all symbols used are given in the Appendix.
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These equations, when normalized to the primary focal length are:

: 2 (N+2) ",
5 fens = 5 (N-1) ["—.,r;{ '[* Q#1) —(Q,—1 'I]
S -

_ Usually, in Maksutov and two-lens designs, the goal will be to find
with all sp[I"nerical surfaces, so the above equations can be simplified by
by = by = 0,

Bip*ZR (M1 P (M=1)(1-R)
mirrors = | — — e - (IN+1)(Q, +Q,) (24)
Bfp*EF 2 (M+1 )P (M=-1)R : fp*E
F mimors = e . ; i Eths e _:‘N*_J 1(Q, +Q,) . D &ip -'Hlem {25}
M LIN(N-1)
e 2 = r ] ]
P2 e = ;:_M R) {M_*ljl (M-1)R M —4D(N+1)(Q, +Q,)  D'8fp’ZB (26)
Mi(I-R) M*(1-R) lens = — LIN(N-1) )

In all cases, we will naturally want to set the spherical aberration sum ig
and if we can also get the coma sum to zero we will have an aplanat. If we can
the sum of B, F and C zero, the result will be an anastigmat. The conts

In order to investigate the properties of various telescope design families, it is
epient to hold some configurational parameters constant. Convenient
sarameters are E, N and frequently the ratio D/R and sometimes Q. The following

the corrector(s) to the Petzval sum has been ignored because the conditins terms can be grouped together for a given design family:
chromatic correction imply that the total corrector be afocal or have a vl r
focal length, , _.-___P: +2 an
For two-lens designs, the following chromatic corrections can be N(N-1)
(1) For zero longitudinal color errors, the lens pair should have nor
and should have the same relative dispersion (K, = —K,and L, = —L,). 2(IN+1) _
(2) For zero lateral color, the lenses should be the same distance fro r N 1) (28)
aperture stop (implies the lenses are in contact). ;
{3) For zero secondary color, the lenses should have the same partial 1=(M+1P(M-1)(1-R) o)
sion. o - ; - 2
These three conditions imply an afocal lens pair in contact and of the M
glass type, usually & light crown like BK-7, y I(N+1)
Starting from Conrady's thirf lens or G-sum equations (Applied Opi A= (T (30)

Optical Design, Dover, 1957), the following can be derived:

K3 N A, 2 . (M+1)*(M-1)R s
I8 ._'+: i | ——
hE]uns = 1 { e [lQl +1)P—(Q,—1 ]J] ' . M’ M*

4(N=1) N i !
3 . 4(M-R) (M+1)(M—1)R?
IEIHLIIQ,-FQ,]

s e 32
M 1-R) M*( 1-R) 4

SF _(N+1)(Q.+0Q, K2 dT B Using the above, we can write the Seidel sum for the complete two-lens
lens = 1 —1. 2 + lens ' Ope as:
AN(N-1) .
! A A
-WEB = Ef-l-ﬂ]ﬁ 1P —(Q,— IF] Q,+Q,) Lf t A, (33)
ZC ~d(N+1)(Q+Q,)K; d°ZB - M :
lens = ____T__rJ_:'._ —ri L. lens WE AL Q. +0)
IN(N-1) B F = —2 1 T3 4 DfpizBlens + A, (34)

Ll
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Shedod¥l L, = U 110D

~2DA,(Q, +Q,)
o $_ +D*8fp*TBlens + A,
L]

8ipEC = - flor spherical aberration as we will shortly show. If this term can be corrected,
=il have a usable design tool for the Maksutov system. But first, let us present
o thin lens equations as a starting point. The following are derived from Con-
iy's G-sum equations with the object at infinity and a remote stop (assumed to

- gt the primary):
K’ [{fN P (m+1)(Qe1) o (N+2)(Q1) ]
N

When, as is usually the case, we want the sum of the spherical abe

the coma to be zero (i.e., an aplanat), the last two equations can
simplified to: )

A
8ip*XF = _m'+u‘jT; —DA, +A, =0
1

8fpIC = DA, — IDA; + A,

=1 Z(N=17P dN(N-1)

(42)
Obviously, this third order thin lens approximation breaks down whe 5 -K? (N+1)(Q+1) dzZB
—0Q,, but the possible number of valid solutions is almost limitless. Just jens = - 2(N-1) N ——— —N | ¢+ lens (43)
example of one design family, consider the case of an aplanat with Q =0,
the radii of the corrector elements are matching so that one lens can be eg
tested against the other). Here we can write: E . K dK? [[NH}[QHJ N] - d’EB] )
= A b Ml e
B [Dﬁl_ﬁlj{ml_hjj 1 {_N"IJ :N

From the condition of zero primary axial color (as stated by D. D. Maksutov

! AA
3l \and others, but in different notation), the power of the corrector is given by:
(A_—DA) —4N*H
Q- - S T - e —————
J s ‘ K= BN+ D@-D @5)

If we fix the value of E at 0.4 (making the focus about one primary dias Using this, equations 42, 43 and 44 can be rearranged as:

behind the primary vertex), N at 1.517 (the index of BK-7 at the d sodi

D/R at 0.95 (so the secondary can be mounted to the second corrector e
and allow M to be a running variable, we can solve for the required values of ¢ -wznlen:: . 'ISEN*H_’ N _; _(2n+1)(Q+1)
L as a function of M. (N+1)(Q*=1) N-1 2(N-1)?

Table 1 is a list of the solutions obtained for this family of two-lens
telescopes. Note that an anastigmat solution exists at M = 3.5, '
In general, an anastigmat is obtained from a family of aplanats

= r S
e S L O L

N 1
(N+2)(Q+1) _] “
dN(N-=1)

D=
A
. -. 8fp*zF —GAN*H?
Also, if the rear surface of the second corrector element is desired 10 lens = - YR F — -{NHHQH] -N

secondary by aluminizing a spot on it, then the following condition mu (N+1) (N-1)(Q"1) 2N
satisfied: S(1-Q,)

| I LS

. — " nsrplznm @n

Table 2 is a list of the aberration values predicted by these thin lens ap
imation equations and the aberration values obtained from ray tracing (the
value of the third order contribution) for a two-lens design that is known
extensive analysis to be a near anastigmat. This example is the two-lens tele
design configuration C in Chap. 10. As can be seen, the agreement is quite

The Maksutoy Telescope Sysiem S nsNw [mﬂnmu '{|+n’srp’zuk *

’ —~ - ns

Sipzc —16N*H

g = TP
(N+1)(Q*-1)

As was pointed out earlier, the thin lens approximations do not work Wt (N+g P (N-| WQ@-1) N
Maksutov systems. However, the only term that is really inadeguate is the &2
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The thin lens approximation to the total Maksutov system is g

adding the above three equations to equations 18, 19 and 20 (or 14, 1 .

the mirror is aspheric).

_ As the focal length of an achromatic Maksutov corrector is very lnu,:_!
tribution to the Petzval sum can be ignored and the relative Petzval radius i ¥

by equation 17. Let us once again combine terms:

256N"
(N+1 P (N-1)

128 ( 2N+ ] I N®
8 (N+1P (N1 )
. GAN* (N+2)
T (N*1P(N-1)
3N?
A!DE r
(N+1)(N-1)
B4NS
Ay = ———
(N+1PI(N-1)

The thin lens approximation to the total Maksutov system is then:

H*
I ST |t e R |
8fp' B =1 A+ Aa[ﬂﬂr Au{QHl] +.t;
H? [ DSfp’ LR
L - P
Hf".l IZF = mj —AI“[Q*'J.} + A”] + lens +A'I
16HN? 2DbH*
BipEC = - . + A *l)+ A
(N+1)(Q*=1) {P-1) w(Q*1) 1

+ D*8fp’ S8 +A

lens %

Table 3 is a comparison for the previous equations and the exact thi
contribution (from ray tracing) for a Maksutov-Cassegrain telescope that iS K
to be well corrected. This example is the Sigler-Maksutov design from the A

1973 issue of Sky and Telescope. As was expected, the spherical abe

dicted by equation 46 was erroneous. Short of ray tracing, something muﬂ._' -

to obtain a more accurate algebraic expression for the third order spheric

tion. This can be done by going back to the surface contribution expressic

spherical aberration (see Conrady) which included the effects of correc

ness. Up to this point, thickness has only been considered in the expressit

zero color.

800
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The thick lens spherical aberration expression in terms of the surface cur-
ares i5:

il 3
= _mT ) { :r]l Y [YL"]NT - cI{:NE_ 1 ]]

N - :
[Y;: -0, L'Eli‘ (57)

y te, (N-1)
where Y = -};1 = [I e o ] (58)
7 !

Using equation 45, the definition of H, and the following two equations:

K({Q+1) K 1
C = —fﬂ (59) C.=— H]_ )
! 2(N=-1) 2(N-1)

(60)

equation 57 can be re-written as:

ip LB
thick =

~3IN‘H?

N (v gy | 'Y[“’W' 1) = (N JHUHJ]

[\"N{Q-II-IN Ijut.‘:ﬂl]’_}'h, (ol)

wh ¥ i
ere f= 1] + — . - 2
[ (N+1)(Q 1}] i

Using the parameters from the example in table 3, the value of the equation
161, or essentially the same as that obtained from ray tracing. Reviewing the
in table 3, we can see that only equation 46 was seriously in error. A little
ual astigmatism or coma won't hurt too much but residual spherical aberra-

h is Ul#_ “kiss of death.” Once the value of the spherical aberration is deter-
!_I_w‘hd“tumng equation 61), equations 47 and 48 (using the thick lens value of

) describe the coma and astigmatism accurately enough for design pur-

ﬁn;l Finding the residual higher order contributions (usually almost exclusively
fifth

order and almost exclusively due to the corrector) is a job for ray tracing. A
! Order thick lens expression for XB is very complex and the thin lens approx-
gn (such as that given by H. A. Buchdal in Optical Aberration Coefficients) is
. ate fnnu;h to be worthless in designing Maksutov telescope systems. The

Order is usually not large and if small enough, can be ignored completely or
aspherize one of the surfaces (usually one near the aperture stop) or try
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small perturbations of the parameters to eliminate it. An important point tg 3. Thin lens and surface contributions (ray tracing) compared for an
here is that once we have a design correct through the third order we are |
the way to having a great telescope design.

In table 4 is a family of aplanatic Maksutov Cassegrain telescope

Configurational data:
based upon the solutions of equations 61, 55, 56 and 17, One of the de by=b, =0
freedom required to give aplanatic solutions was to allow D to become & varis |
a function of M. Clearly, aplanatic designs with values of M greater than ahoy n = §2.130 N = 1.517 (BK-T) R = 0.6304
are not feasible as the corrector is required to be inside the primary D = 10574 M = 23386 H = 31.8402

space and thus, the anastigmatic solution at M = 4.0 is not valid. The use I
for these designs appearstobe 2 =M = 3,

Table 1. Thin lens and surface contributions (ray tracing) compared
124", £/10 two-lens telescope design. Configurational data:

tion Corrector Corrector Mirrors Mirrors Summation Summation
thin lens surface eg. 18, surface thin lens surface
eq. 46,  contri- 19, 20, contr. - contr.
47,48  bution 17

Q,=Q,=0.2728 R = 0.6655 D = 0.6878
M= 3.098 L, = 2.2689 N = 1.517 (BK-T) §p’SB  —.8680 —.5537 5568 6006 —.3112 —.0469°
Bp'SF  —.15229 —.9942 11011 11025 —.4218 1084
Aberration Thin lens equations Ray wracing BipEC —24216 —1.7205 21260 20173  —.2956  .2968
8fp'%B 0.0104 0.0083* 3 - 0288  —.5487 —.5489 —.5487 —.5201
8fp’LF —0.0913 -0.0938
E!’pél‘: _? g;i; _?’ - ' *  The fifth order spherical aberration contribution (determined from ray tracing)

‘exactly cancels this third order residual for marginal rays.

#* Most of this error is due to the error in thin lens value of the spherical aberra-
tion. When the thick lens value (eq. 60) is used, the aberration sums give .0161,
=0725 and .0739 for the spherical aberration, coma and astigmatism respectively.

* The residual third order spherical aberration is cancelled by this de
residual fifth order term (due almost exclusively to the correctors). Here the
arder contributions of the afocal correctors are 70 times smaller than th
order terms. For moderate focal ratios, the fifth order contributions are ges Table 4. A family of aplanatic Maksutov-Cassegrain telescope designs.
very much smaller than the third order for spherical aberration, coma and Common configuration data:
. 4 E=04 N=1SI7(BK-7) H=35 by=h=0

Table 2. A family of aplanatic two-lens Cassegrain designs with ma M .
radii on the correctors. R Q D Bfp'EC b3 |

Common configuration data: 1.0 3000 48.0 1.0647 6524 1.0000
E=04 Q—-Q, N=1517(BK-7) R/D=095 b,=b,=0 15 6400 $7.5 rgrredd i i
M R L Q, 8fp*EC 2.0 5330 516 1.1732 3762 - 0714
1.5 6000 56.2 8337 4774 - 5000
1.0 .300 3.33681 1.4886 2.8366 30 6500 54.8 6200 3769 —.9048
1.5 4400 4.4581 1.7717 1.9475 35 6889 537 4862 1715 ~12959
3.0 6500 2.0239 .1890 4691 9 B
1.5* 6889 1.6371 .1081 0655 -1.2
4.0 7200 1.3680 0670 -.3237 -16
5.0 7667 1.0205 0303 ~1.0775 —24i
6.0 .8000 8071 0158 —1.8144 -

* This magnification ratio gives an anastigmal. When this data, as gi¥
scaled to 12%" clear aperture (/10 overall) and then ray traced, the resuis
design that is nearly diffraction limited over 1° without any retouching or B
up of the design!
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Appendix
:I = A refi raﬂwe mdex constant (= 8.6737ai N 1. 5]1‘.' ESCOPE DESIGNS AND
2 g 30.1846
A, ' 6.4186 SIGNmG
Aq N ' 1684 5888
Ay ! " " 1476.4832 - |
Ay " " " 219.3512 "
A, i T " £5.8488 "
Ay 8 ki ; 156.9824 "
A, =spherical aberration contribution of the mirrors

= coma contribution of the mirrors
= astigmatism contribution of the mirrors
B =Seidel coefficient for spherical aberration
b =conicconstant (0 for a sphere and — | for a parabola.
Subscript p means primary and s means secondary)
C  =Seidel coefficient for astigmatism
¢ = radius of curvature. For light proceeding from left to right
(object to image) , a center of curvature to left of the surface isn
and a center of curvature to the right is positive.
d =distance between corrector and primary

FLAT-FIELD PRIME-FOCUS
HhKSUTD‘F C hMEIH.

by Jacques Ll'hraque
-

Carrector Mirror

161

D =corrector distance ratio
E =back vertex distance ratio (distance from primary to image
plane divided by fp). Negative when image is in second
space,
F  =Seidel coeflicient for coma L (BFL)
f  =focal length (subscript o means effective system focal length, and _.|
subscript p means primary focal length). A concave mirror has po
focal length and a convex mirror has negative.
H =Maksutov corrector thickness ratio (fp/t) e -
J  =product of Petzval curvature and fp
K = power of the element (1/fp) Geometrical setup of the camera
L° =corrector element focal length ratio (f/fp)
M =secondary mmt_ r’ﬂmlg-n ratio (fo/fp). Magnification ratio Table 1. Physical Dimensions (inches).
is negative for a Gregorian.
N =refractive index of corrector glass CA=834 CA.=1050
Q =corrector element bending: Q = (¢, + ¢,)/ (¢, = ¢;) equals h, semi-aperture of the corrector 4.17 5.25
. 1 for convex-plano and ﬂ for {I*.qlual CONVEX. h, back semi-aperture of corrector 4,28 539
g -pnnﬁmﬂ%:fwbﬂwded by fp R, radilisui'curvaturcofist!ens surface —11.180 —14.087
= secondary focal leng vi p concave)
I - mrr;‘}ulz eiemer;t axial thickness ;': central thickness of corrector 0.792 0.998
y  =ray height at surface radius of curvature of 2nd lens surface —11.640 —14.666
Y =ratio of ray heights on a Mak corrector (vo/y,) {convex)
¢ =semi-field of view angle -;: separation of lens and mirror 36.40 45.86
radius of curvature of mirror 58.65 73.90
;." separation of mirror and field-Natiener 29.621 Tan
:1‘ radius of curvature of f-f (convex) 10.320 13.003
' central thickness of f-f 0.391 0.493
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h the instrument made had a 10.5-inch entrance aperture (C.A.), the

]R 5 WROK Nurings o ff {1iMS fiat data are given for an entrance aperture equal to 8.34 inches als

: separation of R, and focal plane : er's : S e

' g (B.FL.) : Lol ures quoted relate to the latter dimension although the tables give figures for

h, semi-diameter (semi-diagonal) of f-f 1.73 F‘I interpolation, one may scale down, il desired. The figure clarifies the
half field angle 35 ametrical selup.

hy  —~———m————— 1.96 ' m photographic plate is well enough separated from the Mat surface of the
half field angle 40 ld-flatiener not to cause trouble in mounting and also to minimize the effect of

: “irt on its last surface.

It became obvious during design that the field-flattener, henceforward to be
ailed [-f, helped to reduce coma but tended to destroy the excellent achromatism
. ) . . of the initial Maksutov. The chromatism introduced is, all the same, negligible and
LA."' marginal sp_hem:al ahe[muun —0.0013 ] ild not cause trouble in photography. | would not be surprised at all if the
LA, zonal spherical aberration =+0.0013 dual chromatism were not more than half that of the equivalent Wright (short)

Table 2. Aberrations and Their Tolerances.

1ol {Liﬂ.'l tale:-rnnce [spherifal nberlrntion] ) 0.0060 era. The sagittal coma (coma',) at 4° off-axis was made null but some zonal
Coma's,, sag%lul coma at 4° ofT axis (marginal) 0.0000 sma of very negligible importance, creeps in.
Coma's,  sagittal coma at 4° ofT axis (zonal) 0.00013 Astigmatism (I';—1',) is small and no effort was made to correct it as the big-

L'r—L'c chromatic aberration (marginal) —0.0009 0 gest spot for the disc of least confusion at 4° reaches only .0007 inch (17 microns).

Ly=L'c  chromatic aberration (paraxial) —0.0017 | Spherical aberration (LA') is some three times inside the Rayleigh limi

) . 0 yleigh limit and
t:u] (FC)  tolerance, chromatic aberration 0.0015 I therefore the central part of the field is almost of visual quality.
I's back focal length 0.0715 0 " Without really trying for it, the second surface (R,) of the meniscus became

Iy on axis projection of sagittal focus 0.0738 )9 almost the same radius as the convex surface of the blanks on the glass list (the

: ii_lﬂill'ljllﬂ?ﬂ‘l]' _ l'ﬁ" blank excepted). Therefore, a minimum of center thickness needs to be
Iy una:l; ﬂ;ﬂnﬁ:;?:fr tangential focus 0.0691 muvad and only the periphery of R,. Care should be taken, all the same, not to
. | LISIT “gvershoot the already large central thickness (t,,) of the design; approach the
i[; LI - ;?;E asfllmauc 'EI',IHFIE‘}“I, oo gm; 0.08 ' gentral part of the blank with carbo no bigger than 120 and be careful to check the
tni D I. o :nm m""ﬂ“}_‘-‘g““ RILETIALIT l}-U[IlU ﬂ. - original wedge of the blank. This may save labor and gnashing of teeth later on.
LC. onDLC. _ : ) With t ; nge
X',=I',—I'; sag of sagittal astigmatic focus relative +0.0023  +0.00 e tﬂ;ﬁc‘:";ﬁu:'{'r’:]' PPN BSOS YOPpUL Cox e 40l of
to back focus ' B It wi ; - ithi
o ’ ; ; 3 It will be seen from Table 2 that all aberrations are well within tolerance
X'y=I',—T'y sag of tangential astigmatic focus =0.0023 —0.00 except the chromatic, where the paraxial value is slightly outside. This is of no con-

n— _“’:“““F o h?‘-‘" focus 35.30 Cem as that part of the central beam is necessarily occulted by the plate-holder.
F.L. equivalent focal length 28.02 o Even at double the given size the performance would be good, although for
E.F.R. equivalent focal ratio f/3.36 f73.3 in instrument with a C,A. equal to 20 inches I would certainly try to bring the DF
} -blue) focus difference smaller at the expense of the CD (red-yellow). The
DL.C. due to spherical aberration in the central part of the field is 0.0002 inch (5
mﬂm] certainly very hot for photographic sharpness. Tolerances for fabrication
"lﬂl-in the same as for a Mak-Cass. system. The plano-convex field-flattener,
close to the final image plane, does not need to be too exact and should be
Quite easy to make, R, may diverge from 10.320 by +0.020".
mirror deserves a word: it should be a regular sphere but if faint zones
show Up under the Foucault test, it would not be tragic as only 8.34 or 10.5-inch
are used for each point image. Get R, as close as possible.
- For illumination over a field of 8°, the mirror should be 12.5 inches diameter
. "fthe C A = 8.34" and 16.0 inches for the C.A. = 10.5", These dimensions give
lumination.
The plate-holder may be held by a long magnesium tube screwed to the
SEnler of the corrector; but as the f-f adds weight, it would be preferable to have a
I of four strong piano wires to reinforce it in the vicinity of the photographic

Comments. Having been interested in Maksutov optics for a number of y&i
I had the opportunity to design my own systems with the help of computers.

Computers afford the opportunity to optimize a system very rapidly and
only danger lies in becoming lost in a pile of printed paper.

A prime focus camera being needed at the Dominion Dhs:nru ory
satellite research, it was deemed useful (and also agreeable for a TN) 1o design
build it from scratch. The instrument is of medium speed (f/3.3), -~
reasonable field (8°) and should be relatively easy to make. The glass I'nr ,.
rector and field-flattener is BSC-2 and the blanks are easily obtained from Inter
tional Glass. p

After some experimenting with a Schmidt camera, it became obvious |
the curved focal surface was a great nuisance, hence the reason for adding a plal
convex feld-Mattener to a Maksutov, It might be pointed out that a plano-con!
field-fNattener is not necessarily the best solution, but due to time and exped
it was not possible to go through all the combinations.
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plate.
It should be possible to have the system temperature-comp
invar rods screwed to the mirror cell at one end and on an auxiliary

plane of the focus, at the other, Rods of the same material as the tube holdi d
photographic plate would connect the auxiliary ring to the corrector cell.
The - may be mounted on an integral part of the plate-holder, detail

which one may have to solve,

The foregoing system is equivalent to a Schmidt, but with a flat field an
deep aspherics to figure, and it is about two-thirds the length, The astigmatis;

certainly less than the equivalent Wright camera.

s e e it s b L4 AP

- Byepiec aberrations will be reduced since the eyepiece is working at the same {/
i "o as the main instrument. The effects of astigmatism and curvature of field
' .rent in the ocular will be reduced since the depth-of-focus is greater with the
er cones of light. The contribution due to the residual spherical aberration
of an eyepiece is especially sensitive to f/ratio. In the third order approximation it
as the cube of the relative aperture of the telescope. Thus, an eyepiece will

introduce almost exactly twice the amount of aberration at /4 as it will in an /5

Large, long focus eyepieces “interface’ with the observer's eye much more
orily. A large eye relief permits comfortable viewing, and a large ocular
contributes a favorable psychological effect. On the other hand, a short focus
always gives the observer the sensation of peeping at the object through a

NEWTONIAN-MAKSUTOVY FOR VISUAL USE
by Harrison Sarrafian

C.A. clear aperture of corrector lens 11.0
R, radius of curvature of 15t lens surface -21.017
d, center thickness of lens 1.113
R, radius of curvature of 2nd lens surface —21.655
B.A.  back aperture of corrector lens 11.203
corrector lens glass, Borosilicate Crown ng= 1.517,
d, separation of lens and primary mirror 63.350
R, radius of curvature of primary mirror —123.000
D, diameter of primary mirror 12.5
(Dp), diameter of primary mirror illuminated 11.422
by on-axis rays
FD distance of focal point from primary mirror . 52.591
EFL  efTective focal length 60.3
EFR effective focal ratio 5.5

Comments. In order to achieve best image quality in a visual telescof
designer should select a focal length as long as possible while still permitis
lowest desired magnification 1o be realized with available oculars. The
observed image quality will be superior with a long focal length instru

following reasons:

shole. In addition, it is virtually impossible to keep the eye lens of an ocular with
than about 3/4" of eye reliel uncontaminated with oils deposited by the
*s eyelashes. That is, of course, ruinous to definition (perhaps our pinhole
analog of the short focus evepiece should include a layer of waxed paper!)
'3, The residual aberrations of the telescope itsell are lower at high f/ratios. This is
amarily a consideration in the case of the Newtonian reflector which has a large
amount of coma at the faster (/ratios (third order coma increases with the square
of the reciprocal of the f/ratio). Since good correction can be realized in a Mak-
sutov at fairly fast f/ratios, however, this consideration is of somewhat lesser
mporiance.
In summary of the three considerations outlined here, | decided to design a
sutov-Newtonian telescope which would perform more satisfactorily as a
[ instrument than the usual /4 designs available. OF course, the Cassegrai-
‘nian forms are excellent as visual instruments, but their use is generally restricted
1o medium and high powers. However, | suspect that this instrument will be capa-
of better performance at high powers when used with a good Barlow lens than
8 Mak-Cass. designs. This is because the Cassegrainian forms generally have
wery fast primary oplics which are extremely sensitive to collimation errors and
substantially larger amounts of spherical and chromatic aberration. Also |
nderstand that Cassegrainian systems with sizeable secondary amplifications
nler from the amplification of residual roughness on the primary mirror which is
- Silicult or impossible to detect by the usual test methods (Texereau has some
. B0od pictures of this roughness on mirror surfaces). The effect of such roughness,
PeCis Iy when highly amplified, is to scatter light out of the Airy disc into the sur-
diffraction rings and also to lower contrast on fine planetary detail.
If one is designing a visual telescope capable of use at the lowest powers (i.e.,
field), he should not select an f/ratio below /5 since 1" Erfle eyepieces
el are readily available will provide richest field magnification at about this /
+ An 174 telescope would invite serious eyepiece problems as Dr. Everhart
Points oyt g js surprising to note that longer focal length will not require a larger
with » Quite the contrary, a larger unvignetted angular field will be obtained
. 2 Biven diagonal size in "e slower system. If anyone does not believe this,
“lions will prove it.
A !ﬁm{ll}' decided on a focal length of 60 inches in the 11" size, which makes
| l Ication with most eyepieces come oul in nice round numbers. This results
ocal ratio of about 5.5. A 1%" Erfle will provide richest field at 40x while a

o
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comfortable %" orthoscopic or Ploessl Evepiece will provide plenty of
tion for planetary work when used with a Barlow lens amplifying about 4ax_ ]
desired the “ultimate™ in a lunar and planetary telescope, he could insert a Ray
immediately ahead of a very small diagonal mirror. In this way it should be pg
o reduce the obscuration ratio to 10% or even less, and of course there ara
spider supports to cause diffraction problems. This Barlow-diagonal combing
could be substituted, when desired, with a larger diagonal for variable or deap.
work. Perhaps the best all-round compromise would be a 2.25 inch mingp:
diagonal which would fill the field of a giant Erfle with unobtrusive vign
the margin of the field, while obscuring only 209 of the aperture diameter, |
providing good contrast on planetary detail. -.
This design was carefully ray-traced to achieve optimum performance,
effect of the increased focal length is quite evident in the smallness of the resk radius of 1st surface, corrector —72.875

WIDE-FIELD NEWTONIAN-MAKSUTOV CAMERA
by John D. Lytle

=]

|
A e i

aberrations. Longitudinal zonal spherical aberration, LZA', is 0.00077" clear aperture 10.00
marginal and paraxial rays come to a common focus). The permissible value radius of 2nd surface, corrector —23.681
LZA' at this ratio ';s‘:].nlﬁ‘l's" according to the Rayleigh tolerance, thus the resi thickness, corrector 1.3183
spherical aberration is 22 times smaller than the Rayleigh tolerance, C.A., rear surface of corrector 10.25
reference to chromatic aberration, the C and F rays have been brought to a & radius of mirror —134.801
mon focus near the T70% zone, although this may have been “gilding the lily™ distance, corrector to mirror —69.025
sense since the total amount of residual color is quite small; nevertheless, I i clear aperture of mirror 13.35
this adjustment in order to have an optimum design. As a result, the resi distance mirror to diagonal 64.000
chromatic aberration for all light between the C and F lines is only about 1 radius of diagonal flat
the Rayleigh tolerance. As for coma, I calculated the value of OSC' to be .0 d C.A. of diagonal 48
less than one-sixth of the permissible amount which, according to Conrad) Glass for corrector 611588
0.00250. Visually it will be impossible to see any coma under any circumst ‘EFL.  equivalent focal length. 66.03

" ! PR
¢ Dimensions in inches.

since it will be beyond the resolving power of the observer’s eye. Photog
one can expose a plate at prime focus over 5 inches in diameter and
Conrady considers “‘extremely sharp definition™ to the edge of the plate
coma is concerned). If one machines a plate-holder with a surface conformi
the surface of best focus, as is done on a Schmidt camera, it may be pa
achieve excellent definition over a plate this large, or even larger. .

It should be pointed out to the prospective builder that the corrector for
telescope can be ground easily from a standard 11%" molded blank, despite
longer radii. The sagittae are about 1/8th inch less fora 11'4" blank and so a lof8
only about 1/8" stock need be removed from the center thickness in grinding
sides to the new radii. This leaves a more than ample surplus for fine g b
about 0.140", assuming that the original blank was 1 3/8" thick. !

One additional advantage to the longer focal length is that the tolerance
the corrector become less severe. The corrector thickness may deviate from Most of 3 )
design by as much as about 0.080" before fhe Rayleigh tolerance is exceet -. two fltegurje;!iilfaﬂ;’:: F;ls k:] ;’-:;::;fzzpr:n;lu?:c :‘Ir :e'::utlch:m E:J;st;ws]:;]nr into
and R, may vary Ilp:gthcrns much as =0.8 .:nul they cannot vary upur_ltﬁ_ tively short focal letaths.' Phot e on ﬁrsnt cl;s:iﬁ I‘H ne I?t
than about 0.030". Th:trudcr shlouid be caultmned abﬂ".t th# (igures S50 . *m!“’tme the high resolution obtainable with long focus instrumm i l:lsu}? o
each of these perturbations was introduced into the design, it was assumed : EWciated large plate scale. The useful ficl cus ins ents and their
other dimensions were at their correct value. Moreover, a telescope will perfor BI0Ugh, and generally ame ul field coverage is limited by aberrations,
its best only when the residual aberrations are held to a small fraction of Caleg, y amounis o less than 1°. Many pictures in the second

P i ; ; ; P fass . o re recorded either by relatively fast Schmidt h
Rayleigh limit, and the builder is well advised to work Lo close tolerance in O St derial oy -imidt cameras or by moderately
realize the capabilities of this design. mera lenses. The field of good definition in these cases may approach

"y 150 y ; = .
& 15 » but much interesting detail is lost in the diminished plate scale. Resolu-
Mited by the grain size of the emulsion, rather than by optical aberrations.

Ct{mmen!s. It is not by free choice that most back-yard astronomers own
Modest instruments. Even within the small-aperture domain (2" to 12°), the cost
Fﬁe type of telescope may increase with the square of the aperture. Beyond
127, the aperture-cost curve may become cubic or even quartic. As a result,
e Amateurs can afford to buy or properly house even a 12" instrument. This
Milation seems to have motivated many of the more serious among us to squeeze
ﬂj:rl‘ ormance per inch of aperture from our telescopes than do 2 number of
d '--'-" astronomers. The superb work of Mr. Evered Kreimer of Prescott,
_ m::::*s & good example; hi_vf fine pho-t_ogrﬂphs of deep-sky objects are familiar
v us and are of a far higher quality than most would expect from an fr1,
€Wlonian; his home-constructed cold camera is an outstanding example of

TS €an be done by a dedicated amateur with relatively limited resources.
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A gap exists which may be bridged only by a long focus instrument with e
field coverage. |

To bridge the gap economically, | decided to design and construct a ph
graphic Maksutov, At the outset, I decided to limit the use of the instrument 1g
prime or Newtonian focus, thereby eliminating the compromises which are ng
ary if the telescope is to be convertible into a Cassegrain type instrument, A
instrument was selected as being the most consistent with portability, econg
adequate optical potential and available resources. A focal ratio yielding a
scale of about 17 per inch was deemed desirable. This should, following exp
tions, permit detail on the order of 5" of arc to be resolved on the most comy
emulsions. The 1° plate scale was found to require a focal ratio of about 6.5, w
in turn might require a slightly clumsy, but not intolerably long, tube. Exper
told me that it would be reasonable to expect performance optically better tf
of arc over a 3° Mleld.

With proper attention Lo oplical fabrication, mounting details, guiding, e

capable of outperforming most instruments (the very large Schmidts excepte
extended objects such as M31, the Rosette, the North American nebula, el

My design finally evolved into that at the beginning of this account, Nofe
an unvignetted image requires the diameter of the primary to be 13.35" an
minor axis of the Newtonian secondary to be 4.8". This means that the pri
mirror, mirror cell, etc., may represent more of an undertaking than one §
have originally intended. | suggest, therefore, that a smaller primary mirn
used, such as one of 11%" to 12';" diameter. Reducing the primary image to
will reduce the brightness of the images by about .32 stellar magnitude at the
of a 3° field, but this i5 not a terribly high price to pay for a lighter, less cum
instrument. _

The 4.8" given as the minor axis of the secondary is rather arbitrary.
dimension allows for a reasonable tube diameter, sufficient clearance (f
meniscus) for mounting, and no vignetting. If an undersized primary mir
used, the secondary may also be made slightly smaller at no additional expen
terms of vignetting. This compromise, in turn, actually increases the light g
ing area slightly, and will foster improved contrast when the telescope I8
visually. _

A possible stumbling block to others wishing to construct this desy
obtaining the specified glass for the corrector plate. The glass used is Baus
Lomb 611588, a dense barium crown. One is normally inclined to be conient
what is available and when my friend, Norman Cole, offered me a blank of 6
al a very reasonable price, it suddenly looked far more attractive than the cus
ary BSC-2. The 611588 corresponds very closely to Schott SK-8 and Ohara 61
and either could probably be substituted with no ill effects. 1

Performance curves [or this design are plotted in Fig. 2. The curves repn
the image curve displacements (from the principal ray) of a meridional and S8
fan of rays traced from the field points 0°, .75°, 1.13" and 1.5° (see Fig. 2bi0
cal geometry).

A meridional fan is one whose rays have pupil intercept coordinates &
sagittal rays having coordinates (o, £). By recording the y image and the X1
displacements of the sagittal fan, much may be learned about image

SaaaeEETa Tt
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FIGURE 2 10-INCH PHOTOGRAPHIC MAKSUTOV
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ire system by autocollimation. This strategy is sound, however, only when the
nt is to be used solely to view objects of limited angular subtense, such as
lanets, double stars, and lunar features. If this technique is applied to instruments
want for extended field coverage, the spherical aberration will be corrected at the
of introducing other aberrations off-axis, and may nullify all one’s efforts
§ a Maksutov which will perform well off-axis. | believe that in such cases
e should either put forth the effort required to incorporate the aspheric into his
alculations, or else be satisfied with a spherical primary.
If the reader does decide to construct an instrument from the above
 gpecifications, the problem of aspherizing the primary will not be insurmountable.
‘The Gaviola modification of the Foucault knife-edge test should be familiar to
‘readers and need not be elaborated upon here (maybe more familiar under the
' heading ‘‘caustic test” — Ed.). This testing procedure is the key to producing an
' securate aspheric on the primary mirror.
The Gaviola (caustic) test, properly carried out, performs a single function: it
' enables the optician accurately to map the loci of the local radii of curvature of an
 optical surface, Deviations of the experimental caustic from its desired shape tell
the optician a great deal about the actual contour of his aspheric surface. This is
- what the test accomplishes, nothing more.
The caustic test provides little information about surface irregularities whose
 cross-sections are of the same magnitude as the openings in the mask. To obtain
this information, & more quantitative null test musi be devised which will closely
- cancel the caustic of the surface and make it appear like a sphere under the normal
mife-edge 1est.
i The null test in this instance should perform one and only one function: this
I8 1o permit the knife-edge to darken the entire optical surface evenly enough to
- make zonal irregularities prominent. Admittedly, all the fourth power conics (the
aspherics most commonly employed by ATMs) may be tested at conjugate foci,
- but proper location and alignment of the test apparatus may be a tedious and tricky
‘hlingu In the case of the Newtonian Maksutov outlined above, the aspheric on
the primary is a weak oblate ellipsoid (eccentricity imaginary), especially difficult
;r. fcause the two conjugate foci do not lie along the optical axis, but on a perpen-
‘dicular to the axis. In this case, astigmatism prevenis us from nulling more than a
. Sirip through a major diameter of the optic (Everhart, E., **Null Test for
?"*th! Telescope Mirrors," Applied Optics, Vol. 5, No. 5, pp.717-718, May 1966).
Contradicting myself immediately, let it be stated that a null test may indeed
Used 1o control the contour of an optical surface, but only under selected condi-
- Most of us realize, for example, that the most efficient way o produce a
sphere is to work towards a good cutofT at its center of curvature. The same
ure applies to a paraboloid, | you have a good flat handy. To test any
Mic at its center of curvature by autocollimation, accessory optics are necess-
F U"-'i“_t:llr a flat may be borrowed to test the paraboloid. But in order to test a
rboloid, ellipsoid, etc., one must insert a special **null’ lens between the opti-

“ '“h:fm and the tester. The null lens is designed specifically to cancel the spheri-

Figure 2b
OPTICAL SYSTEM GEOMETRY FOR RAY FAN EVALUA
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character. There is little additional information in y versus £ plots or in X Vel
plots, and these are omitted. Note that each fan has been traced in C, F and D
in order to show the magnitude of the transverse chromatic aberration, as W
the chromatic variation of the various aberrations. In the x vs. £ curves,
and F lines are indistinguishable and are plotted as a single curve. Since {0 -
symmetry is preserved for the axial field point, only the sagittal fan is pres
As will be observed by those familiar with this method of evaluation, the on
nificant residuals are a small amount of lateral color (about .0003" at 1.3°)
some third order astigmatism and field curvature. This specific balance of
lions was intentional; astigmatism and field curvature were left with the inte
of using a Rosin-type corrector (Rosin S., “‘Ritchey-Chretien Corrector S¥58
Applied Optics, Vol. 5, No. 4, pp.675-676, 1966) as an entrance window for

camera, to be added later. 2 : r - :

It should be emphasized that, while many Maksutovs are aspherized as! Ple | fration of the desired surface. The null lens may consist of one or more sim-
touch-up, the aspheric on the primary mirror is an integral and necessary § Mor fses (depending on the severity of the aspheric), and must be used in
the design illustrated in Fig. 2. Most amateurs aspherize the primary mifE done - Tomatic light. The null, however, will be only as accurate as the auxiliary
their Maks afier completing the corrector, monitoring the result by test System, as will be the final optical surface. The design of such a lens will
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usually require the services of a high-speed computer (except for the sin
cases) , and the lens elements must be fabricated, centered and spaced to ven
tolerances if it is to perform properly. Moral —amateurs had better scrap thi;
Fortunately, we have an out. A seemingly trivial gimmick familiar mg
opticians faced with the problem of nulling large aspheric mirrors. The proge
is this: employ the caustic test exhaustively to establish the proper contour o
optical surface. Then, from an assortment of small (but fairly high quality) s
lenses, select one, mount it vertically on a ring stand or other support, and pl;
between the tester and the mirror so that the entire test beam passes through
lens on both the outgoing and return trip (see Fig. 3). i 5 ¥ I zon

FIGURE 4 CAUSTIC FOR OBLATE ELLIPSOID
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FIGURE 3
NULL TESTING SET-UF
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If one adjusts the axial location of the lens over a short distance, a change| ; —
character of the knife-edge **shadows™ will be observed. The resulting * : '
or may nol be superior to that seen without the nulling lens. But if other les
different power, thickness and shape are tried, one will probably d .
which yields an excellent null, allowing minute zonal structure to be obt
easily. If the experimental caustic closely approximates the theoretical one,
the optician has a good feel for the final figuring process, the null test will pro
only confirm the existance of an excellent optical surface. The test should B
ducted in monochromatic light, of course. b '
Fig. 4 is the plotted caustic for the primary mirror of the instr s
described above. This caustic characteristically decreases in local radii as the
height increases, the optical surface having a gently turned-up edge.
sions given are in inches. Local radii are plotted for zonal increments of ¥
the outermost zone plotied corresponding to 7 off axis. Though the grap
ably accurate enough to be used directly, one may calculate the coordinates
caustic, or any conic desired, by means of the formulae supplied below.
It may be observed that the caustic is quite small, and the aspheric de
tion therefore very weak. Actually, the departure of the surface from thes
sphere amounts to only about two wavelengths at the edge of a 14" primary

LAV -
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.ﬂlt;:‘:, only u few educated strokes with a slightly doctored lap. This aspheric is
looks mu:l': Iﬁ;ﬂt; asra paraboloid on the same paraxial sphere, and the caustic
) - t i i I i I
Bosite fushi. at for a paraboloid 25% corrected, only it is directed in the
ore the reader assumes that th ici i i
it sho, . - the aspheric is too slight to be bothered with,
1 :1‘::: mentioned that the writer traced a few rays in order 1o evaluate the
i ;;bacnoc n:!I' the asph:ncl. The unavoidable conclusion: aspherize. The
igned with the aspheric as an integral part, not an afterthought. Per-
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formance at all points in the field will be noticeably inferior, even e
factor of five if the aspheric is omitted.

The builder of this system should, in my opinion, work towards
tolerance on corrector radii, corrector thickness, wedge, etc., since he can't de
on aspherizing to remedy the effects of carelessness and impatience. j

The Caustics of Conics.
The sag z of a general conic of revolution may be expressed in the foll,

form: 2
CVr
;;B._. S
1#[1-(CC+1)CVif)”

where the curvature CV = RLR being the paraxial radius of curvature, ¢

zonal height, and CC is the conic constant, related to the familiar eccent
CC = —(g%

Using this notation, the various conics are listed below, with their g
ponding conic constants: '

CC=10 sphere

oC £ —1 hyperboloid
CC = —1 paraboloid
=120C.20 prolate ellipsoid
CC>0 oblate ellipsoid

The reader need not be disturbed that the eccentricity of the oblate ell
becomes imaginary.

A simple and consistent sign convention is important here, so let z (the
cal axis) be positive towards the right. A surface with positive sag is then cof
towards the right, and has positive curvature. It is of no consequence here wh
glass lies to the right or left of the optical surface. It is important only thi
keeps track of the signs of CV and CC, and that these are consistent with
meaning during the optical design process. The formulary to be given here mi
modified if one desires to test a convex glass surface (Cassegrainian secor
through the back. The glass must be of high optical quality, though, and
modification of the equations demands that many additional construg
parameters be considered, this digression will be omitted here.

The equation (1) for the sag of the conic surface of revolution is expr
a form convenient for use in ray tracing. The form is not a conveni
however, for the calculation of the corresponding caustic, and the mathem
somewhat messy.

the vertex of the optical surface. Then if z is the optical axis, and y is a co0
perpendicular to the z axis, we may calculate the following:

dz % - e

dy [1-(CCrCVie ¥

¢z oviaEc+) ’ cv s
dy*  [1-(CC+ 1)V [1-(CC+1)CVig? | ¥

Al bVl L. = UL LI 1'ro

The coordinates (2, y) of the center of curvature for any zone r in terms of
as (1), (2) and (3) are given by:

?)
)

_L€2)+(22P]
(3)

z: of |.'=

[1+(2
lU‘*——”

Yl:'lil'l:I=

The magnitude of the local radius of curvature is expressed:

[14(2)*]%

N i ST
RCD ()]

Though the caustic test provides a very accurate means for producing any

desired aspheric, the procedure is tedious and time-consuming. If the means for
performing a good null test are available, take advantage of the opportunity; a relia-
e null test is straightforward, and a real time-saver. The caustic test is useful

for the oblate ellipsoid, or the prolate ellipsoid with widely separated con-

jugates and, of course, as a means of performing the final evaluation of any conic.
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MAKSUTOV-BARLOW-NEWTONIAN
FPHOTO-VISUAL TELESCOPE

by Tore Sjogren

Corrector Diameter 11.2"
R, - 16929
Thickness 1.102
R, —17.559
Hole dia, 0.9
Distance Corrector to mirror 48.032
Mirror Diameter 12.6
R, =03.150
Distances Mirror to focus 47 481
Mirror to Barlow 43.701
Barlow to focus 3.780
BRarlow Diameter 1.5
Flint Schott F2, 620364, r, 5472
thickness 0.158
r, —9.843
Crown Schott BK-7, 517642, 1, —9.843
thickness 0.079
r, 1.874
Distances Vertex V to plane P 1.260
Vertex B to plane P 1.023
Vertex B o focus F, T.354
Plane P to focus F, 6.331

Diagonal angle 100°

Focal plane concentric with main mirror r  —46.575

Photographic diameter of focal plane 24

Equivalent focal length 94.062

Vignetting Visual 2.1% Photographic 5.2%
Visual magnitude 14.2

Dimensions in inches.

i hrbeliisds Wi RS - T T

nits. This design has been checked by Mr. John Gregory on the com-
_r and he remarks as follows:

“ [t is a fine design and | recommend it heartily. Through the Barlow, residual
aberrations are only a quarter of the Rayleigh tolerance, but coma gives
of about 003" at the edge of a 2" diameter field. This is O.K. visually
Lcause Lhe only way you can sec a 2" dia. field is through an eyepiece of at least 2"
f and that is low power. Photographically it would be noticeable, but wide field
i sraphy should be done at prime focus and nof through the Barlow. I get a

ex B to paraxial focus of 7.490" in 555 light, an e.f.1. of 94.847" and {/8.47 for

11.2" aperture. AL prime focus residual and zonal color are within '4 Rayleigh also.
Foma will give a .0006" dia. glob 1" off axis (and about ,0012" at the edge of a 4"
lﬁd;ust say that 1 am impressed at the smallness of the errors introduced by
e Barlow and I think that the amateur will stand a better chance at perfection with
design than with a Cass. secondary.”

MAKSUTOV-GREGORIAN PHOTO-VISUAL
TELESCOPE

———————— 1256"
10.707
16.35" concave
16.97"  convex
! BR.0R" concave
.'{ 19.72" concave
i Thiﬂkncﬂs of corrector 1.07"
FEClor o primary 57.68"
1us of prime focal surface 427"  (convex toward
: primary)
Equivalent prime focal length 42.81"  (f/4)
Equivalent Gregorian focal length 256.86"  (f/24)

Diameters,
Front aperture of the corrector may be stretched a little larger than the
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specified 10.70", but provision should be made for adequate mounting, , Corrector. R, —428mm Aperture 279mm
Back aperture of corrector, considering 2.5 degrees off-axis rays and : Thickness 2Tmm

front aperture, is 11.0” (10.95" for axial rays). Primary mirror aperture fo R, —444mm
raysis D, — 11.28" (12.5" with standard Corning blank). Glass BSC-2
Secondary aperture is 2.89" for axial rays. ary. R —2305mm  Aperture 318mm

Hole in corrector is optional, depending on the secondary mount (H.) Focal length of corrector and mirror
in primary is 2.5 for half degree field (H,). . H 2
Comments. The aim was to give the best prime focus images overa 5°f ' £/4 st prime focus

4" circle of film cut from a 4 x 5 cut film will cover close to 5° at prime fig efl. H23mm: (150,57

19.9% vignetting at the edge of the 5° field. This should hardly be apparent -

since 19.9% loss represents only about 0.08 stellar magnitude. e view 33’ 1.5" eyepiece B8.4x EF 3.17mm
The film-holder assembly can be supported from one side of the iy 7 27 .07 . 132.5x " 2.11lmm

means of a single, stiff vane, connected at its outer end 1o a flat metal plage " 16 - 176.8x " 1.58mm

plate, which carries the support vane and film-holder must (it a socket of king " 1y 5ar v 265 «x " 1.06mm

design 5o that it may be replaced exactly in the same position after each use " 5 fmm " 560 x " 0.50mm

Greg. focus. The assembly should be equipped with a combination focus an
perature screw, or else invar steel rods must be used as separators be '
and film.

The secondary is & simple ellipsoid with foci 11.5 and 69.0 inches
vertex, giving an amplifying ratio of 6. It can be ground on a standard 44"
blank and easily figured by the null method with slit at one focus and knife-
the other. It should be edged, before figuring, to a maximum of 2.89 inches:
axial illumination, and can accordingly be left permanently in its adjustak
{fastened through the hole in the lens) because it will obstruct no addition
when the prime focus is used. _

I had hoped for a Gregorian focus shorter than [/24, but this
impossible without putting the secondary too close to the corrector for an &

adius of Petzval surface at prime focus 1116mm (convex to incident light).
(adius of Petzval surface at secondary focus —842mm (concave to incident light).

- Commenis. Since the ray parallel to the axis through the margin of the correc-
e strikes the primary at a height of about 140 x 1.04935, or 147mm, and the prim-
y has a nominal radius of 6'4", or 15%9mm, that leaves an angle of 12/1510, or 45°
ffore any vignetting whatever occurs (.008 radians).
Concerning the secondary, it requires a radius of 140 x .2857883, or 40mm to
jok after the axial fan, and an extra .008 x (1120 — 320), or 6.4mm, to look after
3" without any vignetting. However, I believe that most amateurs would prefer
psettle for a little vignetting in the intensity near the field edges for better axial
: atensity and have therefore suggested a secondary of 3%" diameter (82 5mm)
ble cell, or shortening the space between the primary mirror and secondary eld in a mirror cell of 3%" dia. This reduces the axial light loss to a minimum
£/24 will give good high power views, but lower powers will require specis ). Regarding the hole in the mirror, since the e.f.l. of the total telescope is
focus eyepieces. se3mm and the primary can look after a field angle of .45°, the image height is
: W8 x 3823, or 30.6mm, This would require a hole of approximately 2V:" diameter,
bugh 214" would probably fill the bill nicely.
* On my sketch of the optical assembly | have added some slide-rule calcula-
05 of the real field of view with modern good eyepieces, and have also calculated
lers of the exit pupils.
PWH,V I should say a word to justify my use of a telephoto ratio of 3.25. My
: B 1s that this is already higher than is good for amateurs to shoot for. You
= Nollice that the light still has a long way to go after striking the secondary, and

MAKSUTOV-CASSEGRAIN VISUAL TELESCO!
by A. M. Crooker, PhD

= —_—_—_—_—————_———— — You are prepared to settle for a spherical surface (even then higher
R, & s : he b, 2005 are bad), the lower you hold this ratio the easier it is to make and
—— e - e horesalts, :
R B ao — iy thought of modifying the design to cut down on the 333mm of dead-

it - een the corrector and the prime focus. One should keep the prime focus
wfaf:f photography at /4, so at best you could shorten the "scope by only
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VISUAL TELESCOPES

by R. G.

Single-Pass Design,

T T T TP T Ty T o T

s, This design originally started as an attempt to satisfy my curiosity
1 an area of ray-tracing which 1 hadn’t previously tried. What started off as idle
S jty ended up after months of evening work with something | can say with
. ¢ cijon is my own. | also ended up with reams of used paper, a book of trig.
sions to 10 places, and a new calculator.
" Using Maksutov's thickness and radii formula for minimum chromatic aber-
. g negative lens of very long focal length (about [/150) is evolved which
es the object distance to the main telescope mirror. A certain amount of trial
nd error procedure allows a choice of R, which must also serve as the Cassegrai-
ian amplifying mirror, and once R, is chosen, R, and thickness more or less fall
o line. As John Gregory has pointed out, page 63 of ATM [gives approximation
e~rmulae for the Cassegrainian system including component separation, main mir-
or radius and back focal distance. From this point on, the process consists of trac-
a marginal ray as well as one coming close to the secondary spot. When these
wo rays, after many trial and error procedures, can be made Lo intercept al a com-
pon point which would also be an acceptable back focal distance, then more rays
are traced (1 used 9) to give a good picture of the longitudinal spherical aberration.
Vhen the zonal aberration has been found 1o be of reasonably small value, several

MAKSUTOV-CASSEGRAINIAN

Hires

aluminized spot

spropriately chosen rays are again traced through the system but this time using a
different index of refraction for the corrector. This affords a look at the remaining
itudinal color aberration. This is called the color check.

A slight readjustment by moving the components closer together allows the
secondary spot 1o be placed on the first surface R, instead of R, The resulting
aberration curve is left essentially unchanged from the original; to me this was

somewhat of a surprise. The shift in separation was changed to maintain the same
‘overall [/ratio as in the original version.

One might question the advantage of having the light make a total of three
passes through the lens with the attendant loss from absorption. But this loss is
small and the advantage is that of having a truly spherical reflecting surface, no

matter how thick or uneven the aluminum coating is applied. | have had too much
trouble already from poor aluminizing jobs! | might mention that the result of any

Specifications.

Single-pass
Corrector glass
R,

R,
Thickness, 1
R,
Separation, §
Cass. focus

Dauble-pass
Carrector glass
R,

R,
Thickness, t
R,
Separation, 5
Cass. focus

high or low area in the aluminum spot on R; is magnified by between 40 and 50
times back at the focus. Another advantage would be of having the aluminum spot
on R, painted over and thereby indefinitely protected.

So far as these ray-traces are concerned, they show a system which is cor-
fected 1o a very small fraction of the Rayleigh quarter-wave tolerance. Aspherizing
the mirror would, of course, further improve the performance, probably more so
an aesthetic sense than in a practical one.

The telescope, like others of its kind, has a very small field (% degree, or so)
nd consequently suffers very little from coma or astigmatism. With such small
fields, iy does not seem worthwhile 1o ray trace off axis—at any rate, | didn’t do it.
The design of the corrector stemmed from the standard formula for thick-

Clear aperture
BSC-2

Clear aperture
BSC-2 t= (Ry—R,)n*

n? -1
Afler all the work, | consider it a relaxing way of getting away from other
ms.
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A “"MAVERICK" MAKSUTOV

. two “'bastard” Maks showed themselves to be superior to the Newt. and
by John McQuaid

~iafly on planetary detail; it is in this phase of celestial observing that the
nce of the metal spider becomes most valuable.

) Incidentally, when I am trepanning the lenses, (always after roughing out), 1

a wooden nest for holding the glass (concave side downward) and a carbid

poring cutter for taking out the slight taper lelt by the biscuit cutter and

8" MAKSUTOV-CASSEGRAINIAN
WITH QUARTZ OPTICS
by Philip H. Morgen

——

R, 13.305" —-— R —’\_
R, 13.590" 1
Thickness 0.5" T & LW
Separation 19.188" oA — —
R, 49.250" I
Distance BF 8 R, I
Dia. secondary spot 1.32"
Dia. primary perforation 1.250" [ - oo '
EF.L. 133.125" Aluminized spot, D,
Clear aperture 57/8" fo- BF —"
Dia, of primary 6"

N.B. This design must be aspherized under autocollimation for good Specifications.

Commenis. 1 have called this a “*maverick’ Maksutov because [ de Clear aperture g

without any ray trace—I simply combined Wright's formulae for color cornt Correclor material fused silica (458675)

in Book 111, A.7.M. (and | hope this also includes coma'), with the usual @ N.=1.4564, Ny=1.45843 N,=1.4632

formula; anybody can do it and, in fact, I wonder why some TN has not di R‘— 1'2 165‘2"6 ’ ol
3 i * v 1 -

long ago. | paid no attention to aperture and diameter and used a slab of | R,= 12.5847"

which | happened to have on hand.

The first telescope was made mostly as an experiment but after aspher
it worked so well that | made another just like it. The aperture and pB
diameter may well be off, but both these Maks beat a really good (1/20th ¥
Newtonian hands down so far as seeing lunar and planetary detail is cong
and the moon’s edge is just as hard and crisp as in the Newt. I

Whatever a trace may show, the design is pretty good aqffer it has
aspherized. The lens blanks were of the usual BSC-2, same indices of refra
and dispersion as in all Maks. Before aspherizing, both showed the same &
correction, rather more noticeable at the zone from the edge in to about 1%
rather gently into the center.

The easy doubles such as € Lyrae are a cinch—you could drive a load €
between the 2 and 3 second pairs. The companion of Polaris was very easy"
was seen several times when a Newt. of known high quality failed to resol

Thickness = 775"
Secondary (aluminized spot) D,=1.750" dia.
Axial separation of mirror and corrector § = 27.240"
Primary R;=64.000"
central hole Dy, =1.750" dia.
mirror dia. = §.750"
Back focus (1o best focal point) = 5.918"
Effective focal length 197.103"
hﬁmiml speed (f/ratio)  24.638
* This design is for amateur use only, all commercial rights are reserved.
Aberrarions,
l. Angular spherical aberration = .208 secs of arc (max.)
2. Angular chromatic aberration = .260 secs. of arc (max.)
3. Angular sphero-chromatic aberration = 216 secs of arc (max.)




. i 0.66
4. Chromatic difference of magnification = .079" (.040% of F) semi-aperture of spot (Ry)
T 2 i - 16,832
5. Deviation from coma-free principal surface radius separation of focal plane and R, (back focus) 16 A
Coma = 250" (.127 of R) max. semi-diameter of usable focal surface tﬂnf igzld?
6. Deviation from coma-free principal surface radius for 60% : )
- " semi-diameter of mirror perforation 0.72
ST = o Ml vt e obscuration ratio (hy/hy) 17%
equivalent focal length 126.80
equivalent focal ratio /152

MAKSUTOV-CASS.-PRIME FOCUS TELES
by Jacques Labrecque

Prime Focus Version.

separation, mirror to auxiliary corrector 29.00
radius of curvature, auxiliary corrector (conc.) —~T7.88
central thickness, auxiliary corrector 0.500
The Mak-Cass-Prime Configuration radius of curvature, auxiliary corrector (conv.) —7.85
a) The Cassegrain version separation from vertex of R to center of diagonal 1.80
b} The Prime-Focus version separation from optical axis to prime focus (f,) 1.23
semi-diameter of auxiliary corrector 1.60 (for 1°
Corrector semi-field)
back focus of corrector (X + Y) 9.0305
semi-diameter of flat focal surface for 1° off axis 0.65
equivalent focal length 37.20
equivalent focal ratio f/d.46
obscuration ratio (h</h,) IT%

Table 2. Aberrations and their Tolerances (inches.)

Cassegrain version. CA =834

marginal spherical aberration ~0.0088

zonal spherical aberration 0.0063

a) tolerance spherical aberration 0.1000
offence against sine condition 0.00027

e marginal chromatic aberration —0.0019

paraxial chromatic aberration 0.0040

7= I'c)  tolerance chromatic aberration 0.0250
s sagittal coma very small
astigmatism very small

Table !. Physical Dimensions (inches.) Prime Focus Version.

i , Wi t auxiliary corrector.
A Cassegrain version. CA. (1) Without auxiliary corrector

LA, 0.0085
h, semi-aperture of corrector (C.A./2) LA;, 0.0052
R, radius of curvature of Ist lens surface Tol. (LA") 0.0070
L central thickness of corrector Coma', 1.5 degree olf axis —0.0009
R, radius of curvature of 2nd lens surface ; (sag of sagittal astigmatism) field conc, 0.0138
Sn corrector-mirror separation u (sag of tangential astigmatism) towards eyepiece 0.0077
R, radius of curvature of mirror Ast., astigmatism 0.0061
hy semi-aperture of mirror DCL; 0.0007

R, sameas R,




(2) With Auxiliary Corrector

LA, marginal spherical aberration
LA'g, zonal spherical aberration
Tol. (LA') tolerance spherical aberration
asc' offence against sine condition
les—les marginal chromatic aberration
lps— Is paraxial chromatic aberration
Tol. (Fgs=1'ce) tolerance chromatic aberration
Xw=lw=1y sagof astigmatic focal line (sagittal)
Xis=1's—I's sag of astigmatic focal line (tangential)
X=X astigmatism (astigmatic difference)
Upr, off axis angle of incom ing ray
DCL disc of least confusion due 1o astigmatism
Upr, X' X' Astig. Coma’,
{degrees)
0.5 0.0008 = 0.0006 0.0014 =0.00024
1.0 0.0030 —0.0026 0.0056 =0.00047
1.5 0.0066 —0.0061 0.0128 —0.00067
20 0.0116 =0.0116 0.0232 =0.00082
2.5 0.0178 —0.0197 0.0375 —0.00087

Comments. While studying some of the many mirror-corrector combir
possible with a Maksutov telescope, one is struck by the fact that all solutig
the possible different systems are continuous but have varying degrees of
ism (freedom from spherical aberration and coma). This means that an /15
Cass. may be made with a mirror of fixed radius but correctors of various
vatures, provided that the separation is changed to preserve the desired fe
while admitting that the secondary focal plane may be located anywhere
inside the system.

Itis a fact of common knowledge that if the secondary focus comes clod
the secondary mirror, the focal plane will be betier corrected for all abe: il
except field curvature, This, in turn, implies that the secondary focus shou d
imaged by a relaying system 1o the final focus outside the primary (Dall, F il
C, Sky & Telescope, p. 31). Barring the difficulty of transporting the secof
focus to a final focus with the help of ordinary small achromats, the final f
should be highly corrected with a system made only of true spherical surfac
is & net gain that overweighs the slightly longer tube-length that is nece :
While examining the different solutions possible, | was naturally tempted to
what was happening to the latent prime focus of the instrument. '

In the system designed by John Gregory (published in Sky & .
when scaled up to a C.A. = 8.34 inches at f/15, the spherical aberration (] ]
the secondary Cass. focus lies Jjust outside the Rayleigh tolerance, therefore
the elements needs to be re-figured. In the same version, the spherical aberri
at prime focus (LA',) is some twelve times outside the tolerance and no use c&
made of the prime focus! It has been stated that a Mak-Cass could become &
vertible by changing the primary mirror to another one of slightly different ral
and adding a diagonal to bring the prime focus out of the main tube. Al n

o
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another pri of fairly large dimension fnd finding
ﬂ;';;;dill:cﬂmemr M!:humimntinn the sensitive alignment of
B h e considensd, from T84, 10 115; and by adjusting the
& cit is possible to get a prime focus having spherical ab:rrlatmen‘ Izn_ng
. Emﬂ-r:; Rayleigh limit while the secondary focus is 1hr¢:: to four :1mu_m5|dc
o nce at {715 for a system with a C.A. = 8 inches. This gave me thF idea to
B Mak-Cass telescope usable at prime focus by the introduction of a
:i:untm:l close to R, between corrector and mirror. At f/4.5 such a system
work well as a rich-field telescope while the removal of the dm,_gunal wurulld
the Cassegrain (unction: the prime fu:uls turns out to be quite aplanatic
i t, quite superior to a Newtonian. ‘ .

. I(:Jl::ehl;ur;sp;; fucrlther >=1nﬂ'= add, in the beam converging tm'alrds the prime
focus, a small auxiliary meniscus whose purpose is to correct the n:snd!.lal Isph:nca]
.w;ﬁun. This small auxiliary corrector may seem to add great {:l;lrnp!lcatmﬂ but it
is, in fact, an easy one o fabricate as its radii and distance from the primary are not
too eritical. It is of weak positive power with the concave (Ry) surface directed
towards the primary; moreover it can be made at any time uftgr the mgulfu' Mak-
Cass combination has been in operation. It does bring spherical aberration and

~ coma lo insignificant values and the instrument at prime focus can properly be

t over a reasonable field. Its only drawback liESI in the fact that it
:’:: ﬁ:f:::llcm achromatism of the regular IMakaulu!r: it does imrmllw::e
longitudinal chromatic aberration of the ordinary kind whose largest amount is in
the paraxial region and lies barely outside the tolerance !'ur_mlqr.

Astigmatism is the only aberration that limits the field; its disc of least ::r:-nfu -
sion (DLC) at 2.5 degrees off axis, for C.A. = 8.3", at f{4.4. reaches 0.0040 inch,
a value noted by Conrady as giving good definition. '!'hc interesting part of it turns
out to be that the curves of tangential and sagittal astigmatism are _s:uch asto I"glll on
opposite sides of the flat surface passing through the hr:st on-axis focal position.
This implies the introduction of a small meniscus results in the l‘n_suum-:m bco:?:rm
ing a flat-field telescope or camera possessing the same qualities as the Wright

) telescope to such an extent that its astigmatism fits rigorously an astigmat-

ism curve, The rationale is that a large negative meniscus plus a small positive one
e equivalent to a deep Schmidt plate but without the ﬁgu:_ma comple xities

of the latter. The introduction of the auxiliary corrector has permitied, to a certain
Exlent, the use of “bending,” reducing spherical aberration at the ICmcg:um
focus so that now the two foci yield excellent images, as can be seen in table 2.
From table 1, one can see that the obstruction ratio at the Caa?:grmn func-

lion is about 17%; that, coupled with the feeble aberrations, should give excellent

definition and contrast. For the corrected prime focus, one has a choice of auxiliary

Corrector and diagonal size; for visual use they can be small, but if the instrument

1810 be used as a camera they should be 37% of the clear aperture for full illumina-

tion over a 2° field, and 43% for 3°. An obstruction ratio of 40% would be a good

Average for a total field of 5°. ]

"?ﬂ table 2 aberrations are also listed for the unmnaqed prime focus. One can

Se¢ that for an aperture =< 6.3 inches the !;plwrical aberration lies on the tolerance,
ne vi instrument is possible. . ;

e[;ef:iﬂdor:s::iu to mount the auxiliary corrector are left to the builder; it
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would seem preferable to mount the small meniscus and diagonal as a solid g __4iion to compactness, the reasons for this popularity include the advantage
bly held by spiders on a large ring that could be quickly inserted in the mair 4 closed tube, freedom from visual chromatic aberration, and comparative ease
The advantages of this telescope are: y o hricating the corrector which can use spherical surfaces.
1. Its two functions. However, astronomical telescopes of this kind generally have used a second-
2. Lack of aspherical surfaces. o mirror consisting of a spot aluminized on the rear surface (or occasionally on
3. Excellent imagery at either function. o front surface) of the correcting lens. Such an approach provides a simple solu-
4. Tts flat field at prime focus. 1ion to the problem of fabricating a secondary mirror by eliminating the need for
. and polishing another optical surface. Unfortunately the telescope builder
@ very substantial price in performance in exchange for this convenience.
As we shall see, this sacrifice in performance results from lack of flexibility in
arving lelescope parameters (i.e., radii, separations, etc.) which is forced on the
designer when the secondary is made coincident with one of the corrector surfaces.
As a consequence of such a compromise, the designer must accept the following
Jimitations in a Mak-Cass with the secondary spot on one of the corrector surfaces:
1. Comparatively large amounts of residual coma which will typically be
several times as greal as that obtained with an ordinary Cassegrain or Newtonian ol
the same elTective focal ratio,
2. Substantial residual spherical aberration which may necessitate aspherizing
one of the optical surfaces in the telescope unless the effective focal ratio is quite

MAKSUTOV-CASSEGRAIN DESIGN AT /15
by Harrison Sarrafian

3. An extremely fast primary mirror in conjunction with a high secondary
amplification ratio. Both of these factors impose severe collimation tolerances
which are difficult lo achieve and mainlain, especially in a portable instrument. In
addition, the high amplification ratio will result in increased amplification of zones
and small scale roughness on the primary mirror. The result will be a decreased
iniensity of the Airy disc in the diffraction pattern produced by the telescope and
increased brightness in the surrounding diffraction rings. Consequently, the con-
trast on fine lunar and planetary detail will be reduced. It is likely that this effect

Specifications.

CA clear aperture of correcling lens
BA back aperture of correcting lens

R, radius of curvature of Ist corrector surface =i will more than offset any contrast improvement afforded by the somewhat smaller

R, radius of curvature of Ind corrector surface =iy obstruction ratios made possible by the higher secondary amplification ratios, with

d, center thickness of corrector : the result that substantially lower contrast on planetary detail would be obtained
Currccl:or lens material BSC—=2 ny=1517 V=643 with the conventional Mak-Cass using a spot secondary, even when it has been

d; separation of corrector and primary carefully figured and collimated,

R, radius of curvature of primary mirror In order to understand more fully the severe design constraints imposed by a

{(DM),, diameter of portion of primary mirror illuminated
by on-axis light

d, separation of primary and secondary

R, radius of curvature of secondary mirror -

Dy diameter of secondary mirror

BFL  back focal length

EFL  effective focal length 165,

Spol secondary, let us examine a typical procedure which a designer might follow
in developing a Mak-Cass design. First, the effective [/ratio is selected and a sim-
Cassegrain is roughed out, based upon such considerations as maximum
allowable obscuration ratio, distance of focal plane behind the primary mirror. This
Establishes approximate values for R,, R,and the separation between the primary
nd secondary. However, if a spol secondary is used, this also establishes R,
{or R, if it is o double-pass system) and the position of the corrector, making it

EFR cffe-ctive_f:}cal ratio Mpossible to vary these parameters in order to reduce residual aberrations.
t field of view 1.0 de Next, the designer uses the paraxial achromatization formula:
{Unless specified, all dimensions are in inches. 3 _
peci ) “'l*_= _’2"1 L (where AR =R,—R))

Comments. The Maksutov-Cassegrain telescope has enjoyed a subsi
amount of popularity among both commercial telescope manufacturer

ers 10 establish the approximate value of the ratio AR/d,. (This value may be refined
advanced amateurs who desire a telescope of high performance in a compact

during the ray-tracing process lo achieve a common focus in C and F light
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_duction in the amplification of primary mirror defects which is aggravated by a
+ e secondary amplification. Such a conservative design cannol be corrected for
O erical aberration if a spot secondary is used, since the large value of R, required

close to the 70.7% zone.) Finally, the design is ray-traced with different trial
of AR and d,, until the combination yielding minimal residual spherical abep
is found. i

We see therefore that in reality only one parameter AR (or d, , depend
which is chosen as the independent variable) is variable. This is due to the fag
the other paramelers have already been established by practical const :
focal plane position, obscuration ratio, primary f/ratio, etc. Such a situatios
bles the designer to minimize residual spherical aberration, but does not giy
any means for correcting coma. In addition, the residual zonal spherical abere
will be quite large and may exceed the Rayleigh tolerance. Residual coma, ¥
cannot be reduced owing to the aforementioned restraints will be very substs
and will be several times as great as the coma obtained with an ordinary Casse
or Newtonian of the same f/ratio. This problem has been rather drama
portrayed by Ronald Willey (Sky & Telescope, April 1962, pp. 191-193). )
compares off-axis spot diagrams of several compound telescopes, includin
Gregory [/15 design. The disappointing spot diagrams have probably disillugg
many amateurs concerning Maksutov telescopes in general, which had
reputed to be highly corrected optical systems. i

ults in a corrector which is much too weak. It could be corrected, of course, by
} an ellipsoidal primary.
Design. _
" The design is an /15 Maksutov-Cassegrain utilizing a separate secondary. It
was developed by means of a computer ray-trace program. The design was
carefully optimized by iterative ray-tracing in order to achieve the best possible
correction for spherical aberration, coma and color within the scope of practical
nsional constraints. The degree of improvement afforded by the separate
gecondary exceeded expectations and indicated that coma and spherical aberration
can be reduced to less than one-tenth of the residuals obtained with a spot second-
ary design whose Cassegrainian focus lies behind the primary. The residual spheri-
cal aberration is less than one-fifth of the Rayleigh tolerance in the 11" size, with
all surfaces spherical. Residual coma, OSC’, is 0.00012, which is less than half as
much as obtained in a straight /15 Cassegrain, and less than one-tenth as much as
in the Gregory [/15 Maksutov. Coma is within the Rayleigh tolerance over a field
. : ; : ) pearly six inches in diameter (if such a large field were available for observa-
Unfortunately the design s g mm}ed ““? the use ﬂ ::u.'h For optimum color correction, the C and F lines have been brought to a
secundar:.r generally have mullgd in Mak-Cass designs wh,":h fall far common focus near the 70.7% zone, although the chromatic residual would be
al:hlﬂ‘-"lll.'ll. the performance of which the Maksutov concept is capable. The completely negligible without this refinement.
CAOPRION knm_rn o ﬂ.“" ?-nter is the excellent .dm"'" by Jacques It should be noted that the corrector radii are close to those of many of the
{dmn!:ed earlier), which is also the Ulnl}' v.::nm'FmbI: Maksutov which h S | prime focus designs and thus may be fabricated easily from a standard 11%"
a,_planausm i1 both fm!,' the COPRDEMIRSCS M1 (RMINE 5 0N sccondary we molded corrector blank. A standard 12%" pyrex blank may be used for the primary.
circumvented by allowing the Camgmntm foc1..|13 to fall between the prima ; The diameter of the hole in the primary may be made any size up to the diameter
secondary. This permits the designer to ““bend” the corrector as well as ¥ of the secondary without increasing the central obscuration. It will be possible,
£E5 Nl £y e e aliows mces Intitte with which {o reduce sV, 2 therefore, to cover a field almost exactly one degree in diameter if a suitably large
Fowever, a focal pl!": suuu.m_:l inside thu_: ﬂq“ﬂl fystem requires the use of 4 ocular can be obtained or fabricaled. Acquiring such an ocular would be very worth
lens to transfer the image outside where it will be accessible to the observer. while and the low power views obtained would be really spectacular, since the
EhORG e Mow Wi TRVOR (0 1ie0 01 & ORS00 N6 00K (5 H fidelity would be decidedly better than that provided by the more usual
and indeed it does provide a very effective method of stray light suppre . short focus instrument, and star images will be needlesharp clear to the field stop
relay lens will introduce aberrations of its own which are substantial. This iS¢ With a good ocular. The diameter of the secondary given here is equal to the
the fact that the relay lens must be ol ve ry short chus and large in diam diameter illuminated by on-axis rays only and therefore does not allow for ofT-axis
O W Im:. E""FS off-axis. The high dioptric power of such & 3 Mmovement of the light beam. This was done in order to keep the obscuration ratio
generally result in a highly curved Petzval surface which in turn results in & 10 an absolute minimum (25.8%) for best performance on lunar and planetary
amount of field curvature, astigmatism, or both. : jects. The vignetting introduced is utterly negligible, even for variable star work.
Aﬂ-Spﬁ.?mI Mn.lgm.‘av-t_“am_-gmms ,‘Emwuf ing Sepa g Sf""""""’“ . Separale secondary also facilitates the mounting of a light baffle cone over the
., An obvious solution to the difficulties encountered in using a 5pot S secondary as is done in a straight Cassegrain, although this involves a slight
is the use of a separate spherical secondary. Such an alternative pre 3 fease in obscuration. A suggested method for making the fabrication of the
designer with the following advaniages: . Secondary easy with regard to achieving a good spherical figure on the convex sur-
1. It is now possible to “*bend”" the corrector as well as varying AR and is as follows: grind a larger blank, say 6 inches, to the desired radius of cur-
developing the design for minimum aberrations. This is due to the fact that b Vature and trepan a central portion equal in diameter to the desired secondary,
longer necessary that one of the corrector surfaces has the same radius € { through to the convex surface, and then fine grind and polish. Even if the
valure as !hﬂ Hﬂ_ﬂﬂdll'}'- ! y 4 Bure is poor over the whole disc, the inner part should be excellent. 1 have not
2. It is possible to vary the position of the corrector while leaving the 566 this, but it seems certain to work and in such a case would eliminate the need
ary fixed. for testing the convex surface. It might be wise to make the secondary very slightly

3. Itis possible to use a comparatively slow primary mirror and a conser O¥ersized in order to avoid any possible problem with a very thin turned edge,
amplification ratio, resulting in much less critical collimation tole:
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which might occur due to heating and expansion of the thin glass in the
area during polishing. The secondary can be mounted in a machined, adj
cell, mounted through a hole in the corrector which should be made s
smaller than the secondary.
It should be pointed out that this particular design can be scaled up
inches clear aperture when a 12%" mirror blank is used, provided that a sy
corrector blank is available. Although (DM,) will be almost as large as the pri
vignetting at the margin of even a 1* field will be of the order of a hundred
stellar magnitude, and thus quite negligible.

_16.645 inches. The offence against the sine condition (a measure of the
for full aperture is 0.0003. Conrady states that good off-axis performance is

"L mined when the offence is reduced to 0.0025 or less. For good color correction,
tne C. D and F light foci have been brought together for the 0.71 aperture zone.
Checking out the sag of the lens correctors, it is clear that the glass blank will

. 10 be & little over 1" thick (about half of that required by a single Mak shell).

CONFIGURATION A

TWO LENS. ALL SPHERICAL CASSEGRAIN J
CATADIOPTRIC TELESCOPE DESIGN ' 4 |
by Robert ID. Sigler

3 -

bout the only real problem with large Maksutov-Casse
telescopes is that the cost of the corrector blas
become astronomical (pun intended!). Not only must one mortgage his
the blank, but the steep radii and tight tolerances are enough to keep you a
night. 3
One solution to this dilemma is to split the Mak shell into two lenses
are both thinner and have much longer radii and looser tolerances. Th
designs in this article are examples of this technigue and came out of a rece
sion on the computer. All are anastigmats and a little faster than the usus
Cass. A Schmidt-Cass. aplanat is also given.
Configuration A, \
This is a nice compact design with a small secondary and excellent _
mance. Neither the third nor the fifth order spherical aberration is zero,
balanced against each other such that the marginal longitudinal abes
and only residual zonal aberration remains. However, this residual is about |
Rayleigh limit for this type of error and only a purist would try figuring one
surfaces (il you must do it, do it on one of the concave surfaces of the com
The coma and astigmatism over a 2° field are trivial, resulting in essentially o
tion limited images on the Petzval image surface, which has a radius of cu

Configuration A

i
T L L] L] T T !

0 1 :z 3 4 5 6 Radius (in)

| S— g

Departure of surface Ry from best fit sphere (R, =—46.694")
for complete absence of sphericul aberration (3rd & Sth order)
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Longitudinal aberration {inches)

Rayleigh lmit For zonal |
- sphencal aberration
Radius (inches) 1

]
¢ ke |
\
\ - } Aspheric Ry

Longiudinag abereation {inches)

Description Dimensions in inches
clear aperture of correctors 12.5
diameter of primary mirror 12.5
d diameter of secondary (axial rays) 33
R radius of lens No. 1 40.483
1 axial thickness of lens No. | 1.000 (BK-7)
Ry radius of lens No. 1 —61.116
i axial corrector spacing 1.001
R radius of lens No. 2 —46.669
1 axial thickness of lens No. 2 .250 (BK-7)
R. radius of lens No. 2 46.072
t corrector Lo primary spacing 22.737
Rs radius of primary —58.335
t primary to secondary spacing —21.600
R, radius of secondary =21.037
BFL back focal length 32,831
EFL effective focal length 124,504
EFR effective focal ratio 9.96
. diameter of 2° field 4.36
Configuration B,

The configuration of this design is not so attractive as “*A"", but the radii are
nice and long and the glass elements are even thinner (maybe too thin in the
second lens). The thing that is really great about this design is that it has practically
no aberrations through fifth order (including spherical). There is some Petzval
curvature, but the radius is —147.675 inches. Out to a 3° full field the image errors
are unnoticeable and the photographically useful field is even larger (limited by
secondary and primary hole size). On either of these designs, | would not make the
clear aperture of the secondary larger than that required by axial rays as vignetting
i not all that bad.

; The color is now much better than the A" design (by quite a bit), coma is
Increased (OSC is 0.0020 or just slightly less than the Conrady limit). The perfec-
tion of the spherical aberration correction (with spherical surfaces) has been main-
tained so that the axial spot size is even smaller than the aspherized **A™ design.
However, this is meaningless as both are below the diffraction limit (for geometric
Spol size at least). The two correcting lenses have been moved closer together and
can be spaced at the edges with a few shims or left in edge contact—a few thou-
Sandths one way or the other will make no difference. Although the off-axis per-
_ﬁlrmlnce of “C" is nol so good as “'A"" or “*B"" it is still quite good, being almost
IIIfi-'—l;itir:al o the off-axis performance of the Sarrafian Mak. On axis, **C"™ is a little

er.
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Symbal Dimensions in inches  Symbol Dimensions in inch not critical (BK-7) R, —20.914
CA 12.5 R, —70013 —3324.0° BFL 25.193
D 12.5 ly 53.512 = EFR 48
d 5.2 Ry ~92.871 - - 2.87
R, 281.965 i —27.086 o=
b 650 (BK-T) R, =69.710 . his is the central radius of curvature of the aspheric Schmidt plate. The total
R, infinite BFL 43.533 et ir
of the plate measured from the vertex is:
L 2,389 EFL 104.828 . Z = —1.505x 10~*y* + 0.2767 x 10~%y* + 0.9065 x 10~%"*,
R, —56.014 EFR 8.39 waif of the aspheric can be put on each side of the corrector iff desired. Since the
b 280 {EK‘?} = ) 3.67 e is nearly plane parallel, the thickness is not critical unless the vacuum defor-
Configuration C. mation process is used to make the corrector, in which case the thickness will be
fixed by that required for the proper deformation (less than .750 for a full
///—[ phere).
s
C— :. e ik
§ -
Symbal Dimensions in inches Symbol Dimensions in ine 5 ,..',L:
CA 12.5 R, 131.006 : el
D 12.5 i 27921 ; P
d 4.2 R, ~81.192 I &
R, T4.855 Ly —21.017 ]
t, 750 (BK-7) R, —40.019 i
R, —131.006 !
ts 125 BFL 41.582 i
R, —74.855 EFR 10.06 |
Iy A00 (BK-7) - 4.38 Rt
i it in u'l.lflulnlsh-lll-'l L] )
Schmidr-Cass. Aplanat
: A few words about corrector glass cost. While | have not priced glass for
Hiese designs, | recently bought a similar blank for a Schmidt-Cassegrain. What |
e\ duales on was a piece of BK-7 or equivalent, 13" in diameter and 0.75" thick.
J_ <0t and Hoya wanted $180 for grade A, O'Hara (through Bourns) wanted $95
o Brade A, Coulter quoted $75 for *“Ophthalmic Crown' (quality?), and Chance-
~ington (through Alpha-American) quoted $29.50 for SW-3 extra white strip
Blass with ng striae when inspected through the face. | bought the O'Hara, but
] Believe thay he Chance would have been fine (it is available up 1o 1.4" thick). By
Symbaol Dimensions in inches Symbol Dimensions in inc "= Way, never try to use Deutsch Spiegel drawn sheet crown glass (from United
CA 12.0 R, = o e, I made this mistake and must admit that | have seen better glass in bot-
D 12.5 L 37332 =% 1 has more striae than Pyrex.
d 3.9 R, —48.000 + The way I got started on these lens designs was through my efTorts to develop
R, plano Ls —16.533 —%%d form third order solutions to compound Maksutov designs, as | had done
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for the compound Schmidts. The problem with the Mak equations is that thet
ness ulf the corrector is very important to its correction, and thin lens thirg |
approximations are useless. Usually the third order residual spherical is bals
out by fifth urt_:ler of the opposite sign. However, for the two-lens configurs
the lenses are in many cases thin enough for the third order thin lens appros

___ it would function simultaneously as a negative lens, thus producing positive
* - but negative (overcorrected) aberrations. The remarkable thing was that all
g ions could then be cancelled out (even chromatic) by two simple lenses
¥ | as a relay system. The resulting package was mechanically convenient,
i g : © 1er than a comparable Newtonian and gave, as a fringe benefit, an erect image!
tions 1o be useful. This is true ol‘cnnﬁ_gurauun B and, 10 a lesser extent, conf =" The idea was forced to take a four year recess, and re-emerged with the
tions A and C. In any case, the equations 1 have developed are useful in fing _iion of adequale shop facilities. Lens blanks were ordered and with the
good starting point for optimization and can also be useful in investigatin il fing of actual money, the die was irrevocably cast. The ensuing month saw the
lcrIeraSn:es of a system. : h . o ufacture of various equipment peripheral to telescope building—including a
_ Some additional information on configuration A may be in order, ' lens grinding and edging machine and a three-ball spherometer —and work began

decide 1o mhcn_za R;to ehmmufc the residual spherical aberration in the pri - with 2 mechanical layout of the telescope.
wavelength (D light), the equation for the sag of the required surface is h The chosen configuration, which is shown in the figure, called for a hub-
Z= —1L0707 x 107y’ ~ 9.8752 x 10~ %*+ 1.8772 7 - ‘mounted primary, and centrally mounted secondary spiders. One advantage of
6.7564 ;r 10~ 14y10 X107y 2 TE  using & relay system is that complete baffling can be accomplished internally to the

_ . relay, so that an exterior tube was unnecessary. Weight and wind resistance were
The best fit sphere 1o this surface has a radius of curvature of —46.694" |

: reduced.
departure of the “qu'm.d _surfap.- from the best fit sphere is as in the plot. It ~ Plate glass grinding tools were cut and edged round (the tedious edging proc-
be remembered that this is a refractive surface and as such requires much J

: ; F“’ skipped on the second set of lens tools with no ill effects). Grinding of the
surface :icfnr_mauon than _wnuld a reflecting surface to effect the same ' |ens surfaces proved & snap—a greal surprise considering that | had never ground
change. Putting the figuring on a surface near the aperture stop (which s

_ : :  glass before. Each surface was roughed out in but half an hour, and was ready for
face R,) insures that the off-axis correction of the system will not be dis i - polishing after two more hours of the usual grinding with successively finer

Thc plots of t_hc longitudinal aberration are self-explanatory. The figu gbrasives. A frequent check of radius was made with the spherometer, and |
spherical R, (that is, all surfaces spherical), shows the axial aberrations pre observed that it was easy to shorten a radius but very hard to lengthen it. So the
with a nominal R,(—46.669"). '

] : - surfaces were left very slightly long (about .001 inch on the sag) prior to polishing.
You will probably notice that the color errors for config. A are some

: None of the celebrated contrariness was apparent in the pitch laps, which
larger than those of a well-corrected Mak. However, the color spread is withit ' proved invariably successful (of course, I've never made a /arge one), and the sur-
Rayleigh limit for this error. Config. B has almost no color error at all.

- [aces polished out in about four hours. | suspect that if 1 had bought that one last
finer grade of abrasive, it wouldn't have taken so long. Live and learn!

Alfter finishing the second lens, the two were measured accurately on a good
spherometer elsewhere; there was only a vague correlation between my readings
and the supposedly good ones, with no systematic deviation. Since the design of
- my spherometer was faultless, I chalked it up to loose threads or something, and

went back to the computer. It turned out that a slight change of one surface would
Suffice to give as good a design as the nominal one, and this was done. The lenses
Were edged and the hole bored in the primary, and the metal parts of the telescope
Proper were made—the conical metal pieces were hogged out of solid aluminum
Slock, next time I'll buy tubing! The secondary mirror was made by cutting out a
s from a large sheet of aluminized plate glass from Edmund's; of course, it
1801 flat, but when tested it proved to be almost perfectly spherical, by about six
\ €8. Since it is used at normal incidence, this figure error is of no consequence,
And it was already aluminized.

At this point, with a bad case of telescope fever to contend with, work was
I"“-"'?ﬂ_'sl:ling around the clock. | decided to silver the primary instead of getting it
'«llm[m'zr.d. since it would have a higher reflectivity and the coating would be
d‘“‘lfﬂll}* protected on the second surface. I studied 4. T.M. I'thoroughly, bought
somehow, 1o make a telescope. _ chemicals and gave it a sporting try. Third time the coating was pretty good,

The question was put to a computer, and a configuration was found that} ind | painted the back black. The silver eventually darkened —probably due to
practically ideal for amateur use. The lens could be used as a second surface! SOmething in the paint—and | tried a fourth time. Worst results of all. I believe

A NEW CATADIOPTRIC TELESCOPE
CONFIGURATION
by Denald C, Dilworth

everal years ago, while rummaging through a mo

collection of rejected parts in the attic of a very small 0

company, | discovered a wooden crate with carefully wrapped contents. T

proved to be a dozen or so negative meniscus lenses, each with an inconsplc

chop or scratch,

The shop foreman recognized them, informed me that they were co

ignscs for a night vision system, and dug out a blueprint giving the exact dif
sions.

I managed to abscond with several choice pieces, and the print. As is cul

ary with scrounged parts, [ then began to ponder whether they could be U
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In the event that anyone else wants to give this type of telescope a try, design

_ ifications are given below for a slightly modified version. The thickness of the
Sy is one-half inch and the image quality is about l.leI wave, .
P Current plans call for the construction of a "scope of 16 inches aperture, Since

tens blank of that size would be very expensive, | have computed a design whmlh
e 8 second surface secondary and a first surface primary. | hope to make the pri-
' by an extremely inexpensive method which I haven't tested yet. Two mlg}'
|enses are again used, but the glass types are not so extreme. They should still
£ according to the catalog, but will produce almost no secondary Ellillﬂl'.
" (Note by Ed.) This telescope took first prize at Stellafane, The 16" has been
completed and again took first prize at Stellafane in 1976,

Specifications. .
focal length 43.1623 aperture dia. 5.75
field of view 0.5°

that silver nitrate is haunted, and the mirror now has a shiny aluminum g
For testing the telescope I rigged up an earlier, Springfield mounted *
asa collimator, and examined the pinhole image. Upon first assembling, I wa
fronted with the unhappy sight of an image degraded by something like 3p
waves of undercorrected spherical aberration. The cause was eventually try
the primary which, upon interferometric testing, turned out 10 have enn
asphericity —I think it was a case of gift horses! Afier a very gallant attempt 1
pensate by polishing a weak hyperbolic figure in one of the relay lenses
or not, I came within half a wave!), a second meniscus lens was
tested) and substituted for the first. Fine adjustment of the rearmost relay
face radius, by polishing for a few minutes al a time, was used o ty
image. The resulting wavefront is corrected to better than a quarter of a ]
all spherical surfaces. Alignment of the telescope was accomplished by perf; _

a tilt adjustment of the secondary mirror. When out of alignment, the tele Surface radius spacing material CA radius comments
produces a prismatic effect on an on-axis star.
The only significant defect in the present telescope is that the primy 1 —12.393 0.500 BK-7 2.881
really too thin for use as a mirror—i warped to about one wave of a cyling . 2 —22.009 —0.500 B"F'T 2.292 redlect.
pressure on the sides at two places is sufficient 1o restore it to a good sphel 3 —12393 -12202 air 2.810 [
this function is performed by two small spring clips inside the mirror cov 4 infinite 4.984 il 0.948 flat mirror
rcquires unhf occasional ‘.qiustmﬂl - 5 inflinite 1.429 mr u-lﬁﬁ intermed.
A really novel feature is embodied in the lens coatings. Because o focus
extremely high index of refraction of the SF-6 glass used in the relay lenses b 12.988 0.250 Slf-ﬁ 0.389
reflection losses for four uncoated surfaces would be excessive (8.25% per sur 7 —2.910 3.498 air 0.407 .
or total transmission of 70.86%), but when polishing, I noticed that water di 8 infinite 1.5%3 air 0.535 lntench.
that were left standing would make stains on the glass. It seems that a pupil
will leach out some of the elements that give the glass its high index, lea 9 39.359 0.25 SE-E 0.744
region of lower index at the surface. With a little experimentation | ¢ ; 10 —4.061 10.006 air 0.755
cedure for giving a fairly uniform high-efficiency anti-reflection coating 1 1 infinite focal plane

lenses: mix about lec of HNO, in water and dip the freshiy polished surface. \E
slightly, and in half a minute or so (don't 0 too long) an intense magenta ¢ ol
observed in reflected light. Presto—an expensive coating! I'm still experim
but for certain concentrations and temperatures the reflected light is quite f

Most of the features of the telescope mount are obvious from the 1
both axes utilize conical spring-loaded bearings for slewing, and ball bearings |
diameter on the polar axis) for fine adjustments and tracking. Home made W
gears mesh with ordinary spur gears—with satisfactory results. The yoke is ma
fiberglass and epoxy, plastered over a perforated aluminum-sheet form. L.

The secondary supports are made of brass, which was chemically blackes
This procedure, which was devised mostly by trial and error, is this: dissolve 8
copper in nitric acid, dilute about 4:1 with water and add a little KOH solution:
weak blue liquid will form a whitish precipitate, with a deep blue liquid
there. Stop adding KOH before all the deep blue liquid disappears. Then S
add NH,OH until most of the mixture turns deep blue. Pour this part intoa$
glass pan and heat slightly. Dip the freshly shined (steel wool is 0.K.) bi |
and agitate. They should turn black in a minute or so and should then be rinset
dried. The black so applied will withstand gentle handling. Perhaps some &
chemist will read these humble instructions and figure out what happens—I W
like to know!
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A 6" NEO-BRACHYT TELESCOPE
by Robert Venor

ARaledliade ™ WAL L ALY

Comments. The incoming light rays RL = RL hit the primary mirror at an
jo & Thus the primary’s axis E is inclined by 2 x ¢, to the axis OA of the inci-
ent rays. The primary’s focus would be at f,. But, as in a Cassegrain, the convex
adary intercepls the primary’s light cone at a distance E; (or E) from the
s f,or primary’s center C respectively. The secondary is tilted by the angle ¢,,
¢ reflecting the new elongated cone of light at 2 x ¢, angle to the final focus at F
slightly behind the primary and at a distance E, from the secondary.

Maximum image aberration or diffusion at the edge of a 30’ field of view

You will note that the focal Jengths of both primary and secondary mirrors
-:’”]15 same, therefore the secondary can be made directly and essily from the
# tool used to make the primary,

Coma has been practically corrected by mathematical calculation of just the
amount of inclination of the primary and secondary mirrors,

It is not possible to correct astigmatism by mirror tilting alone because 40 to
45 minutes of arc in astigmatism remain. To eliminate astigmatism, the same

d =R+'° a=21g—¢p [:=_r‘xr
1 : Fi 1 I_ Ir
] 3
d:lEnﬂn:g: B=¢, }-:l‘lxﬁ
= hl = X ) = rl_lr_':El
S T =&y, 1 f +f,—E
d
sin 29, = ?.
Specifications.

Primary diameter
Primary focal length
Primary R.C.

E

Secondary diameter
Secondary focal length
Secondary R.C.

(arrived at independently) used by Mr. Leonard to correct astigmatism in
his Yolo is used.

. The secondary should not exceed 1/4" in thickness. This convex secondary is
thus mechanically deformed in the sagittal axis after the optical system has been
properly collimated, within the telescope; this means that in the sagittal direction a
cylindrical figure is pressed upon the secondary, thus correcting astigmatism. In
actual practice the mirror is supported at two points in its cell, a vertical metal bar
being forced against the secondary’s back by a screw. Therefore the elimination of
astigmatism, the only remaining aberration in a 6-inch Neo-Bra, becomes a simple
maiter of cylindrical deformation.

A carefully constructed Neo-Bra will, on nights of good seeing, show per-
fectly round and concentric diffraction rings around a star when using 400x power,

A FOLDED REFLECTOR
by Tore Sjogren

he following describes an obstruction-free and aberration-
free telescope.
Why unobstructed? Everhart and Kantorski have proved what happens in the
Way of diffraction when something obstructs the correct path of light rays in &
Ope. Trouble is immediately apparent either in diffraction **spikes™ or in
iffraction being spread over the field of the telescope, thus lowering contrast.
us consider what happens in an ordinary Newtonian. We have a fine mir-
fOr, as good as the Foucault test can tell us, and we fix this in a cell:
1) we use three hooks to prevent the mirror from falling out,
2) the diagonal must be in the center, about 20% of the diameter of the prim-
&y and often more than this,
3) the diagonal cannot float on air, so we must have some supports, com-
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monly called the “spider’”;, some TNs prefer three legs, some flour,
4) and then, in some models, the holder for the ocular protrudes i
light path, F
5) last, but not least, the diagonal must be fixed with some hooks ¢
No wonder that some TNs get much better secing from the s
round and clear diaphragm of 1/4 the diameter of the primary,
Very early in the history of optics, Herschel tried to get rid of the g
obstruction in his reflectors. His inlention was, naturally, to get um-'
avoiding the second reflection in a bad metal mirror. It has been recorded ¢
was not willing to let other people have a look —coma and astigmatism my
spoilt his picture. In such an optical system, he should have used upwards of
Next, around 1900, came the Brachyt telescope (the elbow telescope
one concave and one convex mirror, and no obstruction. This system worke,
with small mirrors and narrow [/numbers. The spherical aberration was tols
but the coma and/or astigmatism were not. The system never became pog

his “*schiefspiegler' —the obligue reflector and a telescope of high delinitior
describes it. He investigated the optical possibilities thoroughly and gave i
mulas for the construction—more, in order to correct the inevitable rem
astigmatism, he put in a cylindrical lens=the same kind that some of us v
spectacles.
Arthur 8. Leonard in this book analyzes the possibilities of all kinds of's
combinations—on and ofT axis, with concave and/or convex mirrors. In the
he corrects astigmatism with a harness, which can force the secondary ke
negative astigmatism. !
This same problem, with two unobstructed mirrors, has haunted
more than 20 years. When I read Leonard's proposal, | heartily agreed —wi
exception of the harness. | do not believe in a harness, the pressure on the gl
against all optical instinct—as Conrady says—and it cannot be stable. he
harness must have a vignetting effect, or it will require an increased tilt ang
During a sleepless night, the idea flashed through my head, Why not tal
best from both of these, from the schiefspiegler and the Yolo, and make ther
a new combination?
For some long evenings | figured out the conditions for this new inst
with plenty of trig., logs. and graphs. | had a sub-conscious feeling that it was
good to be true.”” Just to be sure, | made a small half-scale instrument and §
first look through it—the picture was horribly blurred! However, it was
slowly, to get the angles and position of the cylinder lens correct. On top of ¥
had to invent a method of collimation of the lens, and after that it was easy.
result has fulfilled my highest expectations, 1 do not yet know how good
telescope is because the seeing in Sweden is not good enough. F
I propose that this new “scope, a new combination of elements known &
be called the Folded Reflector. It is, in fact, an obstruction-free and abefrr
free telescope.
The plans of the telescopes described so far are as follows:
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. The Secondary, 5. IT' S has the same or more curvature than P, its compensat-
o affect is SUTONE, but the final focus comes inside or (oo near to P. If S, instead,
= ade fMatter than P, it has less compensating effect and requires more tilting, but
e can get the focus a little back from P. A good compromise is to give S a focal
* oth of 4/3 of P—1 have used 1.31 as a factor.
§ must be tilted a little more than P. The tilt angle is a function of both cur-
_sures, of d and of the P angle. The following graph shows the relation, when d is
0% and the factor for S is 1.31. If you don't like to figure out such things, trust the
b —a small difference can always be collimated and cancelled out.
with d at 39%, the diameter of § will, obviously, be 61% of the P diameter.
Te get full field illumination it can be recommended that S should be made about
1) 0 larger, but to avoid vignetting, its upper edge must be ground off 1o the net
ameter.
g jntroduces some more aberrations: spherical aberration, less than P but
dded to what we have from P. If you make S an hyperboloid you can get rid of
cal aberration, but for smaller instrumenis a sphere will give Lolerances
. within Rayleigh’s limit, Coma of the same amount, but with a reverse sign from
The Primary (P for short) is concave and nearly flat, with /numbers frg " P—the coma is cancelled out! And a little more astigmatism, unfortunately with
and upwards. P can be made spherical but should, strictly speaking, be parak the same sign as P—they are added.
dal. The glass disc should be 1/4" larger than usual in order to avoid all d ~ The astigmatism increases, of course, with broader f/numbers, see next
effects from hooks which prevent the mirror from falling out of the cell. Itis graph. This is the reason why the telescope is inadvisable with broad f/numbers.
downwards al a small angle (from 2.5 to 4 degrees) to get the convergent
clear of the incoming rays. It introduces some aberrations:
A very small amount of spherical aberration.
Coma, and
Astigmatism.
Please observe that the angle between the incoming and outgoing rays is di
the tilt angle, 4
The Distance, d, between the mirrors. This can be anything between 1/
1/2 of the P focal length. By trinl and error (and a lot of both!), | have foun
that about 40% is favorable. In the prescriptions to be given later on, [ haw

Folded Rellector

Let us have a look at the optical parts for the folded reflector.

ASTIGMATISM

i

"

39%. This measure, d, is rather critical in order to get the focal plane in the & =
position. AN o ] o
i i
/ -
s L s (] i3 12 1" o 9
[ 7 |
Sec.
) 5 / The Equivalent Focal Length (EFL). As S continues to make the convergent
3 beam from P more convergent, we get an EFL that is shorter—it will be some-
€ around 2/3 of the P focal lemgth—but the total length of the "scope will be
- Only about 40% of P.
4 The Cylinder Lens (Cylast). As a result of the action of both mirrors, we have:
Prim. A central focal plane about 5% behind P and a little over its upper edge. The
3 m focal plane suffers a little from spherical ab. (which can be polished out) and a
" > - - . VY amount of astigmatism—but no coma.

central ray is directed upwards with an angle of twice the sum of the tilts
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of P and §; that is, nearly 20° for comfort in observing.
The inevitable amount of astigmatism can be cancelled out by a eyling

lens of low power —let us name this the Cylast, which means CYLinder lens;
rect ASTigmatism. The name “‘lens’ is not quite adequate; there is no power
some negative astigmatism.
The position of the cylast is the only part of the instrument which is gr

its axis must be vertical, if a positive cylinder, and its distance from the focal
correct. Hence the cylast must be mounted to permit of small adjustments,
You may think that a simple lens must add some chromatic error i
system—a pity, since a reflector is free from this. You are right; there is g
color aberration, but the cylast is weak and it should be placed as near to the
plane as is possible—about 2 inches is suitable for a cylast with 2 cyl. diopters
net result of this is that the color aberration is well within the Rayleigh tole
For bigger instruments, it is not too difficult to make the cylast from cr
flint glass, and thus perfectly achromatic.
By the way, this cylast opens up some interesting possibilities. The len

be bent (see Conrady) and made to compensate small amounts of spherical al
tion, both plus and minus. A negative cylast can, furthermore, act like a Bs
lens and increase the EFL. ,
 The Tube. As the light rays have to go through the telescope three tim
different directions, the tube must be rather thick (or high). This is no disad
tage at all since the tube, with 5 or 6 stops inside, provides a lot of traps for
light. The construction has its weak point, however, and that is at the lower &g
the entrance. If the 'scope is aimed at a point a little over the moon, for inst
some stray rays may enter the eyepiece and disturb the contrast. To avoid ti

+ trial and error it is possible to get the four point figure exactly symmetri cal:
o
By going nearer and nearer to the focal plane, you can collimate the instru-

“ment exactly
| L 4

Perhaps your picture will show this figure: *
®

This means that coma is not cancelled out. In such a case, the S tilt angle
‘must be changed, and this is the reason why the ocular end of the telescope must
be designed to allow of small adjustments.

With a high power ocular just outside of focus, this collimation procedure is
extremely sensilive. After removing the mask, the picture will certainly be to your
‘satisfaction.

Tolerances.

In this system there are five main elements to vary: the two curvatures, the
two tilt angles and the distance d between the mirrors. In a way, they all depend on
stop can be put 1/10 of the tube length in front. The simplest way to do this each other and the most sensitive factor is d, because the position of the final focus
use a lid opening downwards. i I8 a function of this factor.

Collimation. Using ideas from Hartmann and Vaisala, | have developeda Since both curvatures are rather flat, it is not so easy to grind the mirrors to
ple method for collimation. Make a mask with four holes in it (see Sket the correct radius. A spherometet is a necessity—I use the Mackintosh model, (see
place it in front of the tube. Aim the tube at an artificial star—a golden Chap. 5).
knob will do, if it is half a mile away—and have a look through the ¢ ~ Make the secondary first, this is the fastest one. Try then to make a P with
Draw the ocular out half an inch and see the extra-focal picture. fadius about 3/4 of S.

Put up both mirrors in a provisional mount and try to find d and where you
/,,.—--, B2t the focus. This can be done without silvering. When the optical parts are ready,
as
O O

Make the tube or box, whichever you like to call it, and arrange the mirror cells to

Most TNs will not be interested in making the cylast themselves as it is a
Job. Go to an optician and buy an ordinary spectacle lens of zero spherical
€rs and 1.5 or 2 cylinder diopters—they are kept in stock.
bet, From now on, use your common sense and optical ability. Just one word
Ore you start—this is not a job for a beginner, you should have made at least one
£00d Newtonian beforehand.
For those not interested in computing, here are two examples of folded
wil tors. The first one (I) is made with both mirrors spherical; the aberrations
hu.'dwuth the narrow f/number, be well inside the limit. The second (1I) is a
Er one; here the spherical aberration will be visible and cannot be tolerated,
The fore at least one mirror (preferably both) must be corrected to a paraboloid.
advanced TN understands that the P must be a paraboloid and the S an hyper-

‘llow tilting in the meridional plane—that is up and down,

Probably you will see something like this:

Put in the cylast and look again: ..
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boloid—the corrections are, with these flat curvatures, extremely slight g

easily be overdone.

| OPTICAL SYSTEMS FOR SOLAR AND LUNAR
4 TELESCOPES

: I Il by Jim Daley, Jr.
Primary focal length 106 82,
Factor M 1.31 1.3? - '
?}"'{‘““d'rfnt;_m'j length 139 108 hope that these new systems will encourage the serious
D:ﬂ:}er of EP 5.5 55 K solar, lunar and planetary observers. A brief history of our
. Hb-c ) 335 335 cocts is in order to clarify the origin of the systems.
D!Smme tween the mirrors 41.6 322 About a year ago Ken Leathers and | discovered, as so many other amateurs
istance from S to final focus 44.0 34.3  pave done, that unobstructed off-axis sections of a paraboloid give remarkable
Focus behind P 240 2.00 " and planetary detail. From this starting point, we determined to try to
P angle of tilt 3o 3° 5§ . rove the performance of reflector type clear aperture systems.
S angle of ilt 415 5° 26’ A plano-parallel window placed over the aperture improved definition to
Equivalent focal length 12 56.5 - gome degree, and the next step was to try lo eliminate the nedd for an aspheric pri-
Uember 13.1 10.3 Hy mirror. To this end | made a 3" spherical mirror of f/21 and used it in the
Remaining astigmatism Lo correct 23" 49" conventional Herschelian layout. At the same time, in order to reduce the excess
Cylast, cyl. diopters 1.5 2 light given by an aluminized mirror in lunar viewing, I had my mirror coated with
Titanium Dioxide, 20% reflectivity. This system gives perfect imagery on lunar
detail and also does very well on Jupiter and Venus.
The main disadvantage of this sysiem was found to be the excessively long
: tube needed for larger apertures and the location of one’s head near o the aper-
- i ) ¢ ture, thus causing convection currents and spoiling fine detail.
e ',‘" ' About this time (June 1962) Mr. Hector Durocher invented a lunar
= telescope, the details of which are shown in Fig. |:
f.'i i
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_ This instrument is very successful. It allows the use of long radius spherical
mirrors, it has a sealed tube and, with the unaluminized primary, it makes an
excellent solar telescope and, of course, it has no central obstruction, In the original
S¥stem, the second image produced by the second surface of the diagonal is dis-
along the tube and does not enter the eyepiece.

For the planets, Mr. Durocher introduced the idea of coating the surface of
the diagonal with aluminum of 20% transmission and this, used in conjuction with
8 fully aluminized primary, gives sufficient light for the brighter planets.

Some basic problems still remained:

1) The observer's head is still near the aperture of the telescope and this is

segandary Combined ouiside stap B
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not desirable because of the convection currents mentioned above,
difficulty in reaching the eyepiece in telescopes of larger sizes, necessitatin
ladder,
2) The thick window, which is necessary to displace the image, ¢
tube to be front-heavy and makes for a balance and vibration problem.
3) Since the window is at a 45° angle in the tube, a slab of glass my
bought 1.5 times the aperture, and this puts up the price.
4) Any small deviations from optical flatness in the diagonal, such
convexity, will cause astigmatism in the final image.
We then decided to tip the front window nearly normal to the tube
it half-way down the converging beam. The new folded system is half the
length of the mirror and brings the focus to the side of the tube near to the pri
mirror—Fig. 2; \

/ partially aluminized surface

curves exagpgerated

Fig. 3.

A great difference in the position of the focus of the two images is obtained.,
thus expanding and greatly dropping the intensity of the ghost image. No astigma-
tism is introduced provided that a small tip angle and shallow curves are used, and
color will be impossible to detect visually.

Now, for actual construction:

. partially aluminized We will start by setting up a typical optical layout (Fig. 4):

4 (130 sphere (aluminize
for lunar work only)

Window R
(any convenient
thickness)

anti-reflection coated partially opaque aluminum film

The advantages of this system are: (40% transmission)
1) A long fratio mirror is easy Lo manage.
2) The window is lighter, smaller and much thinner. _
3) For solar work, the second image from the primary is down in intens
a factor of one million times from the intensity of the observed image, af
observed image from the primary (Y% transmission aluminized !l-ll‘fIﬂU,,
comfortable brightness,
For planetary work, the system needs some modification. With the
choice of transmission, an image of nearly 20% incident light is formed frol
diagonal. The image intensity from the second surface of the diagonal is
and slightly out of focus, but it is very little displaced. A choice of traf
could be made which would nearly, if not quite, extinguish it; by applyin
nesium fluoride coat to the second surface of the diagonal, the b
residual second image is reduced three times.
With regard to the moon some trouble may be experienced, espe
magnesium fluoride is used on the second surface of the diagonal; the b
light will be of sufficient intensity to be objectionable. In order to overcom
have made my front window very slightly double-convex (10 waves), Figes

Fig. 4. Lunar type telescope

The rays forming the image a i i [
- Wbl s ﬂr?ﬁ q:-heTelgn al: :asﬂf traced and the image is of a quality
A Let us now examine the various ghost images produced from the inter-
aces R, and R,. These ghosts add light to the region of the focal plane and must be
feduced 1o an unobjectionable level. To ascertain the ghost intensities, a graph of
bum-sphtt:_r characteristics was made using the available reflection, transmis-
& and absorption (RTA) curves available for silver films, We were unable to get
k& on aluminum films., but the RTA curves for aluminum should look about the

$ame (see graphs at end of this article).
fhe p;l;:ﬁ ::!?;BIIIE:: ]l?;gle ';"shlrlilrMI mtll'll Iy I,lis formed by internal reflection of
; e will 5 i i

i i v o g imply add to the I, image if a perfect
S:n:elmc amateurs do not have the measuring facilities to make a plane-
h“‘h*‘"ﬂu:: :soumd of arc, we will have to reduce the brightness of the I, image
of finy t r&shPId of the eye with I, present. The graph shows that a nice choice
lransmission, glass type, and anti-reflection coating can be made 1o reduce
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the I;image to a level well below that of 1, 10 %;: i;;s }2:5

It is evident from the graph that 40% transmission is about the right ¢ 12 J 2
The system efficiency at this relationship is 12% of incident light —perfect for ;hn A slight change in focus position occurs when using the double-convex
work in 4" and larger systems. F system

[t: the TN would like 10 make a very stubby “scope, he could make a
,.-;bnlaidal primary mirror—just think, a six inch /6 system only 18" long!
Window Accuracy.
If the TN decides 1o make the window perfectly plane-parallel, the surfaces
be 1/8 wave flat and the total wedge musi not be greater than the total resolv-
ing power of the instrument in seconds of arc. Resolving power in seconds = 4.5
,or a4.5" system must be wedge-free to better than 1 second of arc.
{1, and I, are to combine, the wedge should be as follows:

A second ghost I, (in order to avoid confusion, it is to be noted that thi
called I, earlier in this article) is formed as the convergent beam passes throug
reflects off R, and back through R ,. This image will focus somewhat short g
o glass thickness.

The graph shows I, at about 40% transmission —abou! the same as L,, an
be reduced along with I, (see I A, 1, B, I, A and 1,B on graph). The ghost in
of both 1,and I, will be greatly reduced by employing glass of a refractive ind
1.7 and triple layer anti-reflection coating.

If the amateur has the ability to make the window perfectly plane-g

the I, ghost image will be completely eliminated. In such a case, the : Dia. (inches) Wedge in Wedge in wavelength
: pe : p : : eraph ¢ seconds of arc of .555u(green)
that the I,intensity is well down, with no anti-reflection coatings necessary, Sy
efficiency will be 11% at 20% transmission. This, coupled with the anti-refles k| 1.5 1 wave
coating would, of course, make the most ideal lunar instrument. L 4 1.12 [
It can be clearly seen from the graph that in the case of a solar instrum 5 9 1.
ghost intensity is very low at %% transmission. The solar type differs ves b 15
from the drawing in Fig. 4. The window transmission is /4% to 1/10% and the 7 642 1
ary is left unaluminized. 12 75 it

The builder of this system should take care that the window is tipped en
s0 that the angle of the returning converging beam is sufficiently displac
the optical axis. This is necessary in order that the object being viewed (mo
sun) cannot be directly seen when peering out through the window (eye
removed), otherwise direct flooding of the eyepiece will occur.

The system could be built as a very nice solar double-pass monochroms
coating the aluminum film on R; with an interference film centered aro

All plane-parallel windows should be allowed no more wedge than one
wavelength at 5554 or two fringes when the window is viewed in monochromatic
light collimated by the following test:

hydrogen alpha line. With the long f/ratio used, the convergent beam pa monochromatic
through the interference film would not detune the band-pass enough o ¢ ﬂ< O O> »
problem. Baht sousoe eye
Element Spacing. collimator window imaging lens )
It should be obvious to all that since the window has no power—for the

compact instrument the window should be placed at half the focal length observation when good enough

mary mirror, but one foot either way would not hurt—it would just shift th

x2, i L
A simpler alternative is the double-convex system where the ghosts are

Spread out and brought below the threshold of vision. Tests have shown that 10
Waves convex on each surface is sufficient for a 4" system, The surface accuracy
Must again be 1/8 wave spherical; this, of course, means making a test plate con-

Primary Mirror Accuracy. f
The primary mirror must be 1/20 wave accuracy and no worse—this 8
that the following chart must be strictly adhered to if 1/20 wavefront errar
focus is to be preserved;

: : : g fave 10 waves and spherical 1/8 wave.
M;;ELS;“‘ Fﬂé‘ﬂ;ﬂflh /D rﬂ?;’:&ﬁ::x?i An alternative is to make the window 10 waves convex using a good
Spherometer and correcting the system as a whole by means of autocollimation; 10
3 43 14.33 21.5 Waves is about .0005" sagittal “hump™ and could be measured with a good
. 63 15.75 315 Straightedge and .0005" shim stock. Wedge tolerance for the double-convex is no
5 85 17.00 425 Plane Breater than 0005 per 4” of aperture.
6 108 18.00 540  parallel Tip Angle.
7 133 19.00 66.5  window The window tip angle will vary depending upon the aperture chosen, but this
8 159 19.875 79.5 only
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Clearly this instrument can be made in any convenient size and the original
: 1o advocated the use of a Zeiss objective of 50mm aperture and 540mm focal
The one | have used is of 50mm aperture and 500mm focal length. It is
S rtant that this glass be free from small air bubbles and from any mechanical
g flaws. A good objective is essential for a proper performance of a promi-
ﬂﬂ"’ telescope. At the focus of the objective is placed the occulting disc, in this
a metal cone cleanly machined, the diameter of the base being slightly larger
than the solar image produced by the objective, This cone must have a very clean
accurite edge. The solar image produced by the objective will, of course, alter
during the year with the apparent diameter of the sun. This varies from a diameter
of 32 minutes 16 seconds in January to 31 minutes 31 seconds, roughly, in July;
thus with a lens of 300mm focal length the solar image produced will vary from
4.74mm at maximum to 4.59mm in diameter at minimum. Since a stop that is too
small is useless, | made mine with a diameter of 4.8mm. Mine was turned up in the
Jathe from brass, integral with a small pin 1o go through a hole in the middle of the
fens C; it was fitted with a small shoulder and threaded 10 B.A. so that it can be
drawn up firmly against the shoulder when inserted in the hole in the lens. Alter-
natively, this peg can be made with a slight taper so that it fits easily with a gentle
push. The lens C conveniently has a focal length of 160mm (plus 6.25 diopters).
The focal length of this lens is not critical, but we must know it accurately in order
1o determine the size of the image of A and the distance away that this will be pro-
vided, so that the diaphragm D can be made to the right size and placed in correct
In my telescope, it worked out that using a focal length of 160mm, the objec-
tive image would be produced at 236mm from the lens C and the hole in the
diaphragm would have to be 22mm across in order to mask out the unwanted light
from the objective. The effective aperture of the objective lens is then reduced by
only a very minimal quantity. The dimensions and lenses used in the auxiliary
telescope are similarly not critical, but it must be designed so that this telescope
can be focused on the cone C in order to view the prominences. The lens E,
therefore, need not necessarily be an achromat, but it is desirable for the sake of a
good image. The one on my telescope is an objective lens from a pair of binoculars.
The lens is 30mm in diameter and 125mm focal length. This is mounted so that the
image of the sun on the cone is reproduced with a ratio of 1:1 and the lens E,
therefore, is located at a distance of 250mm from the cone B and the image of the
Sun produced by E will be located 250mm behind it. It will be seen that the lens is
only a few mm behind the diaphragm D. Standard eyepieces are used to examine
the secondary solar image and with a 25mm focal length eyepiece, a power of 20 is
Obtained —with a 16mm eyepiece a power of a little over 30 is produced. The latter
Brecommended by the author of the original article, but [ have not yet had enough
Experience with mine to be firmly in favor of one or the other, but the higher
POwer eyepiece does seem to be better.
J The business part of the whole telescope is, of course, the interference filter
Which is located one or two centimeters in front of the eyepiece. With a very
rent sky, a heavy red filter is sufficient at times for the observation of bright
Prominences. Best results occur, however, with filters which are more mono-
Omatic and with a much narrower passband. | have obtained one of these from
rl Zeiss, Jena, centered on the hydrogen alpha line at lambda maximum 6560

To keep all stray light out, make the angle between the top of the wir
the bottom of the eyepiece at least 1°—this gives ° safety margin for tha
and the sun. The tip of the window comes naturally with an adjustable cell

can be figured out ahead of time, if desired. In any case. the 1j angle
kept as small as possible, ¥ - oy I

A SUN TELESCOPE :
by John A. Snell, F.R.CS., FRA.CS,
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The following is a description of the sun telescope 1
made and which is really a German design by Otto Ni
published in a variety of German sources during the last decade. _
Mine was constructed from the translation of an article by Rudolph B
who is apparently on the stafT of the Sonneberg Observatory in East Germany
article appeared originally in the German bi-monthly “‘Die Sterne™,
3/4/64, publishers Johann Ambrosius Barth, Leipzig, and translated by one of
members of our society here (Melbourne, Australia). It is really a modificati
the Lyot coronagraph in which a lens produces an image of the sun and an o
ing disc is used to produce an artificial solar eclipse. A subsidiary telescope is|
used 1o observe this disc and any prominences can be clearly seen. 1
In the above schematic of the ielescope:

A =biconvex lens, 50mm diameter, 500mm focal length.

B = brass cone, 4. 8mm diameter.

C =biconvex lens, 30mm diameter, 160mm focal length.

D =diaphragm, 22mm diameter, 236mm from C.

E =lens (achromatic), 30mm diameter, 125mm focal length.

F =double interference filter—lambda maximum ]
6560 Angstroms (red H alpha C line of hydrogen).

G = standard eyepiece.

A is the objective lens, B is the cone which acts as an occulting dise, €
small lens which is used to mount the cone and also 1o produce an image O
main objective A at D where there is a disphragm which is slightly smaller than
image of the objective so that any scattered and extraneous light is compie
removed. E, F and G constitute the secondary telescope for viewing the pn
nences at B, E being the objective lens, G the eyepiece and F the special ¥
ference filter which produces monochromatic light.
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A SCHUPMANN FOR AMATEURS
by Edwin A. Olsen

Angstroms. The deviation from maximum wavelength is only plus or mis
Angstroms and the half width value 5 to 9 Angstroms. The maximum tray
sion of this filter is about 15% and the minimum about 8%. It is important th,
filter should be mounted as squarely to the light path as possible. Displacem
the transmitting maximum towards shorter wavelength will be caused |
inclination exceeding 5 degrees relative to polarity at right angles to each ¢
Five degrees, however, is a relatively gross tilt and it should be fairly simg
remain below this tolerance. '
All optical components must be well centered to obtain results and thi
course, goes without saying, but the average TN should have little difficuls
this. Mine is mounted in a thin-walled piece of aluminum tubing, norm
for water piping.
The complete instrument works as a terresirial telescope, the solar {
appearing upright and true with respect to right and left. All internal sur
should be matt black to avoid light scatter; the cone, however, should be m
bright.
Photographs can be taken without difficulty with red sensitive emulsion
author of the original paper advocating Agfa-Spectral-Red, Agfa H alpha fi
plates. An excellent picture of prominences is displayed in the original article
lo have been taken through one of these telescopes, I have used mine visua
far, but have not yet been able to take any photographs. .
The only snag is the procuring of the filter consisting of thin dielectric
as free from absorption as possible, which are deposited by evaporation In
high vacuum and of the thickness of the order of the wavelength of visible lig
order to increase reflection at the boundary surfaces, they are coated with
lransparent metal layers. The color of the filters in the region of maxi
transmission depends on the thickness of the dielectric layer which can be
duced by any method. The filters are, therefore, dependent on angle as af
interference phenomena.
Metal interference filters are used for filtering out very narrow ba
wavelength from a continuous spectrum, or for separating spectral lines fn
line spectrum.
In addition to transmitted light, they are also used as selective mi
wavelengths of the incident beam which the filter transmits will be missing |
reflected light. By repeated reflection it is possible to remove a cerlain rang
wavelengths almost completely from the incident beam, Py
Compared with monochromators and spectral lamps, they have the 8
tage of a high intensity of the transmitted beam, which can be varied by the ¢
of suitable powerful light sources and corresponding filters. Obviously the s
purity of the beam cannot be compared to that of a good monochromator.
These are quotes from the Zeiss manual, but | thought that they might
value in obtaining the correct type of filter in the U.S. if the German one IS &
tainable.

! ¥ telescope is of the type known as the Schupmann from

1 ¥ 1 the name of the German professor who first proposed this

- pasic system in 1899. It may be described as a catadioptric refractor, as deriving its
pptical power by refraction and as requiring supplementary reflection. The princi-
e of this design proposes that it is possible to achieve a refractive system fully
corrected for color by neutralizing the chromatic aberration of the primary objec-
tive with an equal but opposite chromatic aberration of a secondary objective. How
this may be achieved in the particular form that I have chosen is the substance of

is paper.
- p:Fmr few Schupmann telescopes have ever been made in spite of the
apparently promising possibilities of the design. What serious attention has been
given to it has been largely professional in purpose. My intent has been to explore
the possibilities of this design with strictly amateur considerations in mind. | have
become convinced that the design can be reduced to a very reasonable simplicity
and [ trust that my own telescope demonstrates this possibility. Accordingly, my
only argument is the process of my own experience in working towards an actual
Schupmann telescope.

My interest in the Schupmann design began with the reading of a discussion
of the subject by Dr. James Baker, which I recommend strongly as an authoritative
study of the basic principles of the design. This article suggested 1o me an answer
1o my search for a maximum telescope within my own means of acquisition. It
seemed 10 me that a 6" aperture and a 90" focal length were about as much as |
could expect to manage. At the same time, | felt that such dimensions were quite
adequate for rather serious amateur use, Also, it seemed desirable to limit the
length of the instrument to about 90 inches for reasonable facility of operation.
Finally, it seemed best to avoid any unnecessary oplical complexities and thus to
Ensure as far as possible a successful result, These considerations led me to choose
the specific design outlined in the schematic.
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SUCCESS i ould be sure to ask for a proof-sheet for Eilil:h disc,
of \ [l!l::.:fﬂ:lﬂf! IL’;;eu:li:shws largely routine. | used pyrex tools which were

m::;st p?utes, 1 used slow, soft aluminum oxide for grinding to avoid deep
*ﬂm 80, 180, 320, 600). The No. 600 was elulriatgd and grad_edlacmrdmg_lu
Hanna in Ji:'H fiI, with finer grades used for pn;~poltshing. Pulfsh:ng was with
washed Barnesite followed by washed rouge on plain, rather soft pitch. Discs were
held at the upper edge with the side of the hands for only a minute or twoala t‘::mt
A black polish, with no grayness, no sleeks, no scratches was sought and just abou
: Ihdn were taken seriously and held, 1 think, to at lmF one part in two thou-
sand. A well tested spherometer was used for first approximations. F“u-!al curves
. were established by polishing, using radius rods and re-imaging a fine wire hes;'de
itself with both wire and image in sharp focus as viewed in a positive eyepiece. n:
the radius of the test-plate for the back surface of the primary, an engineer’s s;bec
tape was used. Actually, a test-plate for radius may be necessary vl}!l.j[j" for the first
surface of the primary, the radius of the second Isur_l'me of the primary mny1bc
established by autocollimation with monochromatic light at the focus. The radius
of the concave surface of the field mirror should be no problem.

Each element was figured 1o a null test. I did not dare to use the Iaat-pla}:s o
check figure and did not feel that | needed to. For the primary an al:rpm:nmatli
sphere was probable for the first surface with its relatively deep curve, and fina
figuring, including zonal figuring, was applied to the second surface, For the cor-
rector, the first surface being concave was easily figured and the second surface
was then given the final correction, The system asa whale was then checked. Test-
ing for figure was in each case by monochromatic light at the focus. Fu;
Monochromatic light | used a Corning three-element filter for the green line o
nﬁml{_rhyé optical elements of the system were then mounted in simple nelhls. | had
the cells for the large elements machined from thjrk-w!ﬂed aluminum luhmg._Thc

3 were well separated from the cells by 1/16" cork |n§ulat1un. The field mirror
Was mounted in an Edmunds cell with exterior threading. The cells were then
Mounted on plywood bases which in turn were mounted at the ends of a shaped
Plywood tube with ample provision for adjustment by means of push-pull screws.

A system of baffles was constructed within the tube to u.z:nmiu._m each cone of
Tays and to prevent flooding of the eyepiece by rays proceeding dlrgclly from the
perture of the primary objective. The baffles are of sheet brnm with sharpene_d
Aperture edges, mounted on plywood bases attached to the sides of the tube: this

ereatly to the rigidity of the tube. The interior of the Ilutu: was lhﬂlmughlr
blackened. The exterior was given a varnish finish. A dew shield was provided for

biecti riure, )

D:’{Etcilrl:: :5;: wrieﬂl full focusing range was so placed as to bring the second

Focal apertures variable with field of oculars,
Image orientation:
e o T
Optical Elements.

In this design, parallel incident light is refracted by a primary obj
first focus, where a field mirror reflects the rays to a secondary objective, -
refracts the rays at its front surface and reflects them at its hack surface w
net result that the rays are brought 1o a second and final focus, where an eye
or other device presents the rays as an image to the observer. The prima y
tive is of crown glass with its surfaces shaped convex to refract parallel rg
focus at a distance of 90 inches. Most of the curvature is given to the front §
and only enough is given to the back surface to correct the lens precisely for
The field mirror is of fused quartz with its front surface shaped conca
aluminized to reflect the cone of rays to the secondary objective and to ¢
path of oblique rays within the cone. The secondary objective is of crown gl
the same type and preferably of the same melt as the primary objective.
surface is concave and refractive, and the second concave and Jeil
aluminizing, together constituting a lens-mirror, or Mangin. This element
be called a corrector because its fi unction is to correct the chromatic abe; i
the primary objective. It does this by refracting rays divergently precisely b
same degree as the primary objective refracts the rays convergently. This is dg
the first surface of the corrector as the rays pass through this surface
ing and leaving the corrector. The back surface of the corrector simply return
to the first surface along their orginal path and so acts in effect as an optical
with the corrector in its thickness acting essentially as a plane-parrallel. The
tive focal length of the corrector 13 equal to that of the primary objective.

For a basis of calculation of specifications, | consulted Chester Coc 3
received from him the figures for his Schupmann design which, while g
different from mine, involved the same basic idea_ At first I tried to transg
terms 1o my conditions by a transition formula, but without success. Then
down to fundamentals and Fay-tracing my system with the help of Wyld's
ATM 1111 found I could ignore the reflections except as to the general directiol
the light path. The critical problem was in the analysis of the light path throug
Mangin.

The next step was to procure glass. It seemed well to obtain the best po
glass, precision annealed. I chose Schott glass and obtained it through Fisch
mann. | should have obtained both pieces at the same time and specified that |
should have been from the same melt, but failed to do either. The result is p _
bly negligible but Every possible increment of perfection is desirable, F
annealing is desirable for the same reason, especially in view of the total ligh |
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focal plane as close beside the first focal plane as possible in order 10 minimize
necessary tilt of the Mangin. The separation of the centers of the two focal ols
amounts o 2.5 inches, corresponding to a tilt angle of the Mangin well -"I'-
permissible 3°. The angle of rays approaching and leaving the ficld mmu
critical because the field mirror is at focus.

The tilt of the Mangin introduces some astigmatism into the ﬂ"ﬂﬂll
may be corrected by toroidal figuring of the back surface of the Mangin orb,r
the primary an equal but opposite amount. The second device was adopted as be
far more practical, and quite adequate,

Collimation of the system is simple because the elements are sccessih
adjustable and rigidly supported. With field mirror and evepiece removed.
Mangin is collimated by reflecting light from a pen-type flash bulb from the cen
of the field mirror aperture to the center of the eyepiece aperture by adjustme
the Mangin. The objective is then collimated by directing light from the
ror aperture and reflecting images at the same time from the two surfaces of
objective and the two surfaces of the Mangin and adjusting the objective uni
images are equal in separation but opposite in direction to the Mangin. Th
mirror is then adjusted by directing light from the eyepiece aperture and refle
images from the surfaces of the primary objective and the Mangin in one field
the pairs of images are directly centered relative to each other but in g
opposite directions. The eyepiece is then adjusted by directing light from
center of the field mirror aperture by way of the Mangin and adjusting the o
tion of the draw tube until the light is centered in the field of view and ¢
remains centered as Lthe eyepiece is racked out all the way and all the way in.

The system as a whole may be collimated st any time by autocollin I
having a Mat mounted in a special dew cap readily slipped into place and by h
special solar diagonal with eyepiece at the viewing position. A very small p
would transmit light through a very small perforation in the center of the
wedge of the diagonal, through the entire system of the telescope and then b
upon itself to the point of origin. Then, by racking the diagonal in, the retus
ray can be expanded beyond the dimensions of the perforation until the dil i'-
ring appears in the eyepiece. If the front surface of the diagonal is aluminize
very small light could give a bright image in the otherwise completely d
interior of the telescope. This could serve 1o check both optical figure lnd
collimation of the system. For an {/15 sysiem such slight longitudinal di
ment of the image would not be serious. This arrangement has not yet bﬂﬂ
but is planned.

A final step in collimation is longitudinal positioning of the field mirror &
the primary objective is precisely superimposed optically on the Mangin. This!

be judged at the eyepiece as a final adjustment of the chromatic correction ol
system. The final position of the field mirror should be such as to re-image
objective precisely upon the Mangin and at the same time to be displaced sli§
from the primary focus to avoid any dust particles on the field mirror fm!l "
unduly conspicuous in the field of view of the eyepiece. This can be achie
mounting the Mangin somewhat nearer to the primary focus than the object
The final arrangement of the optics as mounted in the tube is shown in tllﬂ di
below.

W kN e

Arrangement

top

[ :

side

=

A rather rugged equatorial is necessary for this telescope because of its length
and weight. | was forlunate in acquiring a very substantial mounting which is
wholly adeguate. 1 have been advised that 1 could have used quarter-inch rather
than half-inch plywood for the telescope tube without loss of rigidity and so have
reduced the weight of the tube by half. The weight of the telescope itself, as is, is
about 80 Ibs.

Possible uses for a telescope such as this are interesting. [t should, of course,
serve all purposes of any 6" /15 refractor. Howewver, this instrument is completely
photo-visual in all colors and so is far more adequate for photography than a con-
ventional refractor. Moreover, the field of this Schupmann is flat and uniform.
The telescope is essentially coronagraphic in design—1this by no means is meant to
imply that it could perform as a coronagraph but it does mean to suggest that it
might be effective in prominence work. An experiment is underway to make a per-
forated field mirror which will pass all light and heat out of the instrument and
reflect prominences to the Mangin and thence to a 10- Angstrom interference filter
il the eyepiece. Another experiment proposes a field mirror which will serve also
85 a Herschel wedge which, with another Herschel wedge at the second focus, may
provide a highly scatter-free image of the solar disc for sunspot and granulation
study with full aperture definition and with a moderate transmission filter. A preci-
sion rotatable field mirror with several apertures for different purposes is possible.
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ECTOR toroidal by the optimum amount. A limiting total residual aberration of
:,H::hibg ll;l;l.“ +1/20 wavelength was employed in making the calculations.
e
: Aperture, inches Conventional Yolo All-Toroidal Yolo
he Yolo reflector is one of the several new tel -

systems which were proposed following my disco

4 5.06 3.06

the early 1950s of the field which I called Tilted Mirror Optics, More recently § 5 5.30 3.15
field has been re-named Tilted Component Telescopes. e [ 5.49 3.30
Since no mirror surface reflects 100 percent of the light which falls upor 8 5.83 349

each mirror in the system adds to the total light loss. Throughout their us 10 6.10 3.64
lifetimes, the reflective coatings of most mirrors gradually deteriorate and wil 12.5 6.38 3.81
found to have a surprisingly large number of sleeks, pinholes and other jry ' 16 6.71 3.99
tions. Also, since no TCT system can be designed to have all the mirror aberrat 24 7.29 4.3]
cancel out completely, each additional mirror will add some minor ahe 30 7.63 4.50

the total. For these reasons the ideal TCT system will utilize toroidal sy
curves and other modifications in order to reduce to a minimum the numi e
mirrors required to achieve the desired degree of perfection of the
whole.

A toroidal surface curve is one in which the radii of curvature in two m
perpendicular planes through the axis of the mirror are different. The ocean
face at the earth's equator is toroidal. In the east-west plane of the equator,
radius of curvature is 6378.16Km. In a north-south plane it is 6335.46Km. 1
amount of toroidalness (ratio of the two radii of curvature) is just about the
as that encountered in a typical TCT.

By using one or more toroidal surface curves, very good performance ca ;
realized in TCT systems employing only two tilted mirrors: the Neo-B chyt
Yolo are two such systems. In designing a Yolo reflector we adjust the tilt an
and radii of curvature of the two mirrors and other parameters of the desigs
make the ordinary coma of the secondary just equal and opposite to the ordil
coma of the primary mirror. The ordinary astigmatism of the secondary is of
same sign as that of the primary, so the two are additive. In this optical syste
surface curve of either the primary or secondary (or both) is made toroidal y |
correct amount to cancel the ordinary astigmatism of the system. By de
fairly long focal length, the sum total of all the minor aberrations can be
small enough not to be bothersome. -

In a 12-inch /17 Yolo which has been in operation for the past eight yei
the ordinary coma of the primary (which is cancelled exactly by the coma of t
secondary) amounts to *2.62A. The net line coma of both mirrors 1o
amounts to only +0.00554. However, if we were to cut the focal length in ha !

Table 1. Limiting back-focal-length-to-aperture ratios for Yolo reflectors for
a total residual aberration of =1/20 wavelength.

A comparison of the performance of the Yolo with other well-known optical
systems shows its residual aberrations to be about equal to those of the achromatic
doublel. The Yolo can be designed as fast as {/5 with a 5-inch aperture and still
give diffraction-limited performance on axis. This is about equal (o the perfor-
mance of a good S-inch, f/5 doublet lens with monochromatic light. The All-
Toroidal Yolo can provide a satisfactory design for an aperture as large as 120
inches. This design requires aspherization of its primary mirror, but not nearly so
much as that of a Newtonian. The primary of the Yolo must be tilted out of proper
collimation by about three times the angle of the Newtonian to produce the same
optical error.

Experience with the already mentioned 12" Yolo has shown that it is easy (o
keep in proper adjustment. If any reader thinks he would like to make a Yolo, |
shall be pleased to give him the necessary information. My address is: 740 Elm-
wood Drive, David, Calif. 95616.

DESIGN FOR A YOLO REFLECTOR
by Arthur S. Leonard

Glass, Standard Corning 8" and 6" mirror blanks. Recommended fine

line coma would be increased by a factor of 32! In this case ji would go throug! Pri annealed. ) ' Bl
complete range of 0.35A(from -0.175A to +0.175)) and its presence in star it & imary. Front surface radius of curvature 20
would be noticeable. parabolization 392%

Back surface may be left as cast, but recommend grinding
reasonably flat and deep enough to remove most of the depres-
sions left by the casting process. The thickness should be uniform
to within .001" to .002".
S’Mry Front surface radius of curvature zror
parabolization none

The following table gives limiting back focal length to aperture ratios
Yolo reflectors for a range of different apertures. Two slightly different de
*Conventional™ and **All Toroidal""—are listed. The Conventional Yolo | 5
the necessary aspherization applied to the primary mirror while the secondary ;
spherical but toroidal surface curve. The All-Toroidal Yolo employs a parabolok
curve on its primary and an hyperboloidal curve on its secondary. Both ;
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Back surface must be ground reasonably flat and deep enoy
remove all depressions left by the casting process. Edge this

uniform to about 001"
Thickness Reduce by grinding to about 0,75",
Effective focal length 116.7". |
Note. All grinding should be completed on both sides of the blank before g
to polish it.
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THE SOLANO REFLECTOR
by Arthur S. Leonard

he Solano reflector can be described as a three-mirror, co-

planar (all mirrors tilted in the same plane), tilted-compo-
ment telescope which employs a concave primary, a concave secondary and a con-
VEX lertiary mirror. The basic configuration of this optical system is shown in Fig.
1. The Solano optical system was first described in 1969, the first specific (work-
able design) was published in 1971.

FLAN VW

ESOMETRW

\

FIGURE 1. SOLANO REFLEC TOR

BASIC CONFIGURATION
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So far as T know, Richard Buchroeder and Anton Kutter are the op
authors who have worked out and published specific designs for
co-planar TCTs. | have not published my design methods and, so far as |
neither of the other two authors mentioned above have published theirs, Wis
state of affairs, it is not surprising that only a few amateur telescope
attempted to build TCTs.

Recent publication by Anton Kutter and Oscar Knab of design and con
tion details of their 4.3-inch tri-schiefspieglers suggested to me that the tele
making community might be ready to build more such instruments and that
more designs might be welcome. The designs presented in Table 1
delete worked out by a recently completed Fortran program which,
will generate tri-schief designs as well.

Table 1. Numerical values for various parameters of sample $
Reflector designs.

Design Number | 2 3 4
Design Geometry Basic Basic  Mod. A Mod. B
RC1 239.20 287.20 231.76 565.68
RC2 381.60 9377 480,65 22482
RC3 —381.60 —393.77 —093.81 -—224.82
512 42.00 52.00 42.00 42.00
523 41.00 50.50 42.50 44.00
S3F 15.35 12.83 20.00 46.00
Al 10.40 8.40 10.40 11.70
A2 8.00 6.46 8.50 8.40
Al 80.60 82.44 44.00 28.2204
D1 8.00 8.00 8.00 8.00
D2 519 5.10 5.10 6.81
D3 1.33 0.98 1.26 250
-Kl1 2.24 2.60 1.65 21.46
EFL 92.5 104.6 126.6 126.9
F/D 11.52 13.08 15.82 15.86
Wil +505 =1.00 =27 =199

The numerical values presented in Table 1 (except the values for W3
sample outputs from this program. RC stands for radius of curvature. PIUS¥
mean that the mirror is concave —minus values convex. S stands for the sepal
distance, and S3F the back focal length. D is the illuminated diameter of the
ror. A is twice the tilt angle. K1 is the amount of aspherization of the primary
ror relative to a paraboloid of the same radius of curvature. EFL is the it
focal length, F/D the focal ratio, and W33 is the net amplitude of the Pes
three-cycle coma of the system. Linear dimensions are in inches, exceph
which is in microinches. Angles are in degrees. .

The first design (design No. 1) had the following initial specifications;

1. Aperture D1 = 8.0"

2. Separation distance 512 = 42.0"

3. Mirror blank diameters 8.0, 6.0" and 4.25"

4. Angle A3 such that the axis of the eyepiece will be perpendicular to the
the box. or housing on which it will be mounted.

P g:;ilh these initial specifications, RC2 turned out to be nearly equal to —RCJ.

suggested that RC2 could be made equal to —RC3 by fine tuning the design.
pack focal length, S3F, was then varied by small steps until a value was found

m made RC2 equal to —RC3. This will allow the telescope maker to use the

concave secondary mirror as a match-plate for testing the convex tertiary.

When we study the numerical values for the first design, we find everything
reasonable and satisfactory —except the value for W33, the residual uncompen-
sated three-cycle coma. In this design it amounts to =0.272 wavelength. This is
{00 large for top optical performance. In order 1o correct this deficiency, let us go
pack and check the basic design rules for TCTs to see what we may have violated —
or at least stretched a little bit too far.

The three cardinal rules for the design of any TCT are:

1. Make all angles as small as possible.

2. Make all radii of curvature as large as possible.

3. Make each mirror surface toroidal by the optimum amount

Since the Solano is a TCT which employs non-toroidal surface curves only,
we can be excused for violating Rule No. 3. If we should increase the separation
distance 512, we will have to increase all radii of curvature and we will be taking
heed of Rule No. 2. Design No. 2 (second column, Table 1) has the same design
specifications as No. 1, except that the separation distance, S12, has been
increased from 42 to 52 inches. As a result of this change, W33 is reduced to
£0.137 wavelength, a more acceptable value.

When we look into the possibility of reducing the residual three-cycle coma
through the application of Rule No. 1, we find that in the basic design, angles Al
and A2 are as small as they can be made with the separation distances and mirror
blank diameters chosen; but angle AJ is quite large. Thus, to improve the perfor-
mance of the basic design, we should try to reduce angle A3. In designs 3, 4 and 3
the aperture and overall length of the first basic design have been retained, but
angle Al has been progressively reduced. Note that with every reduction in A3,
W33 is reduced. In modification C the residual three-cycle coma amounts to only
£0.065 wavelength. This is so small that this design could safely be scaled up 1o

FIGURE 2 SOLANO REFLECTOR
MODIFICATION A
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In designs 4 and 5, the angles A3 have been carefully adjusted to make RC2
' aqual 1o —RC3. If we would be willing to forego the advantage of being able to use
' the secondary mirror as a match-plate for the tertiary, W33 could be reduced to
1 yalues somewhat smaller than those given.

Aspherization

In theory, the primary mirror should be a paraboloid of revolution and the
secondary and tertiary mirrors, hyperboloids. However, the radius of curvature of
gach mirror is so greal compared with its diameter that very little aspherization
would be required on any of the mirror surfaces. To simplify the problems of the
optician, the designs presented here call for the primary to be aspherized
& .'flll'“'-"'-"" zed) by an amount sufficient for all three mirrors, and the secondary and
i tertiary made spherical. The value of —K1, given in Table 1, is the amount of
- parabolization required on the primary mirror of each design. Although 29.08
times the amount required to turn a sphere into a paraboloid (design No. 5) might
- geem a lot, it is actually quite small and is equal to the amount required to praduce
an 8-inch, [/14.25 paraboloid from a sphere.

A Word af Caution.

This article is intended to cover only the optical design of the Solano reflec-
tor, present some of the forms it might take, and to give some idea of its perfor-
mance capabilities. It does not touch on the problems of mechanical design and
collimation procedures. Any telescope maker who plans to build one of these
instruments should plan carefully for this part of the project before starting con-
struction.

Other Possible Three-Mirror Designs.

In Table 2 are listed all possible ways in which three curved mirrors can be
arranged in sequence:

FIGURE 3. SOLANO REFLECTOR
MODMFICATION B

Table 2. Possible three-mirror sequences.
Sequence Primary Secondary Tertiary
| Concave Concave Concave
= 2 Concave Concave Convex
=T 3 Concave Convex Concave
—ry 4 Concave Convex Convex
|l ————— s 5 Convex Concave Concave
fi Convex Concave Convex
FIGURE 4 SOLANO REFLECTOR 7 Convex Convex Concave
MODIFICATION C 8 Convex Convex Convex

_ Sequence 8 cannot be used in any kind of telescope because there is no way in
“hm!i the three radii of curvature can be adjusted to make the combination form a
eal image. In any possible TCT which might employ sequences 5, 6 or 7, the
lh:m of the secondary mirror would have to be considerably greater than that
schief as well. If a coated prism is used, the light loss will be quite small. Must E:ﬂr 'ulml ﬂ; ;u':ﬁ;'fcnuriimT:vﬁ[f:m:mén{ﬁgriumgﬁk 5,6and 7
will have a long useful lifetime and will be relatively free from surface blem Sooiioich T h““"m“dﬂ e Tc:"!;‘ bt only kst i
Since the pris i the optical equivalent of s flat, it need not be collig % the 3-D reflector. In any co-planar sysiem such as the Solano or tri-schief there
anywhere near the precision of a tilted curved mirror.

twice its aperiure= 16 inches—without serious loss in performance.
The addition of the right-angled prism (modifications A, B and C) adds

tle to the complexity and light loss of the basic design, but it does elimina

reversed image which is characteristic of the basic Solano design—and -~
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is no possible combination of radii of curvature which will allow the ast]
{on-axis) to cancel out. This disposes of sequence 1. Sequence 2 is emple
Solano, and sequence 3 in the 3-mirror schief and the tri-schief.
I have tried to put together a workable TCT system employing seq

but so far have been unsuccessful. [ would not go so far as to say that t
be any combination of radii of curvature, separation distances, and
which will yield a workable TCT using this sequence, but T do feel that |
workable combination is found, it will not be really competitive with the b
Solano and tri-schiel designs. Therefore, the Solano and tri-schiel m
sequences appear to be the only really useful three-mirror co-planar conl "
which can be used in TCT designs,

References.

1. A.S. Leonard, “Recent Advances in Yolo Reflector Design™, 1
Circular N, 174, March 1974,
A.S. Leonard, *“The New Science of Tilied-Mirror Optics and Its Applicati
High-Performance Reflecting Telescopes™, Proc. 21st Annual Conven
Western Amateur Astronomers (1969) and Maksutov Club Circular No,
March 1970,
. R.AA. Buchroeder, “Design Examples of Tilted Component Telese
(TCTs) ™, OSC, University of Arizona, Technical Report 68, May 1971,

. R.A. Buchroeder, “A New Three-Mirror Off-Axis Telescope™, SA
Telescope, Dec. 1969, Vol. 38, No. 6, pp. 418-423.

. Anton Kutter, “A New Three-Mirror Unobstructed Reflector™, SK
Telescope, Jan, & Feb. 1975, Vol. 49, Nos. 1 & 2, pp. 46-48 and 115-120
Oscar R. Knab, “Making the Kutter Tertiary™, Sky & Telescope, Jan. & |
1975, Vol. 49, Nos. | & 2, pp. 48-49 and 121. -

2

A YISUAL WRIGHT TELESCOPE
by Edgar Everhart, PhD.

he Wright telescope at {/5 is the best possible desy
low power, wide field visual use. Such a telescope IS 8
camera with a flat field and superb definition.
Comparison with Other Systems.
The optical system was invented by Franklin B. Wright in 1935, (P.
300, 1935; Amateur Telescope Making — Advanced, Scientific American IRC.:
York, 1952, p. 401). Itis related to the Schmidt system in that both use & CoIT
plate. The Wright corrector, however, is twice as sirong as the corresposs
Schmidt corrector and is located at the focus rather than at the center-of-cure
of the mirror. Another difference is that the Wright primary is an oblate spt
rather than a sphere. ‘
It is easy to understand the rationale for the Wright design. The O
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-,h,mi:dll primary is made to have exactly twice as much spherical aberration as o
' ical mirror would have and therefore the corrector must be twice as strong to
cancel this. Balancing the aberrations in just this way, with the corrector at the
focus, turns out 1o eliminate coma completely. A detailed description of both
schmidt and Wright systems has been given by Linfoot (E.H. Linfoot, Recenr
Advances in Optics, Oxford University Press, London, 1955, p. 272 1), The
Newtonian, Schmidt and Wright systems are compared in Table | and the

trical aberrations off-axis are shown in Fig. 1. The fine performance of the
Wright system at {/5 approaches the perfection of the Schmidt system, and this is
achieved with a short tube and flat focal plane.

——

/5 Newlonian Schmidt Wright
tube length F 2F F
coma very bad none none
astigmatism bad none negligible
field width narrow very wide wide
focal surface flat curved fat

The Maksutov-Bowers design has similar characteristics to the Schmidt.

Table 1. System Comparison.

Aberrations
Se¢ ang
Mewtonian {coma)

Wright | Astigmatism)

Schmidt (Mo Aberrations)

- 5

0 +5
(MT axis angle

Figure |, ONT-nxis abetrutions af
several /5 systems,

+1°

ﬁ_rich field visual telescope should be close to /5 proportions in order that
5 Optimum %" exit pupil can be obtained with available 1%" focal length Erfle
Pieces. An f/4 design would invite serious eyepiece problems, but a permissible
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variation would be an /6 design with a 1'4” giant Erfle eyvepiece. The diagon
ror in this case would have to be even larger 1o cover the field of this
eyepiece.

A recommended 11%" Wright design which has been built and tes
shown in Fig. 2, and Table 2 gives dimensions for this and two smaller i
ments. The focal plane is set in close in order to minimize the size of the dis
needed. The eyepiece holder must be considerably larger than the standard &
order to utilize the full field of the 1%" Erfle eyepiece and accommodate jts
considerable bulk. To cut down the eyepiece's field with an adaptor or tg
orthoscopic eyepieces would defeat the wide-angle capabilities of the desigs

Unlike the paraboloid, the outer zones focus closer to the mirror than the

nter zone and the “‘doughnut™ figure of the Foucault test is reversed and
¢ with a high center and turned-up edges.
1 There is introduced here, as a better alternative, a useful null test for the mir-
__. The oblate spheroid required in the Wright design is obtained by rotating the
glipse shown dotted in Fig. 3 about its minor axis OV. This ellipse has an
piricity of 0.71 and is in proper proportion when OV, OA and OB are all equal
1o F, the focal length. Here A and B are conjugate foci and are the proper locations
for pinhole and knife-edge respectively. After measuring F in the usual way, one
makes a rather accurate layout, within % inch, for this null test.

Oblate spherokd
I‘ F Reference elli
- _-5' eccentricity Q71
—
& RS
”
d, ¥ G . ~
s %
}l' A1
! \
f (}Iui&-@dn
!" v | Pin hole F 0 »
Y lindrical lens_#
e, IS5 z—» | j— | ) il E
l,‘__ x \ Fig. 1 Mull test for oblate spheroidal ~
mirror for Wright Telescope

Fig. 2 Visual Wright Design (Not to scale)

Instead of seeing the mirror flooded with light as in the usual Foucault test,
one sees only a thin bright line on the horizontal diameter of the mirror. For visual
Inspection, this line of light must be spread out vertically, and this is done with a
Plano-cylindrical lens between the knife-edge and the eye. A focal length of a few

Table 2. Wright designs.

clear aperture d, 11.25" 9.00" es s suitable with the axis of the lens horizontal. One sees a broad horizontal
dia. of corrector disc d, 11.75" 9.50" h“d of light across the mirror. Starting with a spherical mirror and moving the
dia. of primary mirror d, 12.50” 10" hfﬁﬁl‘: across the focus, one sees this band looking like a slice of the usual
thickness of corrector t 0.625" 0.500" Parabolic **doughnut.” Distances AV and BV must be fairly nearly equal otherwise
focal length F 56.25" 45" very unsymmetrical and misleading figures are seen. When the proper oblate
cone interception x 7" N roid is achieved, a uniform band is seen as the knife-edge cuts across the
diagonal mirror minor axis y 275 2.50" - ) o . _ . .

field stop, eyepicce z 1.25" 1.25" the Tl_'lE image of the pmhu’llc is hlghly‘astmmnuc. Itis t':nrnugh: toa fncu; at B in
pressure differential (approx.) p 551bsfin® 5.5 Ibsfin? horizontal plane, but not in the vertical plane. For this reason, the knife-edge
deflection of plate h 0.00171"  0.00143" 4 B must be accurately perpendicular, otherwise there is a skewed or oblique

€ to the edge of the band of light as the knife-edge cuts across. Despite
these severa| peculiarities the test has proved to be quite satisfactory in practice.
The oblate spheroid is somewhat more difficult to achieve than a paraboloid
b'ml-“e it has a high center and a turned-up edge. The author used a *‘rose-petal™
p (such a lap is pictured by H. W, Cox and L. A. Cox in ATM 1IN and also did
local work with sub-diameter laps. One must be careful not to g0 too near the
€rand also to stay away from the edge. The greatest depth is at the 0.7 radius

Neither the oblate spheroidal primary mirror nor the corrector f
serious difficulties using the lests and procedures to be described.
Primary Mirror. ;
The figure required on the mirror is exactiy the opposite of the corresp
paraboloid. It could be measured by zonal testing simply reversing the sign
knife-edge setting for the paraboloid.
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of this correction. The lower list is for ones in which the blue is over-corrected
{achromatized more to the red). This was the choice of Clark, Brashear and mosi
¢ the old masters. The reader is left to make his choice, either type is well cor-

-

zone. The result was the correct general shape and depth but wig
irregularities and an edge which turned up too much! Then a rather g
diameter lap was made and used with short strokes and with frequent cold
ing. This smoothed the irregularities and simultaneously reduced the t
edge. Frequent testing was needed to stop at just the right point. Figurineg to
a few hours, but making the test rig and thinking (mostly the latter) took
days. 3

Corrector Plate,

This is very easy to make if one follows the vacuum method, The d

For tolerance, 0.1% on radius and .004" on thickness are customary.
: ters of the elements are a few percent larger than the design aperiure, of
% . Because of the identical inside curvatures, coating the lenses is recom-
mended; this will also improve the transmission 12% and darken the sky back-

nd.
il Exa

rection is automatically achieved when one fine grinds and figures the cg mple.

with a partial vacuum on one side of the plate. Table 2 gives the appro Design a 6" {/8 with the “*Clark-type’ achromatization.

values of pressure differential p needed for the designs presented and a Look in the lower table and find /8. The lenses all look like the sketch and
deflection h for the plate, it being assumed that both sides of the corre the sense of curvature is shown. A negative radius is one that bends to the left; a

' figured. Fine grinding and polishing the corrector took eight hours. lts
correct and without zones when first tested.

Performance.

The completed 114" Wright telescope was tested outdoors with a kni
null test using light from Polaris. At low and intermediate powers the imay
were excellent—in fact, the aberrations seen were entirely due to the eyepi
imperfections in the observer’s eye. There was neither coma nor detect
matism when the eyepiece was bodily moved laterally so that it was cente: e
the optical axis. Of course, the eyepieces themselves have aberrations off &
the many eyepieces tested, Edmunds No. 5160 and Jaegers No. 1E2670 we
most satisfactory. |

An [/5 telescope is not intended for use at high powers. Ho
short focal length eyepiece the diffraction disc of stars is seen, and powers i
are usable on the moon and planets. There is, however, some flair to |
images noticeable at this power which is due entirely to imperfections of ex
and not in the design. '

The completed telescope has been magnificent for sky-sweeping,
searches, faint variables and deep sky observing. The star images are 8
were set up as a camera, the resolution at the edge of a three-inch diamete
would be better than the photographic plate can resolve. 4

positive to the right.

R, R; R; R,

-—

BK? F4 (Schott Glass Co)

EFL = S7IR7T86 x 48" = 27 546'

Ry, =R,= — 3457343 ndf" = —16,595

R, =—1628064) x 48" = — 79,147

Dy =.015625x 48" = 750"

D, =0177T187 x 48" = 542

8 = 0035622 w48 = 171 sommal; adjust as required,
BFL = 9776662 x 48" = 46.928" nominal: take what you gei,

Telescope Oyjecines, Aplananc,

dFC EFL = 1.0
Speed R, R,=R, R, D, s D, BFL
5 4563087 - 4335834  —7.0723772 1250000 cemented® 0375000 8851328
PREDESIGNED DOUBLETS ﬁ SB41218 = 3592279 —1.5E1S394 0312500 .OO2637H .msrf-u;t 9634933
by R. A. B SEI6T07 = 2850441 — 15979841 0156250  OO29742 0NV 9794070
Y uchroeder 0 sgpe793  — 3540666 —16044717 0125000 0030548  00S3TSO 9819099
25 goo10 - 3534947  — 16096165 0100000 0031071 (0075000 9839507
5 5706336 — 3532960 —1.6129772 0083333 0031360 0062500 9853302
S ome computer-designed, coma-free astronomic Mot uplanaic
tives are given in the tables with **normalized oo
lengths. If these data are multiplied by the focal lengths you desire, then 8 Clarke-type Achromatization (.5150-.6563u)
design is available .md_will still be optimized. Designs faster than {/8 are | s 4000397  —430T301  —1S65T1140 1250000 cemented” 0375000 8807618
for R.F.Ts, and experimental or laboratory use. Those slower are well 175 §752874  —3504203  — 16190800 0312500 0031308 0187500  966BID4
telescopes. R g:u STSM6  -MSTMI L6 0IS62%0 0035622 OLITIEY 9776662
i rrection 5731011 - 3445286 -1.6331737 0125000 .00 _ ;
Two groups were computed, The upper one is for color correctio 25 575627 - 3438798 — 16375123 0100000 0037271 0075000 9821834

(hydrogen blue and red). Baker, Kitts and the current Carl Zeiss (West© 5" G0c6  — 3436964 — 16404310 0083333 0037634 0062500 9835602
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*Not aplanatic Glass: BK7, Ny = 1.516798, V= 64.143
F4, Ny= 1.616588, V4= 36.612

Note by Ed: In the U.S.A. the most readily obtainable glass for doublets
Schott. The above tables give a very easily computed design for any §
telescope that is likely to be built by the amateur, without the bother ¢
onometric tracing. Mr. Buchroeder has done it all for you on the large cor
available to him. .

THE HOUGHTON CAMERA
by R. A. Buchroeder

he Houghton Camera, shown in Fig. 1, is an D

substitute for a Schmidt camera, This particular ¢
computed by the writer for the utmost convenience with amateur methods
the perfection possible in a fully-optimized design (see James Houghte
No. 2350112, 1944), but is quite satisfactory as can be seen from Fig. 3.
simplification of having all curvatures equal, the color is a bit undercorree
its oblique spherical aberration is about 25% worse than that of a co

ple of the afocal corrector can surpass true Schmidts, particularly in the Sk
Cassegrain versions, where il excels,

The advantage of the Houghton over the Maksutov, which also use
spherical curves, is that field correction is superior and tolerances are much
lenient. In a Maksutov, one obtains corrective spherical aberration as the dil
tial between the front and rear surfaces of the meniscus lens, and the nea

the lens is non-concentric in order to be achromatic means that it cannot ave
axis aberration. In the Houghton, the “‘work™ is done by the curvatures
lenses, and the lens thicknesses are consequently no more important than
spaces, against which they can be traded off. If the lenses were infinitely th
if the curvatures didn’t bump into each other, the performance of the Hol
would be identical 1o that of the true Schmidt. But even with the thick lens
difference is not great. Color is self-cancelling because the net power of the €

order) by the symmetry of the design. As in the Schmidt, it is limited by n |
tion known as “‘oblique spherical aberration™ (also known in some qua
cubic astigmatism), against which we have no convenient cure. _

I started building my Houghton camera back in 1967 with the help of

it was only recently that | got around to making a tube and lens cells.
ment was first tested on January 1, 1972. The results were good enough |
vince me that the Houghton camera is simple to build, quite forgiving of
and might be of interest to fellow ATMs who, like me, feel that a trug 56
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6-INCH APERTURE, /3 HOUGHTON CAMERA
10" Total Field

— __'-‘-I—_-_h‘_--‘

P. = 380"
Clear aperiure = 12"
for no vignetling

Distence from coffecior o
mimor = 3548

Film from mirror = 178"

3 dhameter curved film
(R = 18" approx._}

S E—

FIGLRE 1
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1.7, but any kind of glass may be directly substituted so long as every lens is of
» me kind of glass. By grinding the lenses against each other, all with the same
e the color is automatically cancelled. Unless one goes to some quite peculiar
B ,;:f glass, the change in refractive index will be either negligible, or cancellable
i sting the air gaps. Note in Fig. 2 that the curves which are ground against
-+ other should be assembled opposite from each other. This automatically can-
coma in the corrector group, regardless of mismatch in the ordinary curves, If
~q were noted in the assembled unit, respace the entire corrector unit with
+rd 1o the mirror; by this means any error in coma can be corrected completely.
It is assumed that the mirror will be made to within half an inch of the 16"
ified. If it is off worse than that, then one is well-advised to alter the corrector
® ures in the same ratio; if the mirror comes out long, make the corrector radii
g bit long; the opposite if it comes out short. Now, if the assembled unit shows
ﬂmmwd gpherical aberration, the lenses should be spaced more closely. If
gvercorrected, increase the air gap between the lenses. This is a privilege that one
does not have in a Maksutov, and a decided advantage if one wants a well-cor-
rected system without repeated rework. (There is, in fact, a two-lens afocal correc-
tor that is equivalent to the Maksutov; an air gap becomes equivalent to the single
shell Maksutov, the drawback is that it, like the Maksutov, has field aberrations.)
One always wonders how well something has to be made to work adequately,

80 Fig 4 is an approximate method of estimating your performance. Assuming the
curves are smooth, then if the corrector is too weak, the spherical aberration will

FIGURE 2 l__

““ﬁat"l

would be too difficult to make. It may be pointed out that if one can m
Schmidt, he should. On the other hand, unless one is quite good at asy

will get a betier performance by making this spherical design. The trade

hard work versus mastery of the optician’s art.

Fig. 2 shows the details of the corrector. Normally the design is compe

be undercorrected and the blur size large. If the corrector is too strong, the spheri-
al aberration will be overcorrected and again the blur size too large. The rate at
which the blur size increases is indicated on the graph. Now, il is in fact better to
e on the weak side on the corrector. The reason is that then the axial spherical
mberration will compensate the aforementioned oblique spherical aberration and
the edge of the field will be improved compared to the nominal design. The
amount required is only a percent or so, and it is probably best to ignore it.
First test photos were taken with the camera unguided and pointed to the
celestial pole. Flat MaO glass plates were held onto my incomplete film-holder
 using double-sided tape. The camera was adjusted for centering by viewing in and
looking at the reflections, and focused on a mountain, At night, a 15-second
exposure (the moon was full that night and my neighbourhood is **blessed™” with
Sbundant mercury lighting) gave a “sky-limited"" exposure. Measuring the plates
the following day, the sharply focused areas where the curved image surface inter-
Sected the flat plates showed spot sizes that were under 50 microns in diameter.
use the corrector radii turned out 1o be 7% too weak, and we didn’t bother to
Tework them, this is not far from the computed size of 25 microns.
No indications of ghost images, although my lenses are all uncoated, were
ted, so they must be comfortably so far out of focus as to be negligible. Coat-
will increase the transmission by about 30%, but since the camera is /3, we
h‘"}! light 1o spare. The user will decide whether he can afford the luxury of mag-
Besium fluoride coatings.
« A few words on tolerances might be in order, although no real study of
‘Practical” defects has been made. The lenses should be well centered, if possible,
ugh our camera has the lenses taped together, which could be considered
i""*‘?'I'lmﬂ:llgu- sloppy. Il the mirror is tiltable, and the film-holder too, then there
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should be no need to tilt or adjust the corrector lenses, so long as they -
reasonably set in line in the first place. Thicknesses on the lenses may b
regarded, but it is better to go on the thin side rather than on the thick. Plate ¢
if you can find any without serious striation, should do quite nicely. It has a slis
higher index than BK-7, which is desirable, and its dispersion is low enough f;
to work well. Ophthalmic Crown, once available from Coulter Optical, is desi
as it is of higher purity than plate glass. As for the flat sides of the lenses
needn’t be terribly Mat (say 5 fringes or so), but like all the surfaces they shoy|
smooth to a fringe or so. This specification isn’i far from what the polished su
of plate glass can boast, over the small area of interest. Turned edges may be
regarded so long as they are not too severe. On the concave lens, this will
some zonal undercorrection which can be balanced by re-spacing the element
the corrector lenses, it is desirable to use black paper aperture stops 1o pre
glistening edges lrom logging the image. My concave lens is ground Mat ove
last 1/8 inch and this makes a nice contacting surface.
I might mention that we never tested any of the optical surfaces lor [
took it for granted that, being rather strong, they would tend to be sm
spherical. This seems 1o have been the case, judging from the test [
ATM may find it fun to test-plate the lenses one against the other, just (o see
they are going.
As yet, | haven't made a curved film-holder. However, the type use
Celestron is most attractive, using magnets to hold the film retainer to the §
A few comments on making a **Schmidt’” may be of value. First be sun
have a nice, dark sky, for these cameras are so fast and efficient that foggi
real problem. Second, you'll need sturdy, well-aligned drive, for field rotatio
to misalignment will be a problem in a camera such as this which covers 10%
grained, red-sensitive emulsions may be preferred to minimize sky fog
Finally, making the optics may be only half as much trouble as making the:
film-holder, tube and access system. My delay in assembling the Houghi
attributable not 1o the difficulty in making the optics, which we finish
vears ago, but to the mess of making the mechanical devices.
One might ask whether a field-fattening lens could be used to
curved image surface. The answer is “‘yes'". It can be a plano-convex
radius will be:

R= 0= 1 x 18"
n
for BK-7 or BSC-2, R = 6.13"
for plate glass, R = 6.17" .
It should be as thin as possible, and as perfecily polished as you can

image quality will improve a bit il you increase the air gap in the co -";.;:'
evenly in both gaps), as this compensates the spherical aberration from (8
Mattener.

| would advise against the use of a field fattener. It adds extra losse
slightest defects on the lens will record on the emulsion as shadows and i
tions. There is also the possibility of ghost images unless you oil the emuisit
the flat side of the lens, even then you may get a ghost image.

|40
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1 haven't any immediate plans for my Houghton camera. The problem is one
of lights. Although Tucson is in the middle of the desert, it is a modern city and so
severe is the light problem that even the professionals on Kitt Peak, 50 miles to the

, are becoming alarmed by it. It is quite impossible to use a Schmidt anywhere
within fifteen miles of the city, and consequently | haven't the inspiration to put
the instrument to work.
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A SIMPLE HOUGHTON CAMERA
by N. J. Rumsey

i -Jbl 1

Figure 1. Simple Houghton camera with the same radius of curvature for the two
gonvex lens surfaces as for the (concave) mirror. The overall length is three-quar-
ters that of a Schmidt camera of the same focal length.

he Schmidt camera is conceptually elegant
remarkable performance, but it suffers from sey
cal disadvantages. Two of these concern us here. First, there are very
men who are competent to make the aspheric correcting plate of
camera compared with the number of those competent to make spherical gy
of high quality. Second, the Schmidt system is very long; it exceeds twice th
length of the system. Brown (1970) pointed out that the overall cost
astronomical instrument, together with its building and dome, grows roug
(tube length)®*. Thus even a modest reduction in tube length can result in
stantial reduction in cost. .
Addressing himsell primarily to the first of these problems, Hi
(1942, 1945) in Great Britain pointed out that it is possible to simuls
behaviour of a Schmidt correcting plate with a thin group of lens componen
ing spherical surfaces only, the overall power of the group being zero. Simil
seem to have occurred independently to Arnulfl (1955, Amulf et al 1
France and Volosov (1948) in Russia. They have been followed up by Gaj
1959) in Poland, Gelles (1963) in America, Bayle and Espiard (1966) in |
and recently by Wynne (1972) in England. ,
If one wishes to simulate the behaviour of a Schmidt corre
closely as possible, it is advisable to use a symmetrical group of three
nents. The group may consist of a negative component between two weake
tive components, as favoured by Houghton, or of a positive component i
iwo meniscus negalive components, as favoured by Bayle and Espiard |
However, even if the group consists of only two lens components ( th
equal in magnitude but opposite in sign), the designer still has more contmn
the primary aberrations than he has with a Schmidt plate, for the group can
at almost any distance from the spherical mirror and the designer can ool
coma as well as the spherical aberration of the sysiem by the correct __
bendings for the two lens components. On the other hand, if the sphencall
tion and coma are both corrected, the astigmatism of the sysiem is proportl
the square of the distance of the lens group from the center of
mirror. Thus the system must be as long as a Schmidt if the astigma =
corrected; but a moderate shortening of the system that results in a useful
tion in overall cost may entail the introduction of so modest an a |

Mo \’
i

I have been able o design a Houghton camera in which there are just two
convex surfaces, with the radil of curvature equal to each other and to that of the
concave of the spherical mirror. The system can therefore be made without test
, the mirror substituting for them, as shown in Fig. 1. The tube length is
three-quarters that of a Schmidt of the same focal length so, applying Brown's
(1970) formula, we expect the cost to be about half,

The astigmatism is not zero. In the most oblique pencil examined, coming in
at an angle of 3°.2 1o the axis of the system, the blur patch produced by the astig-
matism at the mean focal surface corresponds to an angular subtense of 7.5 sec.
of arc on the sky. The relative aperture is /3. For a large scale system, say com-
parable to that of the Mt. Palomar Schmidt, this astigmatic blurring is greater than
that produced by an atmospheric tremor at a good site and the limiting resolution
of the photographic emulsion, and therefore is not acceptable. However, if the
system is confined to an aperture not much exceeding half a metre, the astigmatic
blur becomes comparable with the resolution of many of the emulsions likely to be
'n'laﬂ. For the smallest aperture likely to be considered, 1 50mm, the astigmatic blur
circle has a diameter of only 1/60mm. For a spectrograph camera the small amount
Pf astigmatism is of no significance at all so long as the photographic emulsion lies
in the focal surface for tangential focal lines.

The spherochromatic aberration is almost identical to that of a Schmidt of the
same aperture and focal length, The wavelength of best correction for the version
of the system given in Table 1 lies between the H§g and H5 lines, but closer to the
latter. Thus the best performance would be obtained with blue-sensitive emulsion.
ever, in the modest sizes of instrument to which this design is likely to be
festricted, the spherochromatic aberration is of little significance and the system
Wauld give good results even with red-sensitive emulsions.

matism that such a possibility should not be ruled out. 1 = e Table 1.

During manufacture, concave spherical surfaces can be tested Specifications for a simple Houghton camera.
Foucault test or the Ronchi test. The testing of a convex surface normally re Ii=—180 )= 0.75 BK.7
the manufacture of a concave test plate against which the convex Surface = —135 t,=0.104 i
checked by interference and could add significantly to the overall cost. Itti fy= —30 t', = 0.50 RK.7
becomes a matter of great interest if systems can be found in which for eve =134 t',=25.65 5
vex surface there is somewhere in the system a concave surface of the fs= —35 I'y= —17.9714 e

of curvature which can be used as a test plate. Werture = §




relative aperture = /3

surfaces 2 and 3 meet on a circle of diameter 6.086
radius of curvature of mean focal surface = 20,9
radius of curvature of tangential focal surface = 22.8
for image diameter of 2 the field is 6.4

for no vignetting over this field the mirror diameter is 9 ( pared !
Schmidt). -

_ln_sununar:,r—fnr systems not exceeding about half a metre the g
of this simple Houghton camera is not significantly inferior to that of a

ion into two and three lens correctors, stimulated by Buchroeder's three

Jens system which appears earlier in this chapter.
" The classical Schmidt camera needs no introduction to readers of this book,
oddly enough, I recently installed the first Schmidt of modest size in New Zea-
(6", £/3) and am endeavouring to demonstrate its capabilities. The plate
to be the main deterrent 1o making a Schmidt and Norman Rumsey has
gried to overcome this problem and, at the same time, introduce features of
simplicity, both in general dimensions and construction. The camera was based on

the following specification:

the same aperture, focal length and field of view, while the overall ¢ aporturc 58 e
mmufar:u:mn;g and housing the Houghton camera is likely to be about half relative SPIEoLe 5 ; =
the Schmidt. = focal surface diameter 2.0 inches (field 6°.4)

One disadvantage of the Schmidt is its long tube length. For small cameras
this is not too much of a problem, but it becomes of considerable importance when
the instrumenti is large. Again when the instrument is relatively slow, so as to
minimize the elfects of sky fog, to improve its magnitude limit and increase its
plate scale, we are always looking for ways of decreasing tube length and minimiz-
ing flexure, as well as convenience in operation and site portability.

A shorter tube length has been achieved in this design by trading ofT the
introduction of some astigmatism against the usual tube length of double the focal
length. By making the tube length only three-quarters that of the Schmidt, the
amount of astigmatism introduced at an off-axis angle of 3°.2 will give rise to a
DCL (disc of least confusion) subtending 7.5 arc seconds on the sky. For our 6"
aperture instrument this amounts to a value of 0.00066 inches, comparable to and
even exceeding the resolution of many emulsions available today.

The afocal corrector consists of two elements. The first element is of positive
power, and is meniscus In shape; the second element is of negative power and is
more meniscus, However, the two elements’ paraxial powers are zero when con-
sidered as a unit, with the individual bendings arranged to produce correction for
spherical aberration and coma. The system as designed is *'self-testing,"" eliminat-
ing the necessity of making extra test plates etc., and the need for elaborate setups
for testing on the completed instrument.

Construction Notes,

An instrument of the above dimensions has been under construction for the
Wanganui Observatory as a photographic assist 1o the normal observational work.
Itappears, as time goes on, that it is becoming increasingly difficult (o get suitable
€mulsions on glass at a reasonable cost for astronomical purposes. The range on
film base is, however, more readily oblainable and lends itsell to use in an instru-
ment with a convex focal surface. Moreover, the economics are far better com-
Pared with the cost of plates.

_ The Wanganui instrument has a primary mirror of 9.25 inches clear aperture.
I5 was available as a blank in plate glass of 1.5 inches thickness, formerly the
Property of J. T. Ward, founder of the observatory in 1903, and a prolific mirror
Maker, The use of plate glass may be questioned, but at least it got the project off
‘“_" good start, without the usual long lead time in procuring pyrex. The curve was
Milled in rapidly, and the fine grinding carried out with WCA grits on a 5/6 tile tool
¥ith the Draper. Polishing was carried out with the same sized tool and the surface
ught to an accurate sphere of 36.00 inches radius. Even with plate glass no

A specification for one of these simple Houghton cameras is given inTe
If @ unit length of 25mm is used in the table, the design produces a camera
smallest size likely to be of interest. If a unit length of 100mm is used, th
applies to a camera of the largest size for which the astigmatism may be cons
to be still acceptably small over a total field of 6°.4.
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SIMPLE HOUGHTON CAMERA, CONSTRUC
AND OPERATION '
by Garry R. Nankivell

In the foregoing paper Norman J, Rumsey de
system based on a concept originated by J. L. Hot
way back in the days of World War II. Houghton endeavoured to repls
elegant Schmidt correcting plate by a system of thin spherical lenses of
power. Over the years this theme has been explored by many investigators
varying degrees of success. The system to be described here is the res It



t of the surface into the observer’s eye. An on-axis tester is advisable to
any off-axis horrors introduced with the more conventional test setup. With
curvatures there is a tendency for the surface to polish out precisely spheri-

iding that no violations are present 1o upset the even wear conditions.
After obtaining four polished surfaces of good figure, and two lens elements show-
1" both negative and positive power, it comes as a sort of shock when they are
placed together and then viewed through! There must be an easier way to make a
wwindow™'. Now place the lens combination up against your newly aluminized mir-
ror and Ronchi test— behold the “‘raison d'&tre.”” When all the surfaces have been
pleted, it is then necessary to remove the outer edge of the third surface by
carefully grinding on a plane tool until the clear diameter is reduced to 6.086

< This operation allows the interior to form a closed ring contact, keeping out
dust and reducing the risk of mechanical maladjustment. Both components were
mounted in a cast aluminum alloy cell, using precisely the same methods as for a
refractor objective. I
| do not propose to give the actual camera construction in great detail since
methods and resources vary tremendously. However, some comments on a few
components may be of help. The film holder can be turned from extruded I.l!ﬂ}r
rod and subsequently anodized to a rich black shade. 1 find that this type of finish
Jooks good and wears well; all that is required for these smaller components is a
rectifier bridge to give 10 amps at 50 PIV. This is run off the low tension supply to
my vacuum plant via a variac. Another point is forming the curved focal surface —
in this case the tangential focal surface is 22.8 inches. There is a certain degree of
roughness with a turned metal surface along with slight contour variations. | make
up a concave meial tool of the appropriate curvature using a radius bar in the lathe.
Then | make a trepanned disc of black vitrolite about 0.2 inches thick and grind in
the curve as if | were making a convex lens. No need to polish—simply finish up
with 15 micron grits. The disc is fixed to an alloy backing with epoxy which, in
effect, is the film-holder. The backing is tapped to allow a drawbar to pull it up to a
shoulder on the focusing shaft. If you are going to make a range of film-holders to
i save lime in re-loading, the axial distance of each holder must be identical to elimi-
" nate constant re-focusing adjustment. All trace of *“‘wedge™ must be removed to
: prevent defocus across an arbitrary diameter, even if the focus is perfect on axis.
For multiple exposures where you might end up with 6 1o B films during an observ-
ing run, a “high rise™ tank made of perspex or lucite dividers is a must. For these
small catadioptric cameras, | have standardized on a film circle size of 60.0mm
dismeter, which provides a clear usable diameter of 55mm.
Positioning the components in the camera and collimating is exactly the same
g, T M i . gt - 88 for a Schmidt. | will not tramp over this aspect but would draw your attention to
?]EES Eaﬂep' e qllmlqttlnn T Ay Sk Kie ﬁm- prindiags 8 very useful paper on Schmidt collimation: Adiustment and Testing of Schmidt
shapes of the individual lenses are such tl'u_it final mch_amMﬂmkﬂ Telescopes, by J. Anderson and J. V. Clausen, Astron & Astrophys 34, 423-429
and edging would be a costly and wasteful business, very similar to the condi (1974)
oMo ‘-mh RMSIEEDF MEes: ¢ Although slanted towards the larger size of Schmidt, many of the details can
Testing the very Inr!!; first surface may present some d'm':"'lf:"" 1 utilized to advantage when putting a smaller instrument into operational shape.
tantamount 1o making a 6 /15 mirror check. The angle subtended is qUiES I'would recommend the use of a reflector focused for parallel light 1o do the focus-
SU. a‘gmq ulugumuun . S ie; Shoukd be expengnu_ed. . of the camera. Simply draw a rough grid with a ballpoint pen onto a disc of film
ary of a tri-schiefspiegler would be & bigger headache! A small viewiSEEN, and load it into a holder. Then place the holder in the camera and illuminate it with
ORI Elinge. bt E Btk sadibissiiyrio obiieid S 1 incandescent lamp (auto bulb 12V) placed off axis, Observe the image through
The third surface is just the dead opposite! The problem is getting all the the reflector until the grid is in sharp focus. The tolerance seems to be about

difficulty was experienced. Final work was done with slowest speed with
924. The resultant surface came up to a very fine polish. Ronchi testing gg
the spherical figure—this surface now forming a concave test plate 1o ¢
two convex surfaces.

With the normal Schmidt configuration, a 10-inch mirror would haw
required to avoid vignetting. The 9-inch mirror blank called for in the spacif
is a *‘non-preferred" size, although | did see that a 9% x 1.62" blank is listed
7740 F.A. pyrex range. The mirror should be finished off symmetrical
viewed across a diametral section—it is helpful in final positioning and colli
Also the aluminizing should be held over until the convex surfaces of boy
elements have been figured against it by interference. Do not forget to use
thin spacers between the surfaces during testing to overcome the
scratches.

The lenses are made of BK-7, but any other borosilicate crown equi
such as BSC-2 will work as well. It is desirable, however, to use glass fromon
to achieve zero paraxial power and thus keep the longitudinal colour balange
control. The first surface is very shallow and was produced on a plano tile
using the classical mirror strokes. The sag on the 6.25" blank is only |
requiring 220 grit to rough in, The second surface was milled in to the re
curve and worked up to the pre-polish on a tile tool. Although | have acce:
reasonably complete range of brass optical tools, with radii incremenits accor
T. Smith's list of preferred radii, [ still like to block up a tile ool when w
large surfaces. The wets grind down much better and far more evenly, but,
important, one can get right on to the desired radius with prudent machines
It is much more difficult to “force™ the curve in an unchanneled metal tog
prototype and on-off jobs where one has such a large variation in tool ang
diameters, it is difficult to obtain the ideal kinematic conditions for even Wi
you are sure of your spherometer technique, you can bring the second and
surfaces through to matching the curve on the primary mirror and hope
that the curves agree to within about 7-10 rings! .

I still find that it saves a lot of time to give the surface a quick f
with Cerium and check the matching. It is then simply a matter of e I
final grinding in the direction as indicated by the ring appearance until ¥o
within the 7-10 ring limit. It is certainly worth while to have a close maich. &
seen the effects of pulling a surface which may be up 1o 50-70 rings out—oM
tended polishing time, frequent lap retrimming and the ever-present risk @
face damage due to impatience and ‘‘risky’’ lechnique. The first and third u
should be worked along in the same progression as the other ones, |

Y
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*0.0015 inches. You can also check the film-holder squaring on by mavi
reflector across the front of the camera and viewing the opposite edges,
With these /3 systems of 6 inches aperture | have had very good resyl,
Iiford FP4 sheet film run for 10 to 15 minutes and developed in MWP-2 |
minutes. A cutting die to punch the 60mm circles is a very convenient me
film preparation.
Unlike systems based solely on refracting elements. the Houshte
Schmidt can produce images of exquisite quality. It goes without
tracking capabilities of the drive must be likewise. In experimenting wi
types of systems, I am constantly struck with the fine definition prody
resultant negatives, on first casual examination, look somewhat
examination with a 10x triplet magnifier, the images are seen as fine nee
points. Even globular clusters such as 47 Toucanae, close by the small M
Cloud, can be resolved away from the center.
I have also made up some selected [ilters which fit into the fflm-} de
enable taking of fields in specified wavelength bands. '
Finally, a comment on film handling. Any careless storage, progc .
enlarging, etc., will obviously mar the emulsion, giving rise 1o scratches, pi
and those other tribulations that visit an unwitting worker. The remedy is
The circular border allows a serial number to be marked on the film, using a d
man’s tubular pen and Indian ink. Small card pockets can be folded up and st
to store the film discs, and can simultaneously record the exposure details,

COMPOUND SCHMIDT TELESCOPE DESIGN )
WITH NONZERO PETZVAL CURVATURES
by Robert D. Sigler

variety of aplanatic and anastigmatic Schmidt C
and Schmidt Gregorian telescope designs with no
Petzval curvatures are investigated. Relaxing the Petzval constraint perm L
development of high performance photovisual instruments which are capab
diffraction limited imaging over fields of view of 1-2°.
Introduction
Compound catadioptic telescope designs of the Schmidt wype hay
capability of very high optical performance over a large field of view while em
ing a minimum number of optical elements. Configurations that have zero Pe
curvature (i.e., a Mat image surface in the absence of astigmatism) and essé
no Seidel or chromatic aberrations have been quite thoroughly described.™ 1
flat field configurations are primarily astrophotographic cameras and can
fields of view of 6° or more with very high quality images. It is also unf
true that the flat field designs, due to the Petzval constraint, have large
obscuration ratios, small secondary magnification. and frequently an W
positioned image surface. These constraints are not 100 serious for strictly pB
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whic instruments where the secondary obscuration is frequently as large as
T = 0.5 without unduly affecting performance. However, for photo/visual
instruments, the large field of view, and low effective focal ratio are sacrificed for

r secondary magnification radius (i.e., greater effective focal length) and the
pighest possible resolution over a somewhat smaller field of view, typically 1° or
9°. The attainment of high resolution, especially in the intermediate spatial fre-
guencies of the MTF curve, is facilitated by having the smallest possible secondary
pbscuration ratio.

Designs with Nonzero Petzval Curvaiure

When the Petzval curvature is allowed to become nonzero, many interesting
photo/ visual instrument designs possessing good optical performance, but not the
configurational drawbacks of the flat field designs, become possible. These non-
zero Petzval curvature designs have not been nearly as thoroughly described in the
literature as the flat fielded designs, and several of the designs described herein
appear not to have been previously discussed.

The defect of Petzval curvature in a photo/visual instrument is not as serious
as in a strictly photographic one and, if deemed necessary, can be eliminated with
field correcting lenses, or its effect can be mitigated by using a suitable curved
image receiving surface when used as a camera.

The configuration and aberration equations describing compound Schmidt
systems are presented in Table 1. These equations result from the combination of
the third-order aberration equations of Schwarzchild’ and the seesaw theorem for
aspheric plates of Burch.*In these equations, an expression for distortion. while
easily obtainable, has been ignored as it is quite small in compound Schmidts and is
usually not considered a serious aberration. In the absence of spherical aberration
and coma, which is the case in all the designs presented here, the position of the
stop has no effect upon the Seidel aberrations (distortion excluded),
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where
B = spherical aberration
F =coma

C =astigmatism

M = fIf- secondary magnification ratio;

R = primary to secondary separation divided by f;;

D = primary to corrector plate separation divided by f;

G = ratio of figuring depth on corrector plate compared with that required
on corrector plate of a Schmidt camera with a primary of focal length f:

I' = ratio of minimum, unbaffed, secondary diameter to diameter of the
primary for axial images;



= back vertex distance ratio, or the distance from the primy y
image plane divided by f; b

= secondary focal length divided by b

= focal length [subscript denotes surface referred to (ie., | = g
2 = secondary)];

=conic constant, which is a measure of the surface
(sphere = 0, parabola = —1,0); and

J = product of Petzval curvature and primary focal length f,

o ih In

A variety of aplanatic and anastigmatic designs with nonzero Petzy
vatures have been plotted in the attendant figures. Both configuration and
tion data for each design have been combined on the same figure so th
tradeoffs between configuration and performance can be rapidly evalua
comparison, a representative [lat field design (after Linfoot) is inc
2(A). Those designs, which have been designated as being compact, ha:
rector plate position fixed relative to the secondary position (R =0.9
with relatively fast primary focal ratios, the secondary can be directly n
the corrector and thus avoid the diffraction effects associated with the usua
dary mounting vanes. This also results in a much shorter over-all ler
these same primary focal ratios, a convenient placement of the image surfa
at about one primary diameter behind the vertex of the primary) is obtained
ing the value of Eat £ = 0.4, As spherical mirror surfaces are considera
to produce than aspheric ones, some attention was given to finding solu
had one or both mirrors spherical. .

The figures are rather self-explanatory, but a few commenis on each d
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Fig. 1. Compound Schmidt telescope configuration.

Schmidi-Cassegrain Anastigmat with Spherical Mirrors [Fig. 2(B)]

This is a monocentric design of Linfoot® and Wayman®* that has its cof
positioned at the common center of curvature of the mirrors. Both mird
spherical. The design is in many respects similar to the flat field design 08
(A) in that it has a widely varying image surface placement as a function of
ary magnification ratio, and it has a very small value of Petzval curvature. if
of secondary obscuration, it is about midway between the flat field designs 8
nonzero Petzval curvature designs for which the image position has be€

Flld¥l L, = U LI Faa gy

Note that in this monocentric design the image surface is in a conveniently accessi-
ple position for only a very narmow range in the value of M.

Schmidi-Cassegrain Aplanar with Spherical Mirrors [Fig. 20C)]

In this design, the image surface is fixed at £ = 0.4, and both the primary and
secondary are spheres, There is very little astigmatism for moderate secondary
magnification ratios, and the design is an anastigmat for M= 2.5. The secondary
obscuration ratio is rather small, especially for large values of M. Another feature
of this design is that the corrector is positioned well inside the radius of curvature
of the primary, resulting in a quasi-compact configuration from the standpoint of
over-all length. When it is considered that in the vacuum deformation technique™*
of making Schmidt plates, the required aspheric surface on the corrector is
accurately produced by the generation of a spherical surface, these designs with
spherical mirrors can be considered a kind of all spherical catadioptic telescope
design. An aplanatic version of this design, as described by the third-order equa-
tions with M == 3.4, was the basis for the ray tracing results shown in Fig. 3. From
the spot diagrams it is clear that the dominant aberrations are chromatic and third-
order astigmatism as would be expected. These results, while reasonably good, can
be further improved with computer optimization programs.
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Fig. 2 Schmidt-Cassegrainian
aplanats and snastigmats.

Compact Schmidr-Cassegrain Aplanat with a Spherical Primary [Fig. 2(D)]
This is a compact design with R = 0.95D and the image surface fixed at £ =
0.4 1t was described in a previous paper’and is included here for completeness.
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sor become very large for small values of M, and for very large values of M, G
hes zero, and the mirrors approach a parabola. In the compact anastigmatic

design, an increase in either Eor the value of R/Dhas the general effect of shifting
the aberration curves to the right (i.e., toward larger values of M).

Schmidt-Gregorian Aplanat with Spherical Mirrors [Fig. 4 (4)]
Schmidt-Gregorian designs have much larger Petzval curvatures than the
Cassegrainian forms, although of opposite sign. Inverse Gregorian forms, in which
the secondary is larger than the primary, although configurationally possible with a
folding mirror, have not been considered in this paper. The Schmidt-Gregorian
gplanat with spherical mirrors is unusual in that it has its secondary outside the cor-
rector-primary space, but close enough to the corrector so as to be mounted on a
short tube. The major drawback to this design is the large value of the astigmatism
that is plotted at 1/8th of the scale used for the Cassegrainian forms.

Compact Schmidi-Gregorian Aplanat with Spherical Primary (Fig, 4(8)]

Except for the more conventional placement of the secondary and the very
strong corrector, this design is rather similar in performance and configuration to

Several commercially manufactured telescopes for amateur astronor
35-mm cameras are based upon this design. Note that an anastigmalic sof
exists at M == 5.61. Al the anastigmatic solution the secondary obscuration
only about T = 0.22, resulting in a very high performance sysiem,
Compact Schmidr-Cassegrain Aplanat with a Spherical Secondary [Fig. 2(E)]
This is a type of Dall-Kirkham Schmidt that is rather similar to the pre
example. It also has an anastigmatic solution, but at M = 4.1. Note ths
required corrector plate strength is considerably greater than the spherical pri
case. As can be seen from the curves, these nonzero Petzval curvature Sg
Cassegrainian designs can have quite small secondary obscuration ratios in
bination with a conveniently placed image surface.
Compact Schmidt-Cassegrain Anastigmat [Fig. 20F)]
These are anastigmatic solutions that result from setting aberration Eqgs,
(6), and (7) to zero. The figuring strength required on the mirrors and the ce

[ o A : ;
ii‘h.: ! - the previous Schmidt-Gregorian design.
Wl Compact Schmidt-Gregorian Aplanat with Spherical Secondary [Fig. 4(C)]
:'A, a8 m Of the Schmidt-Gregorian designs with one or more mirrors spherical, this
2 3‘. = ol design has the weakest corrector and the smallest astigmatism, although that astig-
£, i ~ matism is still quite large. It is unfortunate that the Schmidi-Gregorian aplanats
‘Jl' a ‘I have so much astigmatism associated with the larger values of M, where they are
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Fig. 3. Hall-pupil ray trace of Schmidi-Cassegrainian aplanst = Mﬁhngmrul 0. %m-i:;ﬂlr-wmm

with spherical mirrors. Third-order sberration theory solution
{30-cm aperture, [/68, M = 1.4, E = 0d). Images shown are on

Pataval surface. Fig.4. Schmidt-Gregorian aplanats and anastigmats.
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more configurationally attractive, as to make them of questionable wva
photovisual instrument.

Compact Schmidi-Gregorian Anastigmar [Fig. 4(D)]

These designs require very large figuring strengths on all surfag
secondary magnification is small. At large secondary magnifications, the
approach a pair of confocal parabolas with no corrector, as do the S
Cassegrainian forms. A rather interesting development of the ana
Schmidt-Gregorian forms is the inverse corrector profile on the Schmid
Perhaps these could be fabricated with a deformation technique using |
rather than a vacuum. The aberration curves for these designs are
shifted toward the right with larger values of either Eor R/D. il

If the compact requirement is ignored, Schmidi-Gregorian
designs with a spherical secondary are possible, but they have rather awkws
figurations. An example of this is where by= 0, when M= 10.5, and £ =2
0.25D, by= —1.05, G=0.223, and T= —0.32.

SPECTROHELIOSCOPES
by Fredrick N. Veio

O ne of the biggest objects in the sky is the sun. In white light
you can study the solar granulation, a variety of sunspot
shapes and changes, and the faculae near the solar limb, In H-alpha light, which is
6562.8 Angstroms wave length, the solar disc presents an entirely different
appearance. Solar features of interest will be filaments, fMares, plages and promi-
pences, Surge activity of filaments and prominences is easily detected and displays
startling releases of solar energy. The solar spectrum itself can be viewed in very
fine detail. Only the spectrohelioscope can give a variety of solar events to the solar
observer. An instrument constructed by the amateur himself will cost about $350
{1974 prices); the cost from an optical company would be several times that value.
Two other techniques to do solar research involve the use of a birefringence filter
of approximately 5 Angstroms pass-band, and these are expensive, or a Fabry-
Perot etalon combined with an interference filter—average price being $1,000.
Birefringence filters and Fabry-Perot interference devices require much
experience and shop facilities; a spectrohelioscope is the only choice left for the
solar enthusiast. Fortunately, only common shop equipment is needed and simple
construction is possible,
There is a considerable amount of detail that can be seen on the solar disc in
H-alpha light with a medium-sized spectrohelioscope; this consists of a 9-feet focal
telescope and a 6-feet focal length spectroscope, mounted end-to-end. The
Hlln_n 1s quite simple, the average resolution of a spectrohelioscope depends on
the diameter of the sun image on the entrance slit and upon the width of the slit. A
”""1 /1 telescope will produce a 1-inch diameter sun image; with a slit width of
005", a section of the sun of 10" arc passes through the slit. Calculation:
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(This article originally appeared in Applied Optics, Vol, 14, page
1975. It is reproduced here by kind permission of the Editor of Applied €
the Optical Society of America, the owner of the copyright.)

0.005" slit

x32
1" sun image

min. arc = 10" average resolution sun in sky

de Ti_'lt shape and brightness (flare) or darkness (filament) of the solar feature
i ‘t’“f"m the true resolution. A bright Mare of about 5" arc can be detected about
. h“"? as a faint flare of about 10" arc. Filaments that are small but very dark will
€qual to a filament that is large but very faint. Most details on the solar disc and
solar limb average about 5" to 10" arc or larger. That is why a medium-sized
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spectrohelioscope will give good performance. A professional specirohelic
twice the dimensions and uses an 18 foot focal length telescope with ahe
foot focal length spectroscope. To observe the solar disc features and the
nences on the limb, no occulting disc is required; both the solar disc and the
are seen together with a comfortably bright image. For acceptable cong
detail on the solar disc in H-alpha light, the passband must be about 0.8
for excellent contrast the passband must be about 0.6 Angstrom.
Professional solar observatories use a 6-inch circle in which to draw th
features, this will give sufficient room to draw the details without any cron
For the filaments, use wide or narrow black lines; for the flares and plages
closed circles or elongated areas; for the sunspots use a round black dot for
few large umbrae—omit the penumbrae to avoid confusion. For the sun in:
light, have a separate drawing of the sunspot groups. E
A spectrohelioscope will not be seriously affected on a day of a
atmospheric seeing of about 1" arc since the resolution of the instrument is
5" arc or more. Only on a poor day of seeing will the resolution be harrmy
spectroscopic study of 1" arc detail, the seeing will alter the visibili

seeing conditions. i
There are five types of solar image synthesizers: Anderson prisms,
oscillating slits, Seller's vibration slits (like a tuning fork), Arcetri slits, and*
simplified rotating glass disc. Not all types of synthesizers can be used wi
spectroscope design. Only Anderson prisms and the rotating glass dise hs
vibration problems. A set of Anderson prisms will cost about $500, a pair of
ing glass discs will be about §50. The latter method will be emphasized
chapier, v
Anderson prisms are two separate square prisms, about 1%" on th
They are mounted on the ends of an axle which rotates in front of two fixe
Arcetri slits are set on a metal bar that uses a sideways motion. Hale's sl
placed on a metal bar that oscillates back and forth. Seller’s slits are a mec
spring mechanism that moves in and out relative to each other. The Veio gla
has 24 slits cut in the paint on the face of a 44" glass disc; the disc is placed
output axle of a motor that rotates one revolution per second. f
There are several spectroscope designs for a spectrohelioscope. ':-
design has two lenses of almost the same focal length, one optical flat and
ing grating all arranged in the form of a U-shape. The solar light passes tl
entrance slit to one lens, reflects ofT the optical flat to the grating and Uy
other lens to the exit slit. There is an even number of reflections includin
grating itself. The rotating glass disc will not work with the Arcetri design be
the spectrum is inclined at a 45° angle to the exit slit; rotating the grating Wi
correct the situation,

SPECTROSCOPE DESIGMNS

These sre some common speciroscops designs, par-
ticularly the Littrow. Crosssng over of extraneows light is
Blecked out by o screen placed along the optscal axia O
the screen with holes can be locsted soross the optical
nuzs. [hotted lnes are the light crossing over. For the Lii-
trow (Veln) design, the posilive menscus lens shape (s
best because the two lems refllections are more easily
blocked outl than with & planc-conves lens or related
shape

Ebert design Littrow desagn

blconwea lens entraice

grating

Ascetn desga Veso desggn

All the following spectroscope designs have an odd number of reflections.

The Ebert design has one large spherical mirror. The off-axis Ebert design
has two spherical mirrors made separately and of almost the same focal length.

The Littrow design has one lens of biconvex or other related shape, or even
N achromat. With the biconvex Littrow design, the lens has two extraneous solar
felections which must be removed. One small piece of black tape placed on the rear
Surface of the lens and a small diaphragm a short distance from the rear surface of
the lens will remove the reflections. If the shape of the lens is a positive meniscus,
the two reflections can be more easily removed; the rear concave surface sends
Une reflection back to the side of the box near the exit slit while the other reflec-
tion off the front convex surface is blocked out by a small diaphragm about one

behind the lens.

The rotating glass disc cannot be used with a biconvex, plano-convex or
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achromatic lens because the glass disc rotates; the extraneous reflections off
Littrow lens also move and blocking out the reflections would require rather |
diaphragms. A positive meniscus shaped lens would be better with the rear
cave surface having a radius of curvature almost the same as the equivalent
length of the lens; the ROC and the e.f.1. of the lens do not have to be exactly
same. Only Anderson prisms can be used with any lens shape because the siits
fixed. The Ebert and Hale designs need a screen placed lengthwise
parallel to the optical pathways, or a screen placed across the pathways with he
in the screen in the proper places. The screen prevents crossing over of sg
from the entrance slit, off the mirrors and into the exit slit. J

The table gives a summary of the possible spectrohelioscope designs:

synthesizers slit motion spectroscope design
Arcetri Hale Littrow* ‘s
Arcetri slits sideways yes no no
Anderson prisms fixed no yes ves
Hale's slits oscillating no yes R
Seller’s slits vibrating no yes R
Veio disc rotating no yes R

* Lens shape is an achromal, plano-convex, biconvex, long /] best.
** Lens shape is a positive meniscus only; minimum about 6 feet f/1.
R—Recommended only with long focal lengths; about 12 feet /1.

The rotating glass disc was invented in 1912 by F. Stanley. An 8" dian
glass disc was used by G. Mitchell; it had about 150 slits. The optical-mechar
mounting was very involved, The disc can be reduced to 4'4" diameterand cul
24 slits. Off-axis effects from the spectroscope lens will be minimized and
degree angle prisms will not be mandatory.

ELIMINATE SPECTROSCOPE LENS REFLECTIONS

- Firsl extruneous reflection is at exit slit if optic axis and motor axle axis colficiies

¥ oplc axis

k mcior nxis

roasting glass disk
entrance slil

Remaove firs extrangous reflection by off-aais till of the spectioscope lens By
hall inch {ceniimeter

Optic axis

A hekadThadks T WAL A BRARY

Remaove second extrancous reflection by blocking out with & 1/8° (Imm)
diameter diaphragm placed about 12° (J00mm) behind the spectroscope
lems

3un light 1o and from the grating in order 10 observe the solar spectrum and the
solar disk in H-alpha light.

enlrance

A small top-quality grating has a considerable amounl of resolution, which
can easily be calculated. Just add up the total number of lines and divide it into the
wave length of interest. For example, a 32mm grating with 1200 lines/mm has a
total of 38,400 lines, The latter, divided into 6563 Angstroms wavelength, which is
the H-alpha line, gives 0.17 Angstrom resolution in the first order. For excellent
contrast of the sun in H-alpha light, 0.6 Angstrom passband is preferred. The grat-
ing should have a resolution of about one-third of that of the passband, namely
about 0.2 Angstrom. That is why small gratings will give good performance; an
average quality grating will have about 0.4 Angstrom resolution and they are not
recommended for best results.

The basic procedure to set up a spectrohelioscope is quite simple. First
Mutually align the optical axes of the telescope and spectroscope lenses. Then
Move the grating mounting sideways to reflect the solar spectrum back to the
Spectroscope lens and finally focus the telescope lens. Now turn the micrometer
Which tilts the grating in order to place the H-alpha line in the center of the field of
the eyepiece. Put the rotating 24-slit glass disc on the output axle of the motor,
turn on the motor and observe the sun in H-alpha light.

The focusing mounting for the spectroscope lens must be free from play and
Wobble —slight spring tension is desirable. A slight shilt of the spectroscope lens
Will move the H-alpha line a little so that the line will not coincide with the exit slit,

'€ grating in its cell must be shimmed snug on the sides with cork or thick paper,

Prevents any slight accidental cant of the grating which would again displace

the position of the H-alpha line off the exit slit, The high f/ratio of the lenses will

Bive great depth of focus so that the mutual focusing of the lenses is not critical,

Depth of focus of an /44 lens is about Y-inch; depth of focus of two such lenses

r':":liw.d together is half, about 1/8-inch. For comparison, a 6" diameter mirror of
has about 0.006" depth of focus.
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When observing the solar disc in H-alpha light, most of the field of view
be dark H-alpha light. The extreme top and bottom of the field will be g
brighter, namely a slightly longer or shorter wavelength relative to the centry
alpha line. This is partly due to small air currents in the spectroscope box, eay
the H-alpha line to be moved a tiny bit off and on the exit slit. The H-alpha i
0.006" wide with a 75" spectroscope lens and a 1200 lines/mm grating. The sl
about 0.005" wide. i
About six inches behind the 60 r.p.m. synchronous motor is plage
diaphragm with two 1%" holes to allow the solar light from the entrance slit 1o
to the spectroscope lens and grating, then back to the exit slit. The two holes
covered with good quality reticle glass. The diaphragm prevents stirring up air
rents in the spectroscope box as the 24-slit disc rotates on the motor output §
The air current diaphragm helps to give a very uniform appearance to the fig
view of the sun in H-alpha light. Contrast of the solar detail will improve aboy
times.
The front door of the spectroscope box must be painted flat black to &
reflections of the sun off the door and into the eves in a manner similar to a m
The spectroscope box should be painted a dull color, not white; this will mimni
solar glare off the instrument and into the eyes.
Use a Bodine 10-watt synchronous motor, about 3 x 3 x 3 inches, we
2.2 pounds. The warming of the motor will not create any problems and no in
tion is required. Some brands of motors have slight vibrations; never use the;
such tiny vibrations shake the spectroscope box and ripple the air in
causes the H-alpha line to shimmy on and off the exit slit and presenis a :
alpha view of the solar disc. Always buy a smooth-turning motor—the onl kL
that | know of without any vibration is by Bodine—they also have no signi
eccentricity on the output axle. Small 3-watt motors have too much
eccentricity; this causes the glass disc to wobble as it rotates. A trace of
the glass is acceptable, too much results in an uneven up and down mot
field of view of the sun. 3
A piece of square glass about 14" x 1%" and 3/16" thick is placed ne
exit slit of the spectroscope box, Tilting it will move the spectrum up or o
small amount so the solar disc can be studied at different wavelengths €
H-alpha line—it is called the line-shifter. Do not buy commercial glass be
seldom of good quality; best quality is obtained from reticle glass which €
picked up from a war surplus store. As a double check on the quality, it sho
checked by the autocollimation technique; an achromatic lens of about ¥
inches focal length and 1" to 2" diameter is adequate, also use a small opti
about 1/8 wave and about 1" diameter. The glass to be tested is placed be
optical flat and the achromat; a Ronchi screen with 100 lines/inch
straight lines if the glass is of good quality. e
Dust is the enemy of a diffraction grating. When the spectroscope IS
operation, always put a cover over the grating. Never touch the surface of U
ing—any slight linger-mark will be permanent because the surface is very @
The ruled surface of the grating will not be seen; it will appear as an ordinal
cal flat, but the lines definitely are there. Never blow with the mouth at an¥|
on the surface of the grating, there is a high chance that a bit of saliva will &
tered onto the grating; just leave the dust *‘as is™ for a few specks of dust Wi
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GRATING CELL MOUNTING
Front view

STEW
grating cell

cork of thick paper
acting as & shim

32mm Mmm ruled
area of the S0mm
dismeler grating

honzontsl plvotal
axis (sideways movement |

—enn F !

" i
.' hottom of
§7/7 )77 b 1 7/ 1 {
= L 3 !

GRATING CELL MOUNTING USING AN
INEXPENSIVE MICROMETER (54)
Sude view only

micrameter has
half of the arm
cut off

.

grating cell arm

0 harm.
A low-cost micrometer head is used to control the vertical tilt of the grating
?}ly and precisely. The H-alpha line must be placed precisely at the narrow exit
L, it must be understood that tilting the grating at the proper angle for the H-
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alpha line is impossible by direct manual means, some kind of mechanical levers
must be employed. The micrometer should have a one-inch spindle travel; no ye
nier, ratchet or lock-nut is needed. ]
The various pieces for the grating mounting can be fabricated out of |/
thick aluminum, anything thicker is unnecessary. Do not use thinner me
because any slight bending of thin metal will shift the H-alpha line off the exit g
Newver put any mechanical pressure on the grating. Precision parts are not
ary except for special purposes. -
There are three motions to the grating mounting: (1) rotation of the gragi
cell, (2) vertical movement of the grating cell and (3) horizontal movement of
whole grating mounting. The rotation of the cell aligns the lines of the graj
parallel to the exit slit, this mutual parallelness does not have to be perfect, pli _"
minus two degrees will not result in any serious loss of resolution of the grati
The vertical movement of the cell shifts the spectrum up and down at the exit
this motion is extremely delicate and requires a micrometer for mm:__
horizontal movement of the whole grating assembly positions the spectrum .'F.
exit slit. pr
The RA drive for an equatorial mounting needs a one-revolution-per-mis
motor with a 96:1 and a 15:1 gear ratio. This gives a total gear reduction of 144
Now if a telescope is mounted horizontal to the ground and a mirror reflects |
light into the telescope, the mirror doubles the motion of the sun across
ground. The RA drive must have the gear reduction doubled (2 x 1440 is 288!
in order to reduce by half the doubled motion of the sun. Thus 96:1 and 30:1 §
ratios equal 2880:1 total reduction with a 1 r.p.m. motor for a heliostat or coel
mirror system. |
Do not use 3-watt motors. They do not have enough torque and tend o'
a stalling motor will not drive the gears, so the mirror does not follow the sur
will not keep the solar image on the entrance slit. A stalling motor results i
sun drifting on the entrance slit and this can be most annoying. Slow revoil
motors of 1/15 to 1/30 revolution per minute are not recommended, use a L ¥,
motor with the proper gears. Traces of backlash are quickly taken up by a
motor so that the mirror follows the sun precisely. Slow speed motors with &
of backlash can have a drifting sun on the entrance slit. 3
The working f/ratio of the spectroscope lens is calculated by dividin
diagonal of the ruled area of the grating into the focal length of the spectrosco
30mm x 30mm ruled area on a grating has a diagonal of 44mm (1.7
divided into 75" focal length gives {/43. The f/ratio of the spectroSCOpS
telescope lenses should be almost the same in order to cover the full ruled ®
the grating with sunlight from the telescope lens so that the full resolutioft
grating is maintained. The lenses should be corrected for spherical aberra
1/4 wavelength, Pr
The focal length of the eyepiece does not have 1o be exactly 4" fo
24-slit disc or 2%" for the spectroscope disc, there is some leeway. &8
diameter can be about one inch. The eye relief is high and it takes some S
become accustomed to it. The spectrum has much fine detail and an eyep
about 27 to 2%4" £/1 is best. The solar disc in H-alpha light requires & i
length eyepiece because short focal lengths give too much power, this
contrast of the solar disc in H-alpha light. About 44" to 5" f/1 is best Wi
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slit rotating disc. Single element lenses can be purchased from Edmund Scientific
-~ The writer's straight-line design consists of a 9 foot [/] telescope lens of 2,57
clear aperture, A 4" diameter pyrex mirror reflects sunlight into the telescope, and
this projects a 1" diameter sun image onto the entrance slit of a 7 foot long
spectroscope box. Inside the front of the box is a 4'4" diameter rotating glass disc
which is mounted on the axle of a Bodine synchronous motor. At the rear of the
box is 8 75" focal length spectroscope lens of positive meniscus shape and 2" clear
aperture. The rear concave surface of the lens has 73" radius of curvature. A
reflecting grating of 30 x 30mm ruled area with 1200 lines/mm diffracts the sun-
light in the various wavelengths of the spectrum; the blazed wavelength of the
grating is 5000 Angstroms. The spectroscope box is supported by two wood and
concrete piers, each weighing about 70 lbs. The heliostat and telescope lens are
mounted on a wood board which is bolted on top of a 407 high third pier. Absolute
alignment of the optical system is necessary when it is set up for observing; the
side of a concrete patio or sidewalk can be a useful help here,

Most amateurs do not have much space. There are other optical designs
which will give eguivalent performance. The heliostat with the 9 foot focal length
lelescope lens and 6 fool spectroscope lens can be mounted in a 9 fool long box
and two optical flats used to fold up the system into a U-form. Unfortunately, such
a box will be rather awkward to handle. Instead, a 6 foot focal length telescope lens
combined with a -20” [/1 Barlow lens can be adjusted to produce a 9 feet e.f.l. in
order to retain the 1" diameter sun image on the entrance slit. The box will now be
about 7 feet long and only two piers will be needed for support. The box-pier
system gives maximum stability without a trace of vibration, therefore photogra-

FRONT OF SPECTROSCOPE BOX - top view
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phy will be possible. The piers are very cheap to make, certainly less so than ma

ing a very rigid fork mounting of equivalent stability.

COMPACT SFECTROHELIOSCOPE DESIGNS

Plan D box 7.5 feet
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A fork mounting is recommended to hold a spectrohelioscope in a fold

configuration. Unless the mounting is heavy and rigid, good detail in photogh

will not be easily achieved. With a light fork mounting a fold

spectrohelioscope will still give very good visual performance, and this is

many amateurs will have to compromise with. A trace of mounting sway
seriously mar visual viewing of the sun in H-alpha light because low po

used on the sun, namely about 22x (5" focal length eyepiece divided into 9 feetfi
telescope lens). Since the instrument will be pointing at the sun, not the po

regions, an equatorial mounting is unnecessary.
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The folded designs are nol meant to be absolute but merely to serve o make
the amateur aware that he does not have to mount the spectroscope and telescope
in a straight line as do professional spectrohelioscopes. Other arrangements are
quite in order so long as the optical elements are of high quality. The more optical
flats in the system, the higher must be the quality per individual surface.

In plan A to save some money, an Edmund achromat of 50" focal length and
72" diameter can be employed for the telescope system. A -20" {/1 Barlow lens must
be used to give sufficient projection distance (10" from the Barlow lens, off the
two optical flats and onto the entrance slit). The Barlow lens is adjusted for 2x to
give 8 feet e.f.]. as a bare minimum. The spectroscope has the usual 6 feet /1 with
two optical fats of 2" diameter to fold up the focal length of the spectroscope by
gbout half. The 2" pyrex flats must be at least 1/10 wave Matness. The other optical
flats are used to bend the telescope in a U-form with the folded spectroscope
system; the extra flats must be of quartz and about 1/20 wave. This doubled,
folded-up system is very compact, requiring about a 3% foot box. A 6 foot focal
length spectroscope must be used to maintain high linear dispersion of the grating,
namely 4 Angstroms/mm in the first order.

In plan B the 6 foot f/1 spectroscope lens is not folded up. The 2.5" diameter
telescope lens is 6 feet (/1 in combination with a -20" {/1 Barlow lens adjusted for
1.5x, or 9 feet e.f.]. Two quartz flats of 1/20 wave fold up the system in a box 7 feet
long. This design is less critical to keep in adjustment than plan A. Plan B can be
mounted along the side of a large reflecting telescope or a 5" refractor, so one
equatorial mounting supports two instruments, one for daytime and one for night.

With plan A you will need a star diagonal to observe the sun. In plan C no star
dizgonal is needed for the sun is behind the observer. The 2 diameler telescope is
B feet /1 and folded up with one 2 diameter quartz flat of 1/20 wave. Two 1/8
wave pyrex flats of 2" diameter fold the focal length of the spectroscope lens. Two
other quartz fats of about 1%" diameter and 1/20 wave fold up the spectroscope
and telescope with respect to each other. A box of about 3% feet long is all that is
necessary.

Plan D is a polar heliostat straight-line design with the box inclined so that
the R A axle points to the north pole. A 3" heliostat mirror of pyrex and about 1/10
wave reflects the sun into a telescope consisting of an Edmund 2" achromat lens of
50" focal length combined with a -6” Barlow (Edmund) giving 8 feet e.f.l. The
spectroscope focal length is folded up as in plans A and B. This design has excellent
rigidity for photography, it is also compact and of low cost. The box must be about
T4 feet long.

Boxes for all the designs should be at least 1/2" thick oak wood. Nails and
wood screws should be used to guaraniee holding together of the planks. An
aluminum tube of about 5" diameter and 1/8" thickness might have a slight ten-
dency to bend; aluminum rings would have to be placed inside to guaraniee rigidity
because any trace of bending in the tube could easily tilt the grating to a different
éngle and throw the H-alpha line ofT the exit slit. Wood is recommended because it
is easy to work and cheap. Screens should be installed in the box to prevent cross-
ing over of light from the entrance slit.
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Chapter 6
INTERFEROMETERS

A SIMPLE INTERFEROMETER FOR
TESTING ASTRONOMICAL OPTICS
by Karl-Ludwig Bath

mateur telescope makers test their optics by a number of

methods; most of these are well written up, with the excep-
tion of interferometry on which there is almost nothing in the available literature.
In the following article, an interferometer is described which can be assembled
from normally available materials and which is easily adjusted. Most of the ele-
ments can be found in any inexpensive prism binocular.

Highlights of the interferometer:

It is applicable to all common F/D ratios and to all focal lengths down to
about 20cm. White unpolarized light can be used. The interferometer provides a
bright image. When working with laser illumination and exit A2, up to 50% effi-
ciency is available, sufficient to project the image to 10" diameter. Contrast of the
image is high and at exit Al is always 100%. The image is free from disturbing
ilill:nrl. Exit Al is complementary to A2. At Al the zero order fringe is bright, at A2

is dark.

QLY B 2R Al BlW

Fig. 1. Layout of the imterferometer.

Principle.
In Fig. 1: The elements from lamp Q to diaphragm B2 are only necessary if a
 is not available. The beam divided cube W1 splits the light into two coherent
Parts, 1 and 2. Beam 1 produces a small image of the light source at Q'— then, hav-
been reflected, it passes through a small biconvex lens L3 and forms an
Undisturbed spherical reference light wave with the center P1. Beam 2 leaving the
Cube W1 meets lens L3 and as a spherical wave fills the whole aperture of the opti-
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cal system under test (PR). The reflected wave has all the deviations of PR,
forming a second light wave at P2. Cube W1 recombines the two waves, which ca
be observed at Al or A2,
Elements of the [nterferometer.
1. The source at : Any common light source will do, preferably a p
lamp=—"best is a laser. With a laser, each surface should be cleaned th
after aligning, care should be taken to remove all dust particles from the surfae
hit by the narrow beam to avoid interference, If the beam of the laser is too narros
and does not illuminate the whole aperture of PR, a simple negative lens is plag
between the interferometer and the laser—the small amount of divergence do
no harm,
2. The lens L1. A photographic lens of about [ = 50mm, a binocular ocy
the like.
3. Diaphragm Bl. A strip of aluminum foil provided with pinholes of var
sizes. 1
4. The lens L2. Another corrected lens whose focal length should be lo
enough to produce an image Q' of Bl smaller than 1/10th of PR's diameter.
5. Beam dividing cube W2. This is only needed for exit Al and should
removed when exit A2 is used (A2 provides four times the brightness of Al).
thin microscope cover plate or two Porro prisms “‘cemented’” with water may
used as well. '
6. The cube W1. To get sufficient dispersion of P1 and P2, at least a 25
cube should be used. | obtained the same results by replacing W1 by two Poi
prisms luted with sunflower oll. While most available cubes have one unpolisk
black face, the home-made cube leaves all faces accessible as needed for exit
7. Lens L3. This is a symmetric biconvex lens with a focal length smaller t
1/20th of PR's. To get a small angle between the beams | and 1 at @, the diami
of L3 should not exceed 10mm. If necessary, it may be ground to near half-mi
shape. The aberrations of L3 are compensated even when it is tilted in the bear
L3 is assymetric (for instance a plano-convex) it should be adjusted with 8¢
care, and in this case the ratio R/D should equal 10 as a minimum.
Construction of the Interferometer
Three-dimensional adjusting devices are necessary for the lens L3 and
optics to be tested (PR). At least one of them has to be adjustable in height

the same height. We begin with the light source at () and then place dia|
al approximately 4.5 focus lengths of L1 in front of Q. Then we center the &
cone emerging from Bl to PR before putting the lens L1 in.its place. Q mis
focused on the diaphragm Bl. =
Lens L2 images the diaphragm B1 on PR at Q. The diaphragm B2 sh
have a diameter of 5 to 10mm and it should be adjustable in the plane perp!
lar to the beam.
Setting the cubes is not critical. Cube W1 is a plano-parallel plate with P
to beam 2. Beam 1 will be recentered by turning the cube. -
The distance of the emerging beams 1 and 2 should not exceed 1 0mi
wise we get additional astigmatism and coma. Beam 2 is set to the P
by moving diaphragm B2, The distance of beam 1 from beam 2 is set by SF

cube W1 in the direction indicated by the arrow in Fig. 1.

Lens L3 is centered into beam 2 at one focal length from cube W1. In case
the system PR has a ratio of less than 10 after having finished the adjustment of
the interferometer, in order to avoid vignetting by the cube, cube W1 must be
shilted nearer to lens L3,

No light should miss lens L3 and light cone 2 must illuminate the whole aper-
ture of PR. These two conditions are met by adjusting the diameter of diaphragm
B2 and its position perpendicular to the beam,

Distance L2—PR equals the imaging distance of PR (called R, see Figs. | and

4).
51
E 5 1 |'"§ ;
52
Figure 2,
Adiusting the Imterferometer,

We produce some strips of fairly stiff paper. One strip underneath each beam
dividing cube provides easy turning by small angles.

At first we move lens L3 or diaphragm B2 until the light cone 2 is centered on
PR. If PR is an objective lens, the plane mirror (Fig. 4) is obscured with blatk
paper and the axis of the lens adjusted with regard to the interferometer axis
(marked by the dashed line) with the beam reflected by the lens surfaces.

] At P2 (one focal length away from L3) we insert a strip of slightly transparent
white paper into beam 1 and adjust the image of F (Fig. 1) to exactly opposite Pl
and centered on beam 1. This is done by moving PR (Fig. 1) or the plane mirror in
case of an objective lens.

Finally, looking into the interferometer at exit Al or A2, we see several
hrli;lu spots. The one caused by cube W2 can be removed by turning this cube
slightly, Another is caused by cube W1 (see Figs. 2 and 1), Occasionally lens L3
Produces reflections which are easily removed by tumning the lens (see above
under “Lens L3%),

~ Having adjusted fairly carefully, we find two bright discs corresponding to
points Pl and P2. P2 appears only on PR and is identified by moving the head
Some inches backwards,

We now have to: (1) make the two discs of equal size and (2) make them
coincide. The size of the discs can be varied by changing the distance L3—PR. The

are brought into coincidence by turning and inclining the concave mirror (or
the plane mirror if a lens is being tested). Another approach would be to change
the height of L3 carefully and to turn the cube W1 by small angles. During the last
Procedure, beam | will move over PR but should not leave it. This second method
'8 more convenient but may result in only partial illumination of PR.




Having brought the two discs to the same size and coincidence, we can exe
to see interference fringes. In order to get experience with the fringes, we repea
adjusting steps and vary them by very small amounts. We find the paraxial
centering the ring system first and then focusing the distance L2—PR.
tional maladjustments necessitate going through all the steps described—it is |
less to look for fringes in a maladjusted system. 2

The Fringes.

If PR is a perfect spherical mirror, the interferogram for the center ¢
vature is a uniform bright (exit A1) or dark disc (A2). In this case, we move
and P2 horizontally or vertically against each other and see straight fringes eme
ing; these are parallel and without deviation no matter what the direction js, A
deﬁatic:\rn of wavefront 2' deteriorates the fringe pattern (compare interfe v
2and 1).

The focus of a certain part of the test piece PR is identified by i
the fringes more conveniently than by making the fringes vanish. For instan
the [ringes are straight at the center of the test piece, then deviations from
straight line give the aberration of the zone very exactly (in interferograms 3
spherical aberration is shown). In example 4 the central fringe at the edge is.
placed by 4.0 fringes, corresponding to approximately 4 rings in example 3. In
5 the interferometer focus P2 coincides with the focus of a zone of the test pieg
No, 3.

0(0.25) 1
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Some Applications.
Concave mirror: elliptical, paraboloidal and hyperboloidal mirrors are
lened at the edge compared to a reference sphere, and therefore produce o pat
similar to the test object in interferograms 3 1o 5. We get these fringe radii from
difference between the curve under test and the reference sphere (beam 1)
first approximation: y

o
h I 1

&= T (e, — €5

Bl s e d i

where h = distance of the point with reference to the optical axis
R = radius of curvature
€ = eccentricity.
For a paraboloid, €; = 1, and reference sphere, €, = 0, we derive the well-
known formula

h-l-
8RY

b= —

and from this the value of h if 5 and R are given,
From Fig. 3 we see that the path difference 28 = (2n,~1) 5 withn,
being the number of the dark ring considered (center bright, Al). So we get:

2h* q A
ER? = Coy=1) T
h = 4/(4n,~2)AR’ (2}
For A2 we find in the same way:
h = 4/4n AR’ (3)

With these formulas we can further compute the half diameters h of spherical
mirrors, which will work as paraboloids within the Rayleigh tolerance of 25 = A/4.
In Fig. 3 the arrow follows the diameter of such a spherical mirror:

D = 2h = 2/4(0.75—2)AR" wheren,is0.75

and D= 2/4(0.25)AR’ where n,is 0.25

(2a)
(3a)

Z
7
g
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Figure 4. Lens Testing

When testing the entire telescope, the flat mirror must be of high quality.
_"‘!Dn:uver. we should pay attention to the "scope’s axis (Fig. 4) otherwise we will
introduce additional astigmatism and coma. With a telescope containing lenses of
Not first rate chromatic correction, the interference fringes will appear only on a
Part of PR. This effect is caused by light of short coherence length and is avoided
only by use of a laser.

Some Notes on Photography.

Lens L4 is to be focused on PR. Bad focusing causes an indefinite edge of
the image (see interferogram No. 13), For a 2cm diameter image, the focal length
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of L4 has to be approximately 2R/D, measured in cm. Cube W1 causes an elli
image (astigmatic imaging of PR, because in most cases the light cone is
assymetric with respect to the cube. Interference is not affected). We get a circular
image if the beam traverses an additional Porro prism (not drawn) of W1 size |
with its hypotenuse face in the plane of the drawing between the camera and Wi,

If PR is a lens, there are some more reflections which can be stopped hl"
suitable diaphragms at P1 and/or P2,

T
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A PRACTICAL SOLUTION TO THE COMMON
PATH INTERFEROMETER
by A. E. Aeppli

y first experimental setup of the interferometler was on a

strip of wood onto which the loose lenses were stuck into
small lumps of plasticine to make them stand up and to give them the right height.
Although | did not know what lo look lor, | succeeded in seeing interference
fringes with this crude setup (after half a day of frustrating trials!). After this first
success, | built the interferometer shown in the photos which works so well that so
far | have saved the effort of building one that looks a little more professional.

My concept of the interferometer was different from the one described by
Mr. Bath. | wanted to have all the optical elements lixed once they were aligned. If
necessary, | wanted to be able to exchange lenses of different focal lengths, and
therefore change spacing, without having to rebuild anything. The whole job had
to be done in an afternoon, using only a hand drill

A piece of wood was cul into squares about 3" x 3”. All squares were stacked
on top of each other and clamped together. A hole was drilled into each corner o
accept an ¥mm threaded rod. A small hole was drilled through the center of the
stack which would later serve as a guide when the individual large center holes for
the optical parts were made. This ensured good enough alignment since the
squares were used the same way round and in the same order in which they were
drilled. When assembling the interferometer, each square carried one optical ele-
ment which could be moved and fastened anywhere along the optical axis. Because
the optical elements could not be adjusted as described in the article, when the
interferometer is used to test a mirror, the whole unit has to be mounted on a
cross-slide. Various cross-slides have been described in Sky & Telescope in past
years either for Foucault or caustic testers (X-Y axis). For the Z axis (up and down
movement) 1 use the center column of my heavy photographic tripod which 1
always use as a stand, or | adjust one of its legs. For fine adjustment of this setup, |
put small weights in front or at the back of the support table, or onto the inter-
ferometer itsell. This changes the tilt very slightly.

Using My Interferomerter,

lesting a spherical mirror only takes about ten minutes when starting from
the beginning. Re-checking after a spell of polishing takes about two minutes of
adjusting the screws on the cross-slide and the weights for the Z axis, if the mirror
stand is sturdy enough.

Al the approximate radius ol curvature, the reference beam of the inter-
ferometer is directed towards the center of the mirror, just like a torch. The return-
ing beam, which is caught onto a white card mounted all around the beam-splitter,
is focused by moving the interferometer to and from the test mirror until one of
the beams forms a sharp point, just as in Foucault testing. By moving the inter-
lerometer sideways, the beams are made Lo re-enter the beam-splitter and lens L3.

Now we have to move to the observing point of the interferometer at A2, Il
we sit back one or two leet, we see two bright points, P1 and P2. One of them can
be moved by moving the interferometer (1o make them stand out brightly among
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other reflections, | advise using a coated mirror for the first test). These two pointe
are moved until they cover each other perfectly. If one of them is larger than ghy
other, the interferometer is focused to or from the mirror until both look the sam,
size. If we now move the eye as close as possible to the interferometer, we see the
whole mirror illuminated brightly (as in Foucault testing). By pressing on the sun.
port table, we see interference rings flashing across the mirror. We now adjust the
cross-slide and vertical axis until the rings remain visible. There may be 10, 20 g
more rings— by fine focusing we obtain the desired straight fringes if the mirroris
perfectly spherical, i
For me, testing for spherical wave fronts is the main way in which I use the
interferometer. Any fault can be seen at a glance with high accuracy, especially if 3
positive eyepiece is used with a piano wire stretched across its field to serve as &
reference straight line. On strong aspherical surfaces, | use the interferometer &
measure zones—the peaks of the fringes accurately point to the zone in focus.
Spherical wave fronts are obtained if a perfect surface or system is tested o
the following specifications: ;
1. A spherical mirror at its center of curvature. g
2. A plane mirror against a spherical mirror.
3. A parabolic mirror at its focus against a plane mirror.
4, A complete optical system (such as a Maksutov) against a plane mirror.
5. A telescope objective against a plane mirror,
6. A hyperbolic Cassegrain secondary against a plane mirror (Norman test),
On visiting the astronomical workshop of Zeiss in Western Germany, 1 s
shown their use of interferometers for final quantitative testing of all their I
astronomical mirrors and objectives. | think that making up the described inter
ferometer from surplus lenses and eyepieces will appeal to any optical amateus
Purchasing a good quality beam-splitter cube, however, will save a lot of exp
ment time and will ensure quick success,
References.
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THE SCATTER-PLATE INTERFEROMETER
by Richard E. Sumner

I 've been interested in the scatter-plate interferometer for
about ten years and followed its development with interest.
The first reference I can find is dated 1954 when Dr. James Bauch first published
his findings at the National Physical Laboratory in England.

In his first unit he used two identical plates as shown in Fig. 1.

first plate

{:I' o MEICUTY afc source

Ser
_ e ond plate

; P viewer
Y

beam splitter

— — —— S . — — —

Figure 1.

All T can say is that it must have been one hell of a unit to align. Since then
Scatter-plates have been made by superimposing two images on a piece of plastic; a
master pattern is pressed and then rotated 180° and pressed again. |

Current technology uses high resolution photographic plates, namely Kodak
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649F, the scatter pattern again being formed from a master. In thumunh hy
speckle pattern formed from a ground piece of glass, see Fig. 2.

Figure 1.

Two exposures are made, one rotated precisely 180° from the other; the bet-
ter the 180° are held, the higher the contrast. The finer the grind, the larger
scatter-cone (the angle of scatter light). This determines how fast a mirror you can
test.

The film is developed, bleached and fixed. A small fiducial mark is usuall
included to mark the physical center of the plate— very important for lining up thi
plate and the reflected image.

The usual configuration used is as in Fig. 3.

rmurror s radius

reference |
seclion

Figure 3

The scatter-plate interferometer is a common path two beam system. b K
whole of the mirror under test is compared against the small reference sectic
Since the scatter-plate gets its reference wave front from the scatter poinis Wik
are caused by diffraction, the unit’s overall quality factor is reported to be theore
cal (somewhere around A/100). .

Included at the end is a drawing of how Diffraction Limited made their unit-t
found this out when Xerox sent me their unit for repair. It seems that the ¢
plate now joins salt prisms and diffraction gratings as an endangered species. Xef
has a technician who was successful in cleaning that transparent film off the W
dow in the interferometer! b

Another method developed at Edmund Scientific and reported to me& &
Mike Simmonds is as shown in Fig. 4: '

A ke dBl A T WAL R Rl Few i)

[ ¥ leser or poinl source

Figurc 4

This method has one tremendous advaniage: it keeps the user from viewing
the laser directly (if one is used). Secondly, it allows you to place an occulting disc
at the focal plane to block the bright reference spot.

The ultimate quality of the interferometer is based on all the information
generated by the scatter-plate and brought to focus in the final image. When you
view the mirror with your eye, the fringes will be seen on the surface of your mir-
ror under test. For long focus mirrors this is a good test, but for fast mirrors the
fringes you see are not real. This can be proved by moving your eye from side to
side and observing the fringes changing shape. But if you use a highly corrected
camera lens and bring all the energy to a common focus, the fringes will become
real, as viewed in the finder or in the final print.

Alignment of the plate is critical. It must be held firmly and be able to be
moved in three directions, X, Y and Z. See Fig. §:

X = oul of the swrface
of the paper

Tabilg
Figure 3

A misalignment of Ysmm will make the fringes very hard to find. The plate
must be at the radius of the mirror under test. The amount of misalignment is not
so critical [or long focus systems.

On setting up the unit, the first thing 1o be done is 1o focus the reference spot
on the mirror—adjust the mirror to bring the reflected beam back to the scatter-
plate. Measure for correct spacing and place a ruler across the mirror to block the
reference beam. Look at the scatter-plate with a lens so that you can see the fiduci-
ary mark clearly, viewed from the back. Adjust the unit till the image formed of
the scatier-plate is in besi focus, Now remove the ruler and align the unit in the X
and Z planes till the image of the fiduciary mark is directly on top of the original in
the emulsion. Remove the viewing lens and observe for fringes.
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If you are misaligned in the Y direction, the fringes will be found on a sm
circle around the fiduciary mark. If the misalignment is in the X or Z dire
the fringes will be seen at the edge of the mirror. If no fringes are seen, go back ar
check the setup for errors. If all else fails, perform a search by making small moy
ments in X and Z till they are found. When found, take a look at the plate wi
your viewing lens and note the relative position of the reference marks. Due |
small variations in each plate, they do not come out even. If you note the corre
position for your unit, you will have no trouble in finding fringes a second tim;

In my opinion the most beautiful fringes are those produced with a hig
intensity arc source with white light, using an aluminized mirror—the colors an
something to behold.

Caution. This is an interferometer and very sensitive to vibration and ben
ing of supports. Be sure you use a firm table, free from vibration and jiggles.

SCATTER-PLATE INTERFEROMETER BY DIFFRACTION LIMITED (from Xerox)

mirrod under last _..

scater-plale

converging lens
//

e bun:qﬂuun
(1) ome small spot
(1) high reflection for setup
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Be cautious in using a laser, they are not a known quantity when it comes to
the human eye—this is why | recommend the Edmund method. Another approach
is to use a view camera (like a 4 x 5) and view the image on the ground glass. It
helps to use an aluminized mirror when you are getting started. )

Mike Simmons of Edmunds has informed me that scatter-plates will be
offered for sale in the Fall 1976 catalog (they are not easy to produce without
proper equipment). Catalog number will be 30,782.



C ter 7
CALCULATOR PROGRAMS
FOR TELESCOPE MAKERS

Introduction by Ed.

In the 1950s when the Maksutov Club was formed, computers were still in
their infancy, They were huge machines and expensive to operate. Solid state com-
ponents, which are the heart of a modern computer, had hardly been invented and
were still very primitive. Very few amateurs had access to a computer except at an
excessive cost in computer time. There were such things as desk calculators
(Friden, Monroe and such) but they were little more than adding machines: in the
early 1950s they were mechanical, in the later 1950s they began to be electrically
powered.

In the 1960s, true electronic desk calculators began to appear and the large
computers were solid state machines that were designed to be more compact. In
1968 the department in which | work bought an HP9100B desk calculator at a cost
of well over $6,000 (far beyond the budget of most TNs): it is a powerful machine
but weighs over B0 |bs. and looks like an oversized typewriter.

In the 1970s, hand-held calculators began to appear. At first these were
adding machines with multiplying and dividing capacity and they cost $400 and up.
Hewlett-Packard were the pioneers and they had a free market until firms such as
Texas Instruments and others began to be interested in the potential marke; after
this, prices began to drop rapidly and the calculators became more and more com-
plex and with much greater capacity for problem solving.

Now (1976) there are a number of hand-held calculators on the market that
offer a full range of functions. Most of them have a single memory register only
but some of them have multiple memories—Texas Instruments and Hewlett-
Packard offer a series of calculators that have 20 memories. To illustrate the
extraordinary complexity of these little instruments, a user recently discovered
another 30 memories hidden away in the SR-52 calculator (Texas Instruments), to
the complete surprise of the manufacturers! At least two of these more complex
Calculators are programable with magnetic cards (the SR-52 by Texas Instruments
and the HP-65 by Hewlett-Packard); both of these have 224 possible sieps on the
cards and with the SR-52, at least, it is possible to connect one card with another,
thus giving almost unlimited capability to the calculator.

During the 1960s, a number of computer programs were collected in the
Maksutov Club Circulars, but these have been abandoned in this book because
TNs who have access to a large computer are still in the minority. Hand-held
calculators are now well within the budget of most amateurs although only the
More expensive ones are capable of solving all the problems to be met with in
lelescope making.

Competition in the field of hand-held calculators must be enormous and
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prices are dropping every week; the calculators are being made with mo
more capacily and by the time these remarks appear in print they will prg

Quite out of date, but the card-programable calculators enable anybody -

trace quickly and easily (as opposed to the old method with 7-place tak
telescope designing is now within the range of all amateurs.

Many people feel that they have not got the mathematical ability 1o w
programs, so the following are given for those who don't like to write their oy

they have been found to work and to give the right answers. They are

the SR-52 and the HP-25, both of them multiple-memory jobs, but they ca

adapted to single-memory calculators with the addition of pencil and pay
They are split in two sections: those for the Texas Instrumenis

those for the Hewlett-Packard. Within these divisions they are presented in o

of increasing complexity. In this way it is hoped that an amateur who h
bought a calculator will be encouraged to build his own programs withe
much brain-fag.

Pragram
For computing the diameter of successive rings to be cut when ger
cast-iron tool in the lathe.
SR-52 by A.M. 10/
Key Code Comments Register
LBL A 11 01 incre
RCL 03 03 02
+ 85
RCL 01 01
) 54 sagitta,
STO03 03
rin 56 hels
LBLB 12 AandB
2 02
X 63
RCL 02 02
X 65
RCLO3 03 2RS
X; 40
) 54 2RS - §
VX 30 VIE—§
X 65
2 02 IRS =5
b 54
rin 56
Procedure:

Store in 01 increment o be used
Store in 02 R (radius desired)
Hit A for sagitta

Hit B for diameter }
Hit A and B successively for increasing sagitla, increments are auto

TR S I § e L e -

Example:

It is desired to generate a tool with radius 80 inches with increments on the
sagitta of .005.

Enter .005, STO 01

Enter 80, STO 02

Hit A Display .005

Hit B " 1264911064
Hit A 01

Hit B " 2529822128
Hit A " 015

Hit B " 3794733192

and so on until the B key displays the full diameter of the ool you are going to use,
The equation for the S, R and d relationships is a quadratic of the form, 5'+
2RS — (d/2)*= 0. From this,

d=2J2RS - &
and this can be measured directly on the lathe with a vernier caliper.
Program
For computing x and y axes for the caustic test.
SR-52 AM. 10/7/76
Formulas y=3r"/R x=47/R!

Key Code Comments Registers
LBL A 11 01 r
RCL 01 01 02 R

x? 40 r!

X 65
3 03 i

+ 55

RCL 02 02
) 54 IR

rin 56 Labels
LBLB 12 AandB
RCL 01 01

y* 45
k} 03 r
X 65
4 04 4
+ 55
RCL 02 02
x? 40 R?
) 54 4r'/R?
rn 56
Procedure:

Store R in register 02
Store r in register 01
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Hit A for y axis ) 54 sag. of paraboloid
Hit B for x axis il STO05 05
Since r has 1o be recorded on the caustic chart in any case, the increments; rin 56
not automatic and r has to be stored for each entry, Rl:thullln:lllw 0 LBLD 14
only has to be stored for the initial entry. : RCL 05 05
Example: - 15
We want the readings for a 12'4" mirror at /5 for a Newtonian. The ines RCL 04 D4
ments on the radii of the caustic masks are .600. R in this case is 125, ) 54 difference
Enter 0 5TO 01 y axis display x axis display rtn 56
Enter 125 STO 02 Example:
il L S . We have a 124" f/S mirror. We want to find the reading on a 12"
Illﬂ-I] S 10'34515 > : spherometer which will sit just inside the rim of the mirror for our grinding and we
" I‘lﬂ-ﬂ W .ﬂ".'?'.lﬁ :WI o want to [:und ll';'f difference between the mﬂ:me of the sphere and paraboloid
! : ' T4 because this will give us an approximate guide as to how long it should take to
SR M I parabolize. £ in this case is 6 and R 125, :
For finding (1) sagitta of a sphere, formulaR — +/R7= ¢ Kinte ﬁSTﬁ ol display :
(2) sagitta of a paraboloid, formula r*/2R Enter 125 125
(3) the difference between the two. 1 STO 02 125
18-33 AM.108 Hit A 124855917
Key Code Commenis Rm Hit B 1440830397
HiiC 144
1::31': :';z [I:u; Sz‘ HtD _ — 000830397
1 40 R? the — simply means that the sphere is deeper and has no significance.
_ 75 Program
RCLO1 01 For finding the parameters of a Cass. telescope.
i 40 r SR-52 AM. 10/8/76
J_ 54
x 30 Prim
) 54 V=7 v
STO03 03 Labels
fin 56 A, B,C, s
LBLB 12 /
RCL 02 02
- 75 ———
RCL 03 03
) 54 sag. of sphere Procedure:
STO04 04 STOre r in 01 o il
rin 56 STOre R in 02
LBLC 13 hit A for VR™= 1 : — b
RCL 01 1] hit B for spherical sagitta |
x! 40 r hit C for paraboloidal sagitta - ¥
+ 55 hit D for difference i
RCLO2 02 R
) 54 /R Equations for the linear parameters are to be found in Hindle's article in
+ 55 A.T.M. I, p. 216. The equations for eccentricity are based on R.E. Buchroeder's
2 02 article in this book.
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Key Code Comments Key Code Comments | Example:
LBL A 11 RCL 06 06 - We are making a Cass. telescope of 12" diameter and decide on {/4 primary
RCL 01 o1 X 65 focal length (I = 50) with an amplification of 4 (A = 4). We want the final focal
e 85 RCL 05 05 plane to lie 12 inches behind the surface of the primary,
RCL Enter 50 display 50
CL 02 02 ] 54
) 54 - 55 STO 01 50
STO 04 04 ( 53 Enter 12 llg
+ 55 RCLO6 06 STO 02
s Enter 4 4
| 53 75 4
RCL 03 03 RCL 05 05 : STO 03
Hit A 124
+ 85 ) 54 5
1 01 - 9% radios Hit B 49.6
) 54 "o 56 " Hit C 33.06666667
- Hit D =2.11717771718
935 P LBL D 14 . ; ; J
The primary, of course, is a paraboloid and has an eccentricity of —1.
STO 05 03 4 04
Frﬂﬂﬂm
b o - ® For finding the parameters of a Ritchey-Chretien telescope.
LBLB 12 RCL 03 03
RCL 04 04 o 94 SR-52 AM. 10/8/76
== 75 ) 54
RCL 05 05 + 55 Primeey
- 95 p ( 53 /
STO 06 06 RCL 03 03 Secondary ™
ftn 56 = 75 /
LBL C 13 1 01
2 02 ) 54
X 65 X! 40 ; e
Cass. program (contd.)
Key Code  Comments —Pr
- 05 (K+1) L :
- 75 . b
1 01
- 95 eccentricity, secondary - ¢
rin 56
) Origin of the equations is the same as for the Cass. program
Registers Labels
01 f AB,C.D Key Code Comments Key Code Comments
02 b LBLA 11 RCLOS 08
B A RCLOI 01 ) 54
Procedure: - 85 + 55
, ) RCL 02 02 ( 53
Enter f, b and A in the appropriate registers ) 54 RCL 06 06
Hit A for p (position of secondary) STO 04 04 - 15
Hit B for p' (distance, secondary to Cass. focus)
Hit C for radius, Cass, secondary 'l'{' ;; RC]}.. 05 {5}:
Hit D for eccentricity, secondary, in terms of paraboloid RCL 03 03 = 95 radius, secondary
+ 85 rtn 56

1 01 LBL D 14
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) 54 RCLO3 03 ' Procedure:
- 95 p ¥ 45 . ;
STOO0S 05 3 03 Enter [, b, and .'}Jin the appropriale registers
rn 56 ) 54 Hit A for p (position of secondary)
LBLB 12 STO 07 07 Hit B for p’ (distance, secondary to R-C focus)
RCLO4 04 RCLO1 o1 Hit C for radius, secondary
b 75 - 75 Hit D for eccentricity of primary
RCL 05 05 RCL 05 0s Hit E for eccentricity of secondary
rin 56 g-l{-:?, gg- g: We are making a Ritchey-Chretien telescope of the same d:‘in'r:mium as the
LBLC 13 + 55 Cass. telescope In this case, both mirrors are other than paraboloids and we want
2 02 RCL 08 08 to know the eccentricity.
s 65 ) 54 Enter 50 display 50
RCL 06 06 STO09 (09 $TO 01 50
X 65 Enter 12 12
X 65 X 6s STO 02 12
2 02 ( 53 i Enter 4 4
e of de 94 RCL 03 03 STO 04 4
il 99 = 75 Hit A 12.4
RCLOT O I 01 Hit B 496
) 54 (K+1) ) 54 Hit C 13.0666667
= 75 ) 54 Hit D —1.041223404
! 01 + 8 Hit E —3.17178881
- 95 eccentricity, 2 02
; Program
Liritll..] E ?g s J[{ g; For finding the parameters of a Dall-Kirkham telescope.
RCL 03 03 RCLO3 03 SR-52 AM. 10/8/76
= 75 - 835
I 0l RCLO9 09 Py
) 54 ) 54
¥ 45 ) 54
k] 01 + 55 e
) 54 RCL 10 10 /
STO 10 10 + - 04
{ 53 - 95 (K+1) 1 L —
( 53 - 75
{ 53 l 01
4 04 - 95 eccentricity, T
X 65 rin 56 secondary ; - ,
RCL 03 03 i kg |-
Registers Labels 3 J
01 f A,B,C,D.E
02 b
03 A Origin of the equations is the same as for the Cass. telescope

Key Code Comments Key Code Commenis
LBL A 11 { 53
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RCL 01 01 RCL 06 06 3 03 X 30
- &5 - 15 ) 54 S5TO13 13
RCL 02 02 RCL 05 05 - 95 (K+1) RCL 11 11
] 54 ) 54 STO 10 10 — 75
STO 04 04 = 95 radius, - 75 RCL 13 13
+ 55 5TO 07 07 l 01 - 95 short conjugate
( 53 rtn 56 - 95 e, primary rin 56
RCL 03 03 LBL D 14 rin 56 LBLE 17
+ 85 RCL 06 06 RCL 11 11
1 01 + 55 + 85
) 54 RCL 05 05 RCL13 13
- 95 p - 95 - 95 long conjugate
STO 05 05 51(;? III:I: g rin 36
rin 56 R .
LBLB 12 + 55 Registers Labels
RCL 04 04 ( 53 (1] r A,B,C.D A'.B
- 75 RCLOI 01 gg :
RCL 05 05 - 75
- 95 P RCL 05 05 Procedure:
STr?nl]ﬁ 22 i g; Enter [, b, and A in appropriale registers
LBL C 13 STO09 09 Hit A for p
7 02 X 65 . Hit B for p’
X 65 ( 53 H!thnr radius of secondary
RCL 06 06 RCL 08 08 H?t D for eccentricity of primary
X 65 _ 75 Hit A'for short conjugate
RCLOS 05 I 01 " Hit B’ for long conjugate
) 54 ) 54 the eccentricity of the secondary is, of course, zero.
+ 55 Example:
‘f :; ]Ii'gll'_ ‘;'-‘, {]]g We are making a Dall-Kirkham telescope of the same dimensions as the
( 53 7% 55 Cass. on page 206, I:Im. Ehaumnduy is & sphere and the primary is an ellipsoid.
RCL 08 08 RCL 10 10 "-'-_’e shall want the dimensional parameters and the eccentricity of the primary. We
+ 85 ) 54 will also probably be figuring the primary by putting the light source at the short
1 o1 STO 11 1 conjugate of the ellipse and the knife edge at the long conjugate (or vice versa) and
) 54 RCL 10 10 50 we shall want to know the conjugates.
i 40 Vx io Enter 50 display 50
) 54 X 6 STO 01 50
+ 55 RCL 11 11 Enter 12 12
{ 53 ) 54 STO 02 12
( 53 STO 12 12 Enter 4 4
RCL 08 08 ( 53 STO 03 4
+ 85 RCL 11 11 Hit A 12.4
RCLO% 09 x? 40 Hit B 49.6
) 54 - 75 Hit C 33.06666667
X 65 RCL12 12 Hit D —0.709375
RCL 08 08 x? 40 Hit A’ 17.94912411
v 45 ) 54 Hit B' 209.6064314
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__ In this case we will probably decide that the long conjugate is so far away th ) 54 0 RCL 10 10 ,
it will be easier to knife-edge the primary at center of curvature, using the val +/— 94 ) 54 r=1%
obtained from **D"" and simply use the null test as a check on the c-of-c test. STO 08 08 + 85
HLT 81 ‘ RCL 01 ’gé ’
Ray Trace Program sin 32 sin - s
1st Surface }Sl{!_:;- 09 g‘? HLT 8]
SR-52 AM. 1077, RCLOI 0l
X 65
" ¢ & RCLO7T 07
- - 55
RCL 09 09
. ) 54 r—s
; Ims Al Al : T - Registers Labels
' o HEE R ' ' 01 r Aand B
. : I 02 n
: | i ' 03 n'
. ) % -l I' 04 b
| | !'; 4
le 5 . Procedure:

Store r, n, n', h in the appropriate registers—enter h successively in order 0.5,
1.0, 1.5, etc. (marginal ray last).

This program is based on the ray trace procedure in Fundamentals of Opties, For meridional rays:  hit A for &

by Jenkins & Wright, p. 126 (McGraw-Hill). et et i
ar s
Key Code Comments Key Code Comments For paraxial ray: (marginal ray should be in register 04)
Meridional rays + 85 h-ft B for sin ﬂ'_
LBLA 1 RCLOI 01 hit RUN for 6
RCL 04 D4 } 54 s hit RUN for s
= 55 HLT g1 E .
RCLOI 01 e
) 54 sin ¢ Paraxial ray ris +10.0, nis 1.0, n' is 1.523, h is successively 0.5, 1.0, 1.5
STO 05 03 LBEL B 12 Enter 10 display 10
INV n RCL 07 o7 > STO 01 o 10
sin 32 b . 75 E Enter 1.0 1.0
STO 06 06 RCLOS 05 : ! STO 02 1.0
RCLO2 02 ) 54 . Enter 1.523 1.523
X 65 fefme 94 sin@ STO 03 1.523
RCL 05 (1] STO 10 10 | Enter 0.5 0.5
+ 55 HLT 81 ol “STO 04 0.5
RCI; 03 03 - INV 22 - Hit A OR462BR6E]
54 sin # sin 32 \ Hit RUN 0171841698
STO 07 07 HLT 81 i Hit RUN 29.1047582
INV 2 RCLOI 01 4 Enter 1.0 1.0
sin 1 s X 65 (il STO 04 1.0
m:I i ;2 RCL 07 07 h A Hit A 1.974427949
+ 55 A Hit RUN 0344534486




Hit RUN 29.05756446 Procedure:
o ij‘m 04 }; Enter the appropriate quantities in registers 01 to 07
_ Hit A for
Hit A 2.?74?'2] 74 Hit RUN for sin ﬂ"
Hit RUN 0518952002 Hit RUN for s’
Hit RUN 2897859963 . ——
Hit B 0515101773 Note: 3rd, 4th and more surfaces may be worked with this program after the
Hit RUN 2952622441 new parameters have been entered.
Hit RUN 29.12045889 Example: dis 2, ryis —10.0, n'is 1.523, n" s 1.0
2nd Surface isplay  2.952622441 (paraxial ray)
(meridional & paraxial rays) Enier 295262244 skl
Key  Code Comments Key  Code Enter 0515101773 051510773
STO 02 051510773
LBLA 11 INV 2 Enter 2.0 0
RCLO4 04 sin 32 STO 03 2.0
= 75 + 85 Enter —10.0 -10.0
RCL 07 07 RCL 01 01 51’-0 04 —-10.0
+ 85 = 75 Enter 1,523 1.523
RCLO3 03 RCL10 10 “$T0 0§ 1.523
) 54 nts ) 54 Enter 1.0 1.0
STO08 08 +/- 94 STO 06 1.0
X 65 HLT e Enter 29.12045889 29.12045889
RCLO2 02 sin 32 STO 07 29.12045889
+ 55 STO12 12 Hit A ~8.859734922
RCLO4 04 HLT 81 Hit RUN — 1540160513
) 54 sin &) RCLO4 04 Hit RUN 8907769528
STO09 (09 X 65 Enter 9846288681 9846288681 (0.5 merid. ray)
sin 32 ¢ + 55 Enter 0171841698 0171841698
ST{E:E tljg ch_ 12 ;i STO 02 0171841698
RC 29,1047582
X 65 + 8S i 29.1047582
RCLOS 09 RCLO4 04 Hit A ~2.901586869
+ 55 » 95 Hit RUN — 0506206007
RCLO6 06 HLT 81 Hit RUN 9.183629148
) 54 sin g (1.0 merid. ray)
STO11 1 (1.5 merid. ray)
, Registers Labols The 1.0 and 1.5 meridional rays can be worked by storing the proper quantities
g; ;ﬂfﬂ:: f:t;“.frm A from the st surface in registers 01, 02 and 07,
03 d
04 r,
05 n
06 n”
a7 s' from 1st surface
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Ray Trace Program

6 Surfaces 4 o ) o sl
SR-52 . o BV e
1.H. Schroader 9/1 GTO 41 sin | sin 32 I
0 00 INV 2
| 4 04 SUM 44 (U+1-Tin19)
T 0 00 1 01
D 14 1 9 09
H INV 22 sin 32 sin 1'
1 v SUM 44 + 55
] 01 RCL 43 v
8 08 1 01
RCL 43 E; 9 09
1 01 sin 32 sin U’
8 08 + 85
+ 55 1 01
le i 4 D 14 R ) §4 1+ sinl/sin U
v >l STO 42 X 65
{is distance 9 09 RCL 43 R
between surfaces ] 08 9 09
- 75 8 08
1 01 ) 54 L
) 54 (L—R)/R STO 42
X 65 1 01
RCL 43 u 8 08
INV 22 9 09
dsz 58 9 09
0 00 IND 36
8 08 RCL 43
3 03 9 09
: GTO 41 9 09
- L »| < L o 0 00 rin 56
¢ 0 00 LBL 46
Key Code Comtments Key Code Comments H?..T g? REL :; u
LBL 46 1 01 LBL 46 ] 01
A 11 9 09 B 12 (surface by surface) 9 09
] 00 sin 32 sin U 1 01 HLT Bl
EXC 48 H ) 54 sin I STO 42 LBL 46 initialize
9 09 INV 22 0 00 E 15
7 07 §in 32 0 00 0 00
if zro 90 ) 54 I GTO a1 s10 o
0 00 SUM a4 (U+1in 19) 0 00 9 09
1 01 1 01 0 00 9 09
9 09 9 09 0 00 HLT 81
* 55 sin 12 sin | LBL 46 counter
D 14 R X 65 D 14
$TO 42 D 14 n/n' 1 01

v
=
<
£
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Registers
00 N surfaces A N ::}fhlnﬁau
01 R, B stepwise
02 n/n’ (1) C w
gi [HZ E  initialize
05 n/n' (2)
06 t;
07 R,
08 n/n'(3)
09 1
10 R,
11 n/n' (4)
12 i
13 R,
14 n/n’ (5)
15 l
16 R,
17 n/n'(6)
I8 L'
19 u
Procedure:
1. Enter surface data (in order of recall) STOR, wR,
N surfaces STORs
2. (a) for oo conjugate, enter H STO R
. U=0 STO R“
(b) for finite conjugate, H = 0 STOR,:
L STOR,, .
- U STOR, Display
3. Initialize press E 08
4, Result, lor N surfaces press A L'
5. Result, surface by surface ﬂxg g
press B |
press C U,

alternate B and C to step through all surfaces.

(Note by ED.) This is a very sophisticated program. It is very mnvmiﬂ
use because once the initial entries have been made, the final answer can
obtained—if this is not satisfactory, the surfaces can then be stepped through |
find out which surface is giving trouble. It is a beautiful example of what can be
done with this very powerful calculator. [t will be noticed that Mr, Schroader has
made use of some of the 30 extra storage registers mentioned in the introduction

Program

For finding the diameter of successive rings to be cut when
iron tools in the lathe. generating ¢as
HP-25 by Robert E. C

T EETESTETRY | W SR L

Formulae: S=R —+/R'=’ d = 2+/2RS - §?
Enter and store: R in register 1; r in register 0.
I (increment) in register 7.
Key
RCL 1
!1
RCLO

Qan

2316

=
Mol | % B x
[ )

RCL 7
STO+ 0

A
RCL 2
First enter the program and store as indicated, then hit R/S and the first answers
will be calculated: for further calculations just hit R/S and note the registers as
indicated above.

The sagitta **S™" is displayed in the "*x"" register and, upon exchanging x and
¥, the desired diameter will then be displayed in the *'x"" register. Thé program
automatically increments S, through incrementing r, so all that is necessary is to
read the ‘*x"* register for § and exchange registers and read d. If the next incre-
mented r is desired, RCL 0.

Program

For computing the y and x axis for the caustic test,
HP-25 by Robert E. Cox

Formulae: y= 3r’/R x= 4'/R*
Enter and store: R in register 1 r in register 0
If one wishes to automatically increment “'r'*, then the program should be
?nntmund by dropping the last step (exchange rl:lm:r} and then continuing as in
2).
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Key Key
RCL 0O 3
gx! RCLO
3 f:-r
X GTO 23
RCL 1 fxs
+ GTO 26
5TO 2 RCL3
RCLO RCL2
3 GTO 0D
fy* .
4 1
X STO+0
RCLI1 RCL 3
gx! RCL 2
-..
STO 3
Y

In either case, x is in the *'y"" register and y is in the 'x"" register and to dis-
play ¥ use the exchange register key.

If incremental steps are automatically programmed, the figure can be
obtained and checked by RCL 0.

Alter the program and storage has been entered, hit the I Clear Program but-
tons and then R/S. After the first calculation on the automatic sequence, just con-
tinue to hit the R/S key. The ‘3" at the top of the automatic program should be
the maximum radius of the outside zone to be measured (1 used 3 just for an
example) and when the program has reached the outside zone radius it will not
continue o calculate and the same figure will keep appearing in the registers, this
is the sign to quit,

Ray Trace Program

HP-25 by W. R. Deazley, June 1976
Program with start and continue through any number of surfaces.

Key entry

RCLO
RCL1
+
g 4rc sin
RCL2
fsinx
STOS
RCL 3
RCL 4
+
X
STO6
gsin™!
RCLS5
gsin™!

RC L_I
O

STO 2
fsin x
STO+6
RCL1
STOX6
S5TO+ 6
RCL 6
STOO
RCL 4
STO3

|
R&I
R/S

X )
Y
r Y
Y/t
i)
| ]
a-U,
sinl
sinl
N sinl
N N
N/N' sin |
sinl’
sinl’
'I'f
sinl I'
| I
I'=1
U I'—1
I'=1 U
u+1-r
U
sin U’
sin U’
r sin U
r sin U
r sin U
L r
L r
N* L
N'=N L
L r
U L
L u
L

Z T
sinl
sinU’
sinU'
r sin L
r gin L'
sinl  N™
r sin U’
r sin L'

Comments Registers

RYorL
R, r

R U,orU
R; N

R, N
Rsinl
Risinl'or L'
R, d

sinl'/sinU' in 6

rsinl'/sinU' in6
r + rsinl'/fsinlU' = L'

read L’ after last surface
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Programs for hand-held calculators.

The following programs are of use in the telescope maker's workshop. They are
written for the SR-52 calculator made by Texas Instruments Inc. but can be adapted
without much difficulty to any of the other calculators made by T.1. with the additic
of a pencil and paper. Conversion to the Hewlett Packard series (and other calcu

might be rather more difficult.
All formulae used in the programs have been taken from Machinery's H
14th edition.

Program.

For finding the volume and weight of metals in
rectangular blocks and sheets. by Allan Mackintosh.

SR-52
Key  Code Comments Key  Code Comments  Registers
LBL A° 16 LBLC 13 01 length '
RCLO1 01 RCL 04 04 02 width
X 65 X 65 03 thickness
RCL 02 02 . 93 in inches
X 65 3 03 i
RCLO3 03 2 02 Labels.
) 54 vol. cu. ins. 1 01 "
STO D4 04 ) 54 wi.copper A,B,C,D,E,
rn 56 rn 56 A N
LBL A 11 LEL D 14
RCL 04 4 RCL 04 04
X 65 X 65
i 93 E 23
0 00 4 ™
9 09 1] 00
7 07 9 0
5 05 6 -
)] 54 wi, aluminum ] 54 wi. lead
rn 56 rin 56
LBL B 12 LELE 15
RCL 04 04 RCL 04 04
X 65 X 65
i 93 + 93
3 03 2 02
Q 00 B 08
4 04 1 ol
8 08 7 07
) 54 wi, brass ] 54 wi. steel
n 56 rtn 56

Enter length, width and thickness in appropriate registers (in ins.)
Hit A’ for volume in cu. ins.

o AL VL. — WD LD

A " wi. aluminum in lbs

Ll n L L m L1 w
Ll E L L (1] (1]
[L1 E L L] ml i Ll

the current price can then be entered from the keyboard,

Program. !
For finding the volume and weight of metals
{rounds) rod.
SR-52 by Allan Mackintosh,
Key Code Comments Key Code Commenis Registers
LBLA' 16 LBLC 13 01 length
RCLO2 02 RCL O3 03 02 dia.
x2 40 X 65 in inches
X 63 ] 93
RCLOI 1] 3 03 Labels
X 65 2 02
w 59 1 01 A,B.C,DE,
= 55 ] 54 wi. copper A
4 04 rin 56
| 54 vol. cu. ins. LBLD 14
STO03 03 RCL 03 03
rtn 56 X 65
LBL A 11 ; 93
RCLO3 03 4 04
X 65 1] 00
93 9 09
0 00 6 06
9 09 } 54 wi, lead
7 07 rn 56
- 0s LBLE 15
) 4 wi. gluminum  RCL 03 03
rin 56 X 65
LBLB 12 : 23
RCLO3 03 2 02
X 65 8 08
. 93 1 01
3 03 7 07
0 00 ) 54 wt. steel
4 04 rin 56
8 08
) 54 wi. brass
rn 56
Procedure.

Enter length and diameter in appropriate registers (in inches)
Hit A for volume in cubic inches
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" A7 weight of aluminum (in |bs.)
L] 'B L1 - (1 LA
L] c " - " MHI »oo.
L] D - " Ilﬂ L
L] E L L2l Ll I'lﬂ' b W

the current price can then be entered from the keyboard,

Program,

For computing columes and aress of spheres,
spherical sectors and spherical segments.

SR-52

Sphere Spherical Sector

Formulas V = 4/3 o V=2/3mh
A=dm? C=2 W2r-h)

A =xr(2h + 5C)

Key Code Comments Key Code Comments Key

LBLA 11 = 95  wol. sph, rtn
RCLO1 01 rin 56 sector LBL A’
v 45 LBLD 14 RCLO2
3 03 RCLOI 01 x2
X 65 X 65 X
B 59 2 02 T
X 65 ) 54 )
4 04 a8 75 X
L 55 RCLOZ 02 (
i 03 ) 54 RCL 01
)] 54  vol. sphere x 40 -
tn 56 X 65 (
LBLB 12 2 0 RCL 02
RCLO1 01 ) 54 wen ks
x2 40 STO03 03 3
X 65 nn 56 )]
E 59 LBLE 15 )]
X 65 " 59 =
4 04 X 65 rnn
) 54 sph.surf. RCLOI 01 LBL B’
n 56 aren X 65 2
LBLC 13 ( 53 X
RCLOI 01 2 02 T
x2 40 X 65 X
X 65 RCLO2 02 RCL 01
RCLO2 02 + 85 X
X 65 . 93 RCL 02
b 59 5 05 =

by Allan Mackintosh,
erical

V = rhi(r — b/3)
A=2mth

Code Comments

56
16
02
40
65
39
54
65
53
o
75
33
02
55
03
54
4
L
56
17
02

vol.
sph.

segment

surf. area
sph. segment

x 65 X 65 mn 56

2 02 RCLO3 03

- 55 ) 54 surl. area

i 03 = 95  sph. sector
Registers. Labels.
o r A B C.D,E A B
02 h

Procedure.

Enter r and h in the appropriate registers.
Hit A for spherical volume
" *  spherical surface area
" yolume of spherical sector
dimension *C"
™ gpherical sector surface area
**  volume of spherical segment
"™ surface area of spherical segment

Iz =z

Exmon®

For finding area and perimeter (close approximation)
of an ellipse and the volume of an ellipsoid.
SR-52 by Allan Mackintosh.

-hb
Formulas Ellipse: Area=mab , Perimeter=n 2(a? +b2 —E'zT}z

Ellipsoid: Volume = 4/3 mabe

Key Code  Comments Key  Code Comments ~ Registers

LBL A 1 RCLOZ @2 0l a
RCLOI 01 ) 54 02 b

X 65 xl 40 03 ¢
RCLO2 02 o 55

X 65 2 02

 § 59 . 93

= 95 area, ellipse 2 gi Labels..
STO 04 04 )

rn 56 = 0§ A.B,.C
LBL B 12 x 30

( 53 ) 54

2 02 X 65

X 65 T 59

{ 53 = 95 perimeter, close
RCL 01 01 rin 56 approximation

x? 40 LBLC 13

+ 85 RCLO4 04
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RCL 02 o2 X 65
x? 40 RCLO3 03
) 54 X 65
= 95 4 04
= 75 + 55
i 53 3 03
i 53 - 95 vol., ellipsoid
RCL 01 0l rn 56
ae 75
Entera,b .md ¢ in appropriate registers
Hit A for area of ellipse
" B " perimeter (close approximation) of ellipse
"€ " volume of ellipsoid
Program.
For finding the ares of a parabola and
the volume and surface area of a paraboloid.
SR-52 by Allan Mackintosh.
Formulas: Parabola, Area=2/3rh
Paraboloid,  Volume =" 2,
2
- W a , 3 _ 6
Surface area » [ + pe P
where p=d? / 8h
Key Code  Comments Key Code Comments Registers
LBL A 11 ( 33 or
2 02 ( 53 a2 d
X 65 ( 53 03 h
RCL 01 01 ( 53
X 65 RCL 02 02 Labels.
RCL O3 03 xZ 40
- 55 = 55 A B, C
3 03 4 04
= 95 area, ] £4 dz /4
rin 56 parabola + 85
LBL B 12 RCL 04 04
RCL 01 01 x2 40
2] 40 ) 54 (@2/a+p]
X 65 y* 45

(@2 |4 +p2)
(@2 /4 +p2)

[ (@2/4+p)3 -p3]

surface area,
paraboloid

by Allan Mackintosh,

Formula.

RCL O3 03 3
x 65 )
r 59 x
X [ =
93 RCL 04
5 05 yx
= a5 volume 3
rn 56 parabaloid )
LBLC 13 X
RCL 02 02 2
x2 40 X
= 55 n
8 08 3
= 55 3
RCL 03 03 -
= 95 p RCL 04
STO 0= (12 =
rin
Enter r, d and h in appropriate registers
Hit A for area, parabola
* B " volume, paraboloid
* € * surface area, parnboloid
Program.
For finding the area of an hyperbola.
SR-52
Key  Code Comments
LBL A 11
RCL O] 01
X 65
RCL 02 02
A 55
2 02
) 54 xy/2
STOO0S 05
{ 53
RCL 01 o1
o 35
RCL 03 03
] 54 x/n
+ 85
( 53
RCL 02 02

_xy b X4y
Area S Thlg[‘-“'b)
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i3 £5
RCL 04 04
) 54 y/b Registers.
- 95 (x/a+y/b) a2
Inx 23 log. (x/a +y/b) 0l = Aherrations Bl
65 0 y Third BE
X 65 04 b Coma B2
Distortion 84
RCLO4 e Field curwature
) 55 Labels Spherical Aberration 82
TR Tne
935 {ab/2) log, (xfa +y/b) A Dall. a9
8TO 06 06 gm 156
RCLOS 05 Procedure. Maaator 150, 154
. 75 Ritchey-Cretien 93
RCL 06 06 Enterx,v,aand b in Behnmﬂdﬂ
= 95 area, hyperbola appropriate registers 3'%?&2 %
rin 56 Hit A for area. Newtonian 87
Aeppli, AE. 281
Mpochromatic refractors 148
—B
Baar, F.L. 20
Bath, K.L. 275
Beam-splitters 56
Bleckwood, AJ. 16
Buchroeder, R.A. 124, 145, 240, 242
——
Caleulntor Progrums (SR-62)
A ipse 313
e
Hyperbola 315
Pl}rpniuluu 314
Parmboloid 314
Spheres, spherica sectors and nts 312

(‘muv: mum:.n nxes 201, (HE26) 307
Perimeter of eihpu 3
Pammeters of

A Cass, 203

A Dall-Kirkham 297

A H.Lmhql-{:huuun 295

R.Ayny number of surfsces (HPEZG6) 308
1st surface 3040

2nd surface 302
6 surfaces 304

3
For other than pamboloids, 44

317




E 73

Doublets, pce-dugnad 240
=

Mensuring Ji
E&r‘hu:, E. IIIE. 56“
—F—
P T
!
rl“ gor 20
Spinning 1
o
Gaviola, E. 59
P
Htmllhnhn ulun;pn 1156

Lm‘l.lnl.ﬁ.B. 39, 63, 67, 70, 75, 100, 110, 181, 228, 220, 23]

Mackintosh, A 12, 25 33, 69, 200, 291, 2032, 203, 205, 207, 300, 302, 310, 311, 312 313, 314
Messurements
Coneave surfaces 47
Convex surfaces 5%
'ﬁli:hnﬁﬂ
B
Morgan, PH. 183

MNankivell, G.R. 260
:I;an- ]:cﬂﬂa;nr 142, 204
ewtonian te
“Q?ndud focnl ratios 119
testing 1
for oblate lﬂumd 238

—0—
jons, EG. 1, 42

sen,
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I Telescope designs
Catadioptrie (with relay lenses), 199
Doublets, predesigned 240
Folded reflector 206
Houghton camera 242, 248, 250
Lunar 213
Malksutov )
Barlow-Newtonian Photo-Visual 176
Cassegrain visual 178, 180, 153, 184, 188, 182
Flat field prime focus camera 161
(iregorian Phnl.n-'-'lmi 177
“Maverick” 152
Newtonian (visual) 164
Wide-ficld camern 167
Neo-Hrachyt 204
Schupmann 223
Solar 213, 220 _
Tilted Component 228, 229, 231
Wright 286
Testing 25
Gaviols b9
Null 172, 239
Tolerances 63
Window 217
Testers
Beam-splitters for b5
Caustic
Focaalt 25, 30, 32
Wedge 53
Thickness Mewsurement 6
Jig 19
Thompson, ET. 45
Tilted-component telescopes 110, 131
All-spherical 138
Herschelian 137
Neo-Brachyte 142
Two-mirror 142
3-D reflector 144
Unobstructed 140
Yolo 143, 228, IZ29
Wright Maksutov 136
Tolerances
In testang, &3
Sagittal 129
Turned Edge 16

—t—
=
Veio, FN. 261
Venor, K. 204
W
Watson, HJ. 16
Wear rates 9, 11
Wedge testing 53
Wright
off-axis Maksutov 136
visual 236
——

e
Yolo telescope 113, 143, 228, 229

—




