Concerning Toroid Mirrors    by Carl Anderson

This paper is collection of known methods to produce a toroid mirror.  I am including a brief summary for each method, giving web addresses or the publication where the original document can be found.  This is a work in progress.  I intend to add more information as time goes on.  Please contact me for comments, corrections, or personally gained knowledge you may wish to include regarding making a toroid mirror. 

For the amateur, there seems to be three ways to produce a toroid mirror:
1. Bending a spherical mirror.

2. Bending a mirror blank during grinding and polishing, then removing the bending harness.

3. Creating the toroid shape with grinding and polishing techniques.
1. Bending a spherical mirror.

Arthur Leonard invented the YOLO telescope in the 1960’s.  His design featured a spherical secondary mirror that was mechanically warped into a toroid shape.   For details of this telescope as described in his booklet “The Yolo Reflector”, follow the link:   http://www.atmsite.org/contrib/Holm/yolo/index.html
Some of his recommendations in making the toric secondary mirror successful include:
· Use a bending fixture that contacts the glass with 8 points of contact.

· Use an oversized glass blank so that the pressure points are well outside of the area of the mirror used to reflect the light cone.  This will eliminate troublesome star “spiking” that may occur from light reflecting off of these pressure points.  If the secondary glass blank is selected to have the same diameter of the primary, some economy during grinding and polishing can be realized since the same grinding tool and polishing lap can be used for both mirrors.  Also, since the secondary mirror would be apertured down(hiding the pressure points), edge effects like turned edge also are not a concern.
· Used a thinner glass blank.  This would result in a better toroid shape and require less force from the bending fixture.
Arthur Leonard bending harness from his booklet “The Yolo Reflector”:
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Jack Borde built a 10 inch Yolo with the toroid bending tension adjustment brought down to the observer with rods and universal-joints.  He is also utilizing the 8 points of contact bending harness design devised by Arthur Leonard.  Follow the link:   http://www.atmsite.org/contrib/Borde/borde_yolo/borde_yolo.html        An advantage with this method, over a “polished in” toroid mirror, is one can cancel astigmatism directly, and not cause the observed test star to change position while adjusting tension.  (With the “polished in” toroid design, cancelling astigmatism is done by adjusting the primary mirror tilt.  This causes your test star to move around while collimating the telescope. )
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Later in 1977, William Humphrey patented the idea with the additional requirement that the glass thickness vary from the center to the edge.  Typically, the edge of the mirror is about 30% thinner than the center.
· I am not sure how effective, variable thickness is.  This seems to go against traditional methods.  This would make a great project for a mechanical expert with finite element analysis software at his disposal.
William Humphrey patent can be found at http://www.google.com/patents?hl=en                   Then search 4043644.
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Carl Anderson

Here are a few sketches of possible bending harnesses.

Note:  These have not been built and their design proven to work.  The support structure (not shown) should be independent of the bending structure, contacting the glass at points around the circumference.  Here the tension adjustment allows for a rod to run the length of the telescope, so one can adjust the figure while viewing at the eyepiece.   The mirror side is down.   The mirror diameter is slightly larger than the illuminated area to keep the bending bars out of the light path.
(The following drawings were made with Google Sketchup, a free program)
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2. Bending a mirror blank during grinding and polishing
Robert Novack built an 8 inch F11 Yolo.  This can be found in ATM Journal 14, page 22 – 27.    His secondary mirror started out with a 5.75 inch diameter, .75 inch thick pyrex blank.  Two .25 inch holes were bored into the side using a metal rod and a grit slurry.  (There are now diamond impregnated drills, available at most hardware stores.)  The blank was then ground and polished to a rough sphere to the design radius of curvature. (No need to have a fully polished out surface.) Next, the bending bracket was installed onto the glass.  The tension was then adjusted to give the right amount of toric shape as measured on a specially modified knife-edge tester.  This tester is similar to the “single slit R.K.Dakin”  Foucault tester with an “L” shaped dual knife edge, giving the ability to measure both axis of the toroid.  The mirror with bending assembly attached, is now ground with the finest grit size for a while, and then polished in the normal fashion to a nice sphere.  When the bending harness is removed, the mirror surface springs back to a perfect toroid!
He mentions in the article that people cannot help comment that the views are refractor-like in their contrast.
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Erwin Herrig built a 10 inch F11.9 Yolo telescope.  For details go to:

http://bhs.broo.k12.wv.us/homepage/alumni/dstevick/erwin_c.htm
The 6 inch secondary mirror was first fine ground to a sphere, then made to shine by rubbing some graphite onto the surface.  Bending force was then applied to the glass with a ring bracket, until the right amount of toric shape was seen using a pinhole light source and eyepiece.   Polishing continued to make a nice sphere.  When the bracket  was removed, the stressed glass relaxes into a perfect toroid.
Erwin recommends adjusting the tension a little on the high side.  There may have been some mechanical loosening during polishing since his finished toroid was not quite strong enough to keep the secondary mirror completely out of the incoming light path.
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Stress polishing was further advanced at Laboratoire d’Astrophysique de Marseille for Exoplanet detection.  Instead of 8 points of contact, only 4 are used with the backside ground with a thick glass edge ring to distribute the forces.  The paper describes the construction and testing of a 16 inch mirror.  Even with this design, the front is apertured down to about 14.5 inches.
http://144.206.159.178/FT/CONF/16418064/16418068.pdf
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Creating the toroid shape with grinding and polishing techniques.

Jose Sasian built a 5 inch F8.6 aplanatic Yolo telescope.  For details see: Sky and Telescope, August 1988, page 199.

Jose used a parallelogram linkage to keep the mirror and tool aligned with each other during polishing.  Long strokes in one direction produced the toroid shape.  After the proper radii were reached, smoothing was accomplished by using shorter strokes in different directions and turning the mirror 180 degrees once in a while.

Note: This secondary mirror is not the common toroid as used on most Yolo telescopes.  After Jose created the toroid surface, further aspherizing was done with a small lap to correct for coma, in his aplanatic Yolo design.
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Jose mentions testing the surface figure using the Ronchi test setup with a Ronchi screen that is rotatable.  “Straight fringes must appear at all grating orientations”
Also described, is the test setup below where the light source and knife edge are separated by a calculated distance.  This setup causes the light from the pinhole to reflect back and form a perfect Airy disc image when the toroid surface is complete.  For details of this test and the math involved, see Arthur Leonard’s booklet “The Yolo Reflector” page 21 and figure 4 in the back.

Set-up for shop testing the toroid surface:
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Note: The distance of the light source/knife edge is not quite the same as the Rtan radius of curvature.

James Mulherin built a 6 inch F12 Yolo with the toric shape polished into the 4 inch secondary mirror.  Information of this telescope and polishing procedure can be found in Telescope Making #45 page 34 (Summer 1991).

His toric forming procedure is as follows:

1. Draw a line on the backside of the mirror and lap indicating the long radius direction.
2. Start with lap on top polishing, make center over center strokes (about 1/2D to 3/4D), keeping the lines parallel, with side-to-side variation (about 1/4D)

3. Every 15 strokes, rotate the tool 180 degrees or step 180 degrees around to the opposite side of the work stand.   Repeat this for 15 to 20 minutes.

4. Flip the mirror and lap so that the mirror is on top. Again, keeping the lines parallel.

5. Continue with 15 strokes, rotate the tool 180 degrees or step 180 degrees around to the opposite side of the work stand.   Repeat this for 15 to 20 minutes.

6. Repeat process from step 2.

7. Cold press between polishing sessions.

This process will lengthen the radius of curvature along the drawn line and shorten the radius of curvature perpendicular to the line.
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Also described in the article is the use of a Foucault tester with a “Plus Sign” source slit.  This allows ROC measurements to be made in the vertical and horizontal axis of the mirror under test.
Carl Anderson
A spherometer is a must when making long radius of curvature Yolo mirrors.  During grinding, the spherometer below was used.  The dial indicator measures depth, with the fine divisions representing 0.0001 inch.  Using the spherometer, after fine grinding, one can end up within inches of the design radius of curvature.  Most spherometers have the three feet on a circle with their locations 120 degrees apart.  Here, since I had a smaller mounting plate, the feet are not 120 degrees apart, but are still on a circle and equidistant from the dial indicator.  This dial indicator was found on Ebay for $15.  Generally, they may sell in the range of $50 to $100, used.
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Grinding in the toroid shape:

I was able to form the toroid surface during the last stage of fine grinding using the above mentioned strokes as described by James Mulherin.  What might have taken many hours of polishing, now can be done in 30 minutes or so.  
The real question here is “How can you know what the toric surface figure is if you can’t use a reflection test?  The solution was to use a sensitive dial indicator configured to measure at the mirrors edge.
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       First Measurement                                           Second Measurement
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The device is set carefully on the mirror and the reading is noticed. Then the device is rotated 90 degrees and set on the mirror and a second reading is noticed. The difference in the two readings is actually four times the difference in the Sag depth of the two radii. In the case of a 6 inch mirror, the difference in the Sag depth of the two axis is .0001 inch. Using the device as described above, a reading of .0004 inch can
be seen.  Each time the device is set down on the glass surface, the indicator is given a slight tap with the finger to remove backlash.  The needle settles in to a value that is repeatable to a fraction of one ten-thousandth inch.  
Note: Be very careful when laying the device down on the glass to avoid scratching or damaging the surface, even during fine grinding.

Forming the toroid shape can also be done by machine equipped with a parallelogram linkage. Grinding strokes are made in certain directions only.  See the movie:
http://www.youtube.com/watch?v=hD33wvSv-8k
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Seen here is the “Yolomatic” with gear motor stroking, stepper motor side to side motion, table rotation, circuitry in the box and laptop computer controlling it all.  The photo shows mirror and lap submerged for polishing during the night while one sleeps.  (A paint brush keeps the slurry stirred up.)

Afterwards, the glass is polished using a shorter strokes in all directions. This avoids the long stroke problems such as a deep center hole or a turned edge (unfinished edge).
See the movie:
http://www.youtube.com/watch?v=EKMChS3Cs0o
Not shown on the movie....
1. The tool is occasionally rotated 180 degrees.
2. There is a slow side to side eccentric motion provided by a stepper motor. These methods help to smooth out the figure due to pitch lap imperfections.  Also helpful, avoid large straight channels in the pitch lap. Thin, curved, or a more random pattern is preferred. 

Testing:
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Arthur Leonard (The Yolo Reflector booklet) and Jose Sasian (S&T Aug.1988) have used a modified Foucault tester where the light source and knife edge are separated by a substantial distance, placing them at the foci of an ellipse.  Also, two knife edges are used. (One vertical and another horizontal).  One can adjust the knobs and measure both axis of the toroid without having the get up from the chair.  This is a very elegant test set up.  I however, did not have the room for a permanent apparatus to be set up.  Instead, I chose to use the standard type Foucault tester.  Because of that, I had to rotate the mirror 90 degrees between measurements.
Setting up the Foucault tester:
[image: image20.png]Knife Edge

White Card




In my case, the radius of curvature, of the mirrors, are about 400 inches!  It can be quite difficult setting up the Foucault knife edge tester.  To help find the return beam from the mirror, I used a laser to show the light path.  The laser is mounted on an adjustable base and aimed adjacent to the knife edge, pointing at the mirror center.  Then the mirror orientation is adjusted to bring the laser beam close to the light source.  When the laser is then removed, one can see the light source image near the knife edge.
Comment concerning the Foucault tester:

There is no need for an accurate micrometer as part of the tester.  In fact, at these distances, one is doing well to judge the ROC to within 1/16 of an inch.  I found it handy to have the knife edge mounted to a block that is free to slide on a large sheet of paper.  I would record the center and edge zone ROC by simply drawing a pencil line where the knife edge block rests.  Then, decide which polishing stroke to use.
Chris Krauskopf, while testing his 18 inch Yolo mirrors, found it handy to dispense with the knife edge entirely!  His mirrors were located 75 feet from the light source.  By simply using the edge of his own cornea, he could see the figure of the mirror.  The main thing with these long Yolo mirrors, is to end up with a good sphere.
Polishing Experiment (strokes to avoid):
It has been said that polishing with a W stroke, rotating the mirror, walking around the barrel, randomizing stroke lengths, and so on, will produce a smooth surface.  

The question I wondered about was "How bad would the surface be, if none of that was done?"  

The only process used was a straight center over center stroke, with the stroke direction changing.  The relative orientation of the mirror and lap was maintained with a parallelogram linkage, as if one were polishing a toroid.  No side to side motion allowed.

Some details:

Glass diameter        6 inches

Lap facets                3/4 inch

Stroke length           3 inches

Polishing time         3 hours non-stop

I assumed that if the stroke length is substantially longer than the size of the lap facets, the imperfections of the lap would be smoothed out.  Would a smooth surface result?

See the Yolomatic parallelogram polishing movie:

http://www.youtube.com/watch?v=EKMChS3Cs0o

I thought, this process would produce some areas of non-uniformity, perhaps large areas of a few hills and a few valleys, depending on where the lap imperfections are located.  Blending gradually from high to low areas, since the stroke length is much longer than the facet size.
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To my surprise, the facet and channel pattern of the pitch lap, was exactly transformed to the glass!

I believe, the grid pattern forming on the glass, is produced during strokes that run parallel with the lap channels.  Then as polishing continues with different directions, the pattern is never totally smoothed over.
This experiment gives some insight as to what is going on during polishing.  It can be seen where some of the lap facets polish well, and other lap facets polish not so well.  I suppose, if the parallelogram linkage was then removed, and relative rotation allowed, zones, instead of a grid pattern, would be seen in the test.

The Zeiss machine is known to produce a superior surface than other machines.  I believe, this is the result of using curved strokes.  If the lap channels are straight and the stroke motion always curved, there is little chance of motion running parallel to the channels at any given time,  See:     http://www.youtube.com/watch?v=gbLNNQZC-ew

Also, John D. Upton writes of temperature effects causing this same type of trouble.  See:    http://www.atm-workshop.com/pitch-lap.html
Lessons learned:

Perhaps a pitch lap can not be made absolutely uniform.  Because of that, processes are needed to produce a smooth uniform glass surface.

1.  Relative rotation between mirror and lap.

2.  If the lap has straight channels, avoid strokes that are straight and run parallel to the channels.

     If the lap has curved channels, perhaps straight strokes are all right.

3.  Randomize stroke length.

4.  Use side to side eccentric motion.

Test for toroid orientation:

Test for axis orientation: 
Once during final smoothing, the surface looked a bit irregular in the tester, no matter where I put the knife edge. It really had me puzzled. What I was noticing, was that the true axis of the toroid had turned a little and was not true to the line drawn on the rear of the mirror.  Reasons for this may be that one of my arms is stronger than the other, or I didn't pay close enough attention to the lines as I pushed the glass.  Regardless of the reasons, there is a quick and easy test to verify the true axis of the toroid figure.
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First, place the mirror in the Foucault tester and set up for testB (the longer radius). 
Next, position the knife edge at the location that is midway between where it would be for testA and testB. 
On my tester, the knife edge in on the left hand side. As I move the knife edge to the right, cutting into the returning light beam, I would see the dark shadow on the mirror also moving to the right.  With the toroid axis lined up correctly and the knife edge verticle, the shadows edge is also verticle.
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If the mirror was rotated about 10 degrees counter-clockwise, you would see a similiar shadow.  However this time the shadow would be tilted about 20 degrees counter-clockwise.
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If the mirror was rotated about 10 degrees clockwise, you would see a similiar shadow.  However this time the shadow would be tilted about 20 degrees clockwise.  There seems to be double the shadow tilt compared to the mirror tilt.  The idea here is to rotate the mirror a little at a time until the shadow edge is verticle.  If the line drawn on the back of the mirror is somewhat tilted, it can be redrawn level again.  Having an accurate measure of the axis is helpful when collimating the optics in the finished scope.
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An extreem case is when the mirror is tilted 45 degrees.  Here I rotated the mirror clock-wise.  OH NO!  It's the dreaded Yin-Yang shadow of astigmatism.  The scourge of the glass pusher.  Here the middle of the shadow actually moves downward as the knife edge is moved across.  Sometimes this happens by accident for the novice mirror maker.  Perhaps while polishing with the mirror on the bottom, there was not uniform support underneath the mirror.  That would cause the mirror to flex a little and result in some polished in astigmatism.
Thom Peck, as a prelude to finishing large off-axis parabolas, grinds and polishes toric surfaces by machine:  

The machine is a version of Jose Sasian's original toroid maker.  It's sort of like a pantograph.  Though most mirrors have been fairly large (24 inch to 1.6 meter), the principle to make a smooth toroid is the same for all sizes. 

The polishing machine is a standard Strasbaugh (30 inch), with a modification to allow the mirror and tool to make all the motions of a normal machine, but hold the two parts in relation to each other.  That way, once the two radii of the toroid are ground (usually by making the long radius after the shorter is generated), the smoothing operation cleans up the possible "dog biscuit" look.  He made a dozen mirrors (24 inch) with this set up.  They were actually off-axis paraboloids.  But to make them, the mirrors were first generated to a certain spherical radius of curvature, then the toroid was generated as two radii 90 degrees from each other.  He used a 2-ball spherometer for the test.  As the same action to smooth the toroid generating is the same as polishing, the whole surface buffs up well.  Visual and optical tests reveal smoothness and accuracy.  To finish the OAP, he hand works in the coma term, and tests with a double pass off of a 41 inch flat, and then with a Computer Generated Hologram with a modified Zygo interferometer, that has instantaneous phase shifting.  But all the making and testing, can still be done with Ace Hardware technology.

The tool is about 24 inches in diameter, and since it doesn't go very far in the eccentric, he had to have a way to make sure slurry could get to inner portions of the lap and mirror.  There are actually 2 holes, which allow for feeding the lap, when the double 4-bar doesn't interfere.  Either that, or he would feed the hole directly and bypass the funnel.  The holes are arranged so that they are in the pitch lap channels.  He once did a 26 inch mirror which had the feed hole in a pitch facet.  That caused an ever so slight reduction of polish, that the mirror which was to be a sphere, got beautifully parabolized instead.

The 24 inch mirrors were to test AFLIR systems on the B2 bombers and FA18 jets.  The 1.6 meter was the test optics for the Kepler Mission.

Here are two photos which give an idea of the motion of the machine setup:
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