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ABSTRACT

In this paper we describe opucal tesung procedures used at the Nauonal Optical Astronomy Observatories (NOAQ) for tesung
large opucs. The paper begins with a discussion of the philosophy bebind our testing approach, and then describes a number
of different testing methods used at NOAQ, including the wire test, full-aperture and sub-aperture Hartmann tesung, and
scatterplate interferometry. Specific innovauons that enbance the tesung capabilities are mentioned. NOAO data reducuon
software is described. Examples are given of specific output formats that are useful to the optcian, using illustrauons taken
from recent tesung of a 3.5-meter, {/1.75 borosilicate honeycomb mirror. Finally, we discuss some of the optcal tesung
challenges posed by the large optics for the Gemini &-meter Telescopes Project.

L PHILOSOPHY

The next generanon of ground-based optical telescopes, currentuy being designed and constructed by a number of astronomucal
organizations around the world, will require mirrors of unprecedented size and accuracy. Tesung these mirrors will be
difficult, involving several characterisuc problems:

1. Relative vibrauon between the mirror and the test equipment is bard to control because of the large distance separaung
them.

-

If the light path is not in a vacuum, temperature-induced vanations in the index of refraction of the air can cause dynamic
fluctuations in the measured wavefront under turbulent conditions, or systematic errors caused by layering of air under
stauc condiuons.

3. The fast pnmary f/ratnos of modern telescopes require optical tests that wul cover a wide angle.

4. The large size and fast f/rauos also produce very large departures from a best-fit sphere, sometimes more than a thousand

mucrons. If a light source s placed at the paraxial center of curvature, the circie of least confusion formed by the reflected
rays can be several centumeters in diameter.

5. A large number of polishing iterations is normally required to finish a large aspheric mirror 10 close tolerances.
Therefore, frequent testing is needed, but it can take quite a bit of time to set up each test of a large mirror.

6. Test faciliues for large mirrors can be very costly.

Over the last 30 years a philosophy for coping with the problems of large optcs testing has been developed at NOAO. The
key pownts about this phdosophy are summanzed on the next page.

* Operated by the Associauon of Umiversities for Research in Astronomy, Inc. under cooperative agreement with the National
Science Foundation.



* For every cnitcal testing stage, more than one test method will be required. These test methods should be based on
different physical principles. If the testing represents a new challenge (for example, a longer path length or a greater
aspheric departure than previously encountered) it is important to develop more than two test methods, 10 avoid long
project delays in case one of the methods proves to be unsatisfactory.

® At least one test method must provide continuous surface information to allow the smoothness and conunuity of the
polished surface to be measured.

®  When possible, auxiliary opucs should be avoided, particularly if a funcuonal test of the auxihary optics s difficult 1o
perform. For any critical testing stage, at least one test method should be available that does not require auxiliary optics.
[f this 1s not feasible, two methods that use completely different auxiliary opucs should be available.

* All tests must be relatvely insensitive to vibration.

* A murror must be tested on a support that is identical in function to its final telescope support, 1n the same orientations in
which it will be used. In order to separate the effects of the polished surface, axial support, and lateral support it is

necessary to test the murror 1n three onentatuons. However, for a telescope with active control of the mirror figure, testing
in only two orientauons may be acceptable.

® When tesung steeply curved surfaces, it is not acceptable to map measured mirror deformations onto the surface as though
it were flat. For exampie, interferometry normally measures departures from a reference spherical shape. The measured

surface imformauon must be converted to a true Cartesian coordinate system before further processing (for example a
polynomtal fit) 1s attempted.

* Whenever possible, the test equipment should be remotely operable, so heat and vibration from testing personnel can be
1solated from the test setup. Also, the more conventent the equipment is (o use, the lower the chance of Operator error.

® Itis necessary to continually work on the development of new test methods, to have a chance of meeung new challenges
as they anse.

= Jr 1B WIYN | ) E -MEIER PRIMARY MIRROR

An appiicauon of this philosophy can be seen in the testing program for the 3.5-meter WIYN Telescope primary murror, the
largest murror currently in fabrication at NOAQ. This mirror bas been polished to a spherical figure, to facilitate testing at the
center of curvamre. Itis currenty being used in an extended program to test the mirror support, thermal control, and active

optcs systems for the WIYN Telescope!. Part of the current program is the development of test methods that will be needed
for finishing the mirror. These methods are summarized in Table 1.

The NOAQ large opucs facility was designed for fabrication of mirrors up to 4 meters in diameter. A test tower extends from
the ceiling of the facility, 20 meters above the level of the polishing machine, which is set below ground level. A large
basement room opeus in front of the polishing machine and the machine table can be tilted to allow honzon-pointing tesung of
muyrors. Figure 1 shows a moveable light-weight shroud that can be placed between the polishing machine and the lower part
of the test tower to reduce air currents that cause seeing effects. Figure 2 shows some of the test equipment in the tower at the
center of curvature of the 3.5-meter mirror. The optical axis of the mirror comes through the center of the hole in the optical
table. Part of the test equipment has been removed for clarity. Several different pieces of test equipment ¢an be set up, so that
each can be quickly and easily slid into position on horizontal slides. Figure 3 shows the aluminized mirror in its cell. Figure

4 shows some of the optical test equipment at the horizon-pointing test station in the basement. with the mirror in the
background. The test equipment can also be seen re-imaged in the mirror.

Several test methods are planned for each stage of the work. This is necessary because each test bhas limitations. Some tests
require auxiliary optical eiements, whose performance must be verified by other independent tests. Some tests provide only

parual informatjon about the surface. And, when extending the range of test capabilities, it ts always possible that a planned
test may prove impracucal.



Table 1

summary of Planned Opucal Tests for the WIYN Telescope Primary Mirror

. Asphenzing

| Figunng

3. Figure measurement in telescope

10.6 um PS Interferometry
Wire test
Hartomann test

Foucault test
Harumann test
Scatterplate interferometry

Phase-shifting interferometry

Harmmann-Shack

Curvature sensing

Lateral sheanng interferometry

No ™NO

Spherometers

Yes Yes
No NO
NO NO
Yes* Yes
No NO
Yes Yes
Yes Yes
No NO
No Yes
No Yes

* Foucault tesung can be performed without a null corrector, but more useful information can be gatned when a corrector 1s

used.
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Figure 1. A portable shroud has been placed
between the polishing machine and the base of
the test tower.
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Figure 2. Optical test equipment in the tower above the
3.5-meter murror, which is 12 meters below the hole in the
optical table. The scatterplate interferometer is on the left,
the Harumann light source and camera are on the right.

Two major difficulues occur during aspherizing, First, it is difficult o measure the surface before it has heen polished (o a
specular finish. Second, many test methods require a surface that is within a few microns of either: (1) a sphere. or (2) the
intended asphere. for which a null corrector has been built. The departure of the WIYN prnimary from the best-fit sphere 15 170
mMICTons, so there 1s an extensive "no-man's-land” between the sphberical and finished aspherical conditions.



Figure 3. The 3.5-meter murror, aluminized and 1n us cell, Figure 4. Honzon-pomung test equipment. The murror can
mounted on the tabie of the 4-meter polishing machine. be s¢en 1n the background, with the inverted umage of the

test equipment reflected 1o its surface. Note the reference
murror mounted 1n the central hole of the 3.5-meter muror.

Some wmformauon can be obtained with a bar spherometer, which can measure the surface curvature in radial and tangenual
directions by measuring the sagittai depth of the curve over the length of the bar. Much more complete informadon can be
obtained from a pbase sbhifung interterometer operaung at 10.6 microns wavelength. At 10.6 microns, a finely ground surtace
1s reflecuve enough to produce interferograms. If the mirror 1s within several tens of microns of a sphere. or within several
tens of microns of the intended aspbere, the full mirror surtace can be mapped.  An infrared-transmitung null corrector 18
required to measure the asphere, and 1t 15 difficult to devise a funcuonal test for such a corrector. Confurmauon of 1S
performance must be obtained from other independent tests once the murror has been polished to a specular surface.

Two tests we will use (0 measure the asphenc 3.5-meter muror without using a null corrector are the wire test and the
Hartmann test. These can be pertormed once the surface has been polished to a specular finish (we have no current plans (0
deveiop wire or Haranann tests that work 1n the infrared). Both of these tests vield slope information at points on the muror
surtace by tracing reflected beams of hight.  The wire test measures the posiuon where the normals to a given zone on the

muytor intersect the opucal axis. The general shape of the miurror surtace can then be determined. This can serve as a useful
starung pownt for the Hartmann test.

The Harunann test can take many different forms, but in general narrow beams of light are reflected from different spots on
the murror to a focus, and the pattern of spots 1s recorded by a camera at or close o the best focus. For tests of the 3.5-meter
MLrror we are using a pertorated metal screen placed durectly 1n front of the mirror surface to block most of the bght shining
on the murror from a point source at the center of curvamure (see Figure 5). The holes in the screen allow narrow beams ot
light to retlect trom the muror, forming spots on a CCD chip, also at or near the center of curvature. The posiuons of these
tocus spots are compared to their expected posiuons and the differences are a measure of the siope errors at the sample points.
[t can be difficult in pracuce to 1denufy each spot unless the general character of the murror figure is known in advance.

Ome significant advantage of the Haromann test 15 1ts insensitivity t0 vibrauon and seemng effects. A ume exposure of 10

seconds or longer will produce a siighty biurred image of each spot, but provided the vibravon and seeing conditions are

randomly varying, thew effects can be averaged out. The centroid posiuon of each spot will provide a true measure of the
siope of the corresponding point on the murror.

Use of a CCD camera allows the information to be fed directly w the computer program for data processing and the results can
be obtained rapidly. For the 3.5-meter mirror esung we are using a camera made by Photometrics. [nc. with a Thompson
1024 x 1024 detector. The pixel s1ze 15 19 mucrons, giving a full detector size of approximately 2 cm x 2 ¢cm. The size of each
spot 18 determined by a combinauon of the geometnc effects caused by displacement from best focus. and the diffracuon
effects caused by the size of the bholes 10 the screen. ln our current setup the spot sizes are about 20 pixels diameter.
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Figure 5. The Hartmann screen is being i i
g 1nstail
the 3.5-meter mirror. g ed 1n front of Figure 6. The 3.5-meter Hartmann screen 18 made of four

quadrants mounted on a common framework.

L
L
a &0
(I
& & 088 0t e

n ¥
0 B 9% & 4 A
s s 4 8 &4 v O N B
P88 e e ag
TEEEEEREEENRE.
» % % ¢ & & & A&
Illiiiil’li
lllililili
i-llilllllll

"'Il'll'l‘l-"l"llllll
s 8 8 8 B U & B OB 2N 4 a2t
tliiiliilliiliilliil
lllli!lilililitllilll
Iiliilllilllllilliil'
l.lllilillll.li'illllll
Y EEER NN RN A
Y R R BRI IR I L
T EERE R R N
N R I I LR N L
T T YRR R

[
Illiilllilllllili.iii

liliiilllilliil

s @ B E N D U U &Y
T EEENEREN

20 & 4 % 2 &8 2w
i'l.lil'llllilllii.‘llll

llllllillllll'.lll’llllllllll

e B &3 ¥ &9 0 2
"B EHEEREENENNEN.
"B EREENRNERENRE.
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A pellicle beamspiitter 1s used to avoid physical interference between the source and detector. It has been difficult to obtan

flat enough pellicles. [f necessary, the beam splitter can be eliminated by shifting the light source and camera laterally a smal)
amount. This can be accommodated fairly easly 1n the dawa reduction software if a full screen 1s used, but becomes more of a
complication if the testing is done quadrant by quadrant.

One disadvantage of the Hartmann test is the lack of informaton about the mirror surface between sample points. Other
opucal tests are required to prove that the surface 1s smooth and continuous.

A sumple Foucault knife-edge test can help determine the smoothness of the polished surface. On an aspheric mirror the test
can be performed without a null corrector, but at £/1.75 much finer detail can be seen if a corrector is used. Features a few

nanometers 10 height can be seen on the murror surface, providing confirmauon for measurements obtained by interferometry.

Phase shifting interferometry offers a number of advantages for testing large mirrors, including conunuous coverage of the
mirror surface with good spaual resolution, and potenual accuracy of a few nanometers for measurements of surface feature
heights. However, in the past commercial phase shufing interferometers bave been sensitive to vibraton. For example,
previous attempts to test large mirrors in our polishing facility with two different brands of commercial phase shifting
interferometers were uansuccessful because of the level of vibration present, even when testing late at night. Recent

improvements to bardware and software now offer the possibility that at least some commercial units may be able to cope with
the vibration. We hope (o test one of these tmproved models 1n the near future.

Scatterplate interferometers are well suuted to tesung large optics. The scatterplate is a quasi common path interferometer,
that uses a narrow reference beam that traverses approximately the same path to the mirror as the main beam. Vibration is not

a significant problem if fast shutter speeds are used. Seeing effects can be reduced by averaging a number of independent
measurements. The NOAOQ scatterplate interferometer and data reduction software have been described in a previous paper?.

Several potenual weaknesses of the scatterplate interferometer have been overcome by our development effort here at NOAO.
First, we needed semi-automatic analysis of the mterferograms, and we needed the ability to resoive surface errors with spatal
scales of about 1/200 of the muror diameter. Theseneeds have been met very well by the interferogram analysis software
developed by Claude and Frangois Roddier’, and unplemented by John Fox. Their software maps the phase of the
interferogram, then unwraps the phase information to produce a phase map of the murror surface. By displacing the
interferometer to introduce 440 to 50 fnnges of tilt in the interferogram, accurate high-spatial-frequency phase information 1s
obtained. The accuracy of the analysis has been confirmed by comparisons with other methods. Phase maps bhave been
matched to interferograms with zero tilt, as shown in Figure 8. Slope maps computed from the phase maps have been matched

to knife-edge photograpbs. And calculated point spread funcuons bave been compared to stigmatc images recorded through
an autocollimating microscope placed at the center of curvature.

Second, we needed fast exposure umes to freeze vibrauon effects. In our system a Photometrics 512 x 512 pixel camera
records the interterograms. The shortest exposure available from the shutter on the camera 15 about 1/100 second. Under
some circumstances this 1s not fast enough. Chris Koliopoulos suggested that an acousto-optic modulator could be used as a
fast shutter on the input hellum-neon laser beam. The beam 1s aligned so that it normailly misses the entrance aperture to the
interferometer. When the acousto-optic modulator is energized, the beam is diverted to align with the opuical axis of the
interterometer, and the beam momentanly illuminates the mirror. At present we are using exposure umes of 1/4000 second
with this equipment. A diagram of the NOAQ scauerplate interferometer is shown in Figure 9.

Third, one characterisuc of the scatterplate interferometer is a "hot spot” caused by the unscattered portion of the returning
reference beam. Two sumple innovations bave made it possible to obtain high-conwast interferograms with no hot spot.
Normally, the reference beam 1s focused onto the surface under test, as close as possible to the center of the aperture. As an
alternatve, we fabricated a separate reference murror having the same radius of curvature as the larger mirror, and placed it on
an adjustable mount in the muddle of the central hole’. The reference mirror is adjusted to have a common center of curvature
with the larger muror. This technique allowed us to get good interferograms with the hot spot removed from the aperture
under test. However, the hot spot sull remained in the center of the interferogram, and the difference n intensity sull caused
some problems in the CCD umage. Therefore, we placed a small occulung disk inside the camera on the window 1n front of

the CCD chip. This blocks out light from the region of the central hole of the mirrot, preventng the unscattered light from the
reference beam from reaching the CCD.,
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Figure 8. The surface error map on the left was computed by the Roddier analysis software. [t is an average of maps made
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3. QUTPUT OPTIONS

Once a surface error map has been created. either by analysis of interferograms. or by interpolation and imtegranon of the
Harmmann slope information, the informauon can be displayed in several different forms that are useful to the opucian. Many
ot these display forms are fairly conventional: contour maps, slope maps, three-dimensional surface plots, point-spread
tuncuons displayed as two-dimensional image intensity plots, three-dimensional plots, or a radially-averaged cross secuon.

These output forms are illustrated in reference 3. Four other display types that are parucularly useful to the opucian are
iiustrated below.

Figure 10 1s a contour map with a superimposed grid that shows the locations of internal ribs in the 3.5-meter mirror. This is
used as @ "hit map” by the opucians, to plan areas for local polishing.

Frgure 11 1s a contour map with low spatial frequency errors removed. Qur software allows subtraction of individual Zerike
polynomial terms from the phase information, up to 80 terms. However, Figure 11 was not prepared by subtracuon of the
low-order Zemikes. Instead, it was prepared by varying the size of the apodization circle in the Founer plane dunng
interterogram analysis. First, a standard interferogram reduction is performed to produce a phase map containing all of the
surtace informauon. Then a second reduction of the same interferogram is performed, but with the apodizauon circle
decreased 1n size, to produce a phase map with the high spatial frequency information filtered out. Finally, the second phase
map 1s subtracted from the first 10 leave only the high frequency informaton. This method removes low spaual frequency
errors more thoroughly than an 80-term Zemike subtracuon. The resulting high-frequency map 15 usefui for planning
localized polishing to remove print-through. Note that the surface information shown in Figure 11 would be missing from a
mirror surface map displayed as a Zemike polynomial fit.
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Figure 10. A "hit map” of the surface of the 3.5-meter mirror.  Figure 1. A contour map showing only surface errors of
The hexagonal grid lines have been added in the computer.  high spatial frequency. This map 1s from an early stage 1n
This allows the opucian to easily visualize locations where  figuring the 3.5-meter mirror. when high polishing pressures
iocalized polishing 1s needed. bad created significant pnint-through.



The surface cross secuon display opuon is illustrated 1n Figure 12, The plane cut through the surface error map can be either
verucal or ~onzontal, and 1t can be scrolied to the desired cut-through posiuon. Cursor lines on the cross secuon display can

be posiuoned by the operator 10 serve as calipers to measure the height of surface features. Exampies of the uses of these three
types of output by the opucians are descrnibed 10 a companion paper in this same proceedings®.
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Figure 12. The c¢ross secuon plot on the nght is a cut through at the locauon of the line 1n the surface error map on the lett.
Adjustable cursor imes (the two horizontal lines above the centerline) allow quantificanon of the heights of surface features.
The distance between the cursor lines 1s indicated at the top, 1n nanometers.

[n recent years, some telescope projects have specified mirror surface quality with a structure funcuon’®, Figure {3 shows a
structure funcuon calculaied from the (spherical) surface of the 3.5-meter mirror. To determine a pownt on the curve
corresponding to a parucular separaton distance, our software calculates the RMS of the beight differences between all pairs
of points in the phase map at that separaton, i1n twelve different direcuons (every 30 degrees).

4, FUTURE OPTICAL TEST DEVELOPMENT

At NOAO we uy to conunually look abhead, t0 anucipate upcoming testing requiurements. AS mentioned above, we are
currently developing test methods that will be needed for the aspheric polishing of the 3.5-meter mirror. We are also taking
advantage of the opportunity to develop figure sensing systems for the WIYN Telescope while the 3.5-meter murror 1s
sphenical. Among the possible candadate tests are Harunann-Shack, curvature sensing, and lateral sheanng interferometry. In
the telescope. each of these methods would use light from a star to test the aspheric opucs of the telescope. An analogous
siuauon exists 1n the opucs shop when testing a sphencal muror with a light source at its center of curvarure.,

The Gemuni &-meter Telescopes Project presents other tesung challenges. The pnmary mirrors will have a paraxial radius ot
curvature of 28.8 meters. This will make the control of vibratton and seeing difficult. The asphenc deparmre of the {/1.8

prumary murrors will be more than 1200 microns. In a Hartmann test, the circle of least confusion of the retlected rays will be

larger than available CCD chips. And. 1t will be difficult to test such large murrors at three different orientauons. for example
zenith poinung, honzon pomnang, and at a posiuon in between.

Each Gemim Telescope will bave three secondary mirrors. Their diameters range from 1.04 t0 2.5 meters. A tull sized
Hindle sphere for tesung these murors would be approxumately 7 meters 1n diameter. The distance from the test equipment, at
the positon of the long conjugate of the hyperboloid, (10 the secondary mirror will be as much as 18 meters.
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Figure 13. A measured structure function for the spherical 3.5-meter

mirror surface. The smooth curve is the WIYN Telescope specification
for the finished asphere.

Precise matchung of radius of curvature and conic constant of the primary and secondary mirrors will be required. Surface
figure measurements must be accurate to a few nanometers, with a spatial resolution of one to two centimeters. And a test
must be developed 10 evaluate the surface finish by measuring scattered light. To meet these testing challenges we will work

with commercial test equipment manufacturers, try to stay informed about large optics testing at other scientific facilities, and
conunue our own program of testing development.
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