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make up approximately 95% of the base with epoxy making 
up the remainder. 
• Vibration isolation: The machine base should be mounted 
on an active pneumatic vibration isolation system. The 
vibration isolation serves two functions. First, it prevents 
any low frequency vibration that may be present in the 
factory floor from being transmitted to the machine. 
Second, it keeps the top surface of the base level while the 
slides are being driven in translation. This results in a 
constant torque on the slide drive motors at all times. 
• Hydrostatic oil bearing slides: Slide straightness, smooth
ness, and stiffness contribute significantly to the accuracy 
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The new mirrors for astronomy 

T he 1990s will see the construction of six to eight optical 
telescopes with effective diameters in the range 6.5 m 

to 16m, all larger than any existing telescope. The huge in
creases in light-gathering power have come about only 
through innovative mirror and telescope designs, for grav
ity does not allow a simple scaling up of existing 4-m-class 
telescopes. Thus, three new primary mirror concepts are 
being pursued vigorously: the segmented mirror of the 
10m Keck Telescope,1 which consists of 36 thin 1.8-m 
segments of solid low-expansion glass 
ceramic; monolithic thin meniscus 
mirrors of the same material for the 
European Southern Observatory's 4 
x 8.2-m Very Large Telescope2 and 
the 7.5 m Japanese National Large 
Telescope;3 and spin-cast borosilicate 
honeycomb mirrors up to 8 m in 
diameter for three projects involving 
the University of Ar izona 4 , 5 , 6 and two 
U.S. national telescope projects.7 

In addition to the new mirror struc
tures, the telescope designs call for 
unprecedentedly fast focal ratios, 
yielding more compact and economi
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o f the finished workpiece. Hydrostatic oil bearing slide-
ways provide horizontal and vertical stiffness in excess of 4 
mill ion pounds/inch. Because the slide moves on a thin 
film of pressurized oil formed between the moving slide 
and the stationary way, slide travel is exceptionally smooth. 
Also, oil bearing slideways offer exceptional dampening 
characteristics. Typical slide straightness should be on the 
order of 1 micro-inch per inch of slide travel. 
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cal enclosures and stifFer structures that resist wind loading. 
Fast primaries also allow the use of reasonably sized secon
dary mirrors, while still maintaining the relatively fast Cas
segrain focii that offer the best matching to optical fibers 
and C C D detectors. The three projects in which the 
University of Arizona is a partner have chosen focal ratios 
of 1.2-1.25. To ensure the success of these projects, a new 
polishing technique was developed that is geared toward 
very fast aspheric optics. 

Polishing of large, fast mirrors 
The difficulty in polishing fast telescope mirrors comes 

from their asphericity. Primary mirrors for all large tele
scopes are parabolic or nearly so, resulting in asphericity 
that increases with the diameter and inversely with the cube 
of the focal ratio. The asphericities of some existing and 
planned telescope mirrors are given in Table 1. 

TABLE 1. Asphericities of some existing and planned mirrors. 
The asphericity listed is the peak-to-valley departure of the 

surface from the best fitting sphere. 

TELESCOPE DIAMETER 
(m) 

FOCAL 
RATIO 

ASPHERICITY 
(µm) 

Vatican Advanced Technology Telescope 1.83 1.0 445 

Hubble Space Telescope 2.4 2.3 48 

ESO New Technology Telescope 3.5 2.2 80 

William Herschel Telescope 4.2 2.5 66 

M M T Conversion 6.5 1.25 811 

Columbus Project 80 1.2 1130 

ESO Very Large Telescope 8.2 1.8 343 
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Polishing with rigid laps has a natural tendency to 
produce smooth spherical surfaces, because only a sphere 
allows the lap to maintain a perfect fit to the optical surface 
as it moves. Opticians use a variety of techniques to 
produce aspheric surfaces, generally involving selective 
glass removal with a lap that fits the surface either by being 
small (so that the asphericity does not amount to much 
over the area of the lap) or by being flexible. 

O n the other hand, a large stifflap offers great advantages 
in terms of polishing efficiency. A large lap covers more of 
the optical surface, increasing the average glass removal 
rate and reducing errors due to variation in pitch and 
abrasive properties during a polishing run. Provided it fits 
the surface, a stiff lap naturally smooths the surface on 
spatial scales up to the lap diameter. 

A group at the University of Arizona's Steward Obser
vatory has developed a way to combine the advantages of 
size and stiffness in a polishing tool for very aspheric 
mirrors. This tool, called the stressed lap, 8 changes its 
shape actively as it moves across the mirror surface, so that 
it continuously matches the changing aspheric surface with 
which it is in contact. The stressed lap thus removes the 
difficulties associated with asphericity from the polishing 
operation, in much the same way that a null lens remove 
them from testing. It allows the optician to polish an 
extremely aspheric mirror as though it were a sphere. 

The stressed lap is currently being used to polish the 
primary mirror of the Vatican Advanced Technology Tele
scope.9 The mirror is 1.83 m in diameter with a vertex 
radius of curvature of 3.66 m and conic constant of-0.996. 
Thus, it is slightly elliptical, for use in an aplanatic Gregor
ian telescope, but is virtually an f /1 paraboloid. As shown 
in Table 1, the asphericity of 445 µm is about six times that 
of the fastest 4-m-class mirror polished to date. 

The specification for the mirror's figure, like that for 
most new telescopes, is given in terms of image quality 
rather than overall rms surface error. Errors of different 
magnitudes are allowed on different spatial scales, in pro
portion to the atmospherically induced wavefront errors 
that limit the performance of any ground-based telescope. 
Like the incident wavefront, the surface must be extremely 
accurate on small scales, while larger errors are allowed on 
larger scales. The full specification corresponds to an image 
F W H M of 0.125 arcsec at 633 nm wavelength. The 
overall surface rms error will be about 30 nm when this 
specification is met. 

Design of the stressed lap 
The stressed lap consists of a metal disk with actuators 

attached to the upper face and coated on the lower face 
with the traditional layer of pitch. It is pressed against the 
mirror prior to polishing, allowing the pitch surface to take 

on the correct absolute shape for one particular position 
and orientation of the lap. When the polishing run starts, 
the actuators must induce the correct changes in shape as 
the lap moves relative to the mirror. 

The method of inducing shape changes in the stressed 
lap closely parallels the stressed mirror polishing technique 
used for the initial figuring of the Keck segments.10 For 
that project, the mirror segment is stressed so that the 
aspheric surface deforms into a sphere. It is then polished 
and the surface takes on approximately the correct aspheric 
shape when the stresses are removed. We, bend the lap 
instead, starting with a symmetric parabolic shape and 
applying stresses to bend it into the appropriate off-axis 
parabolic (or other aspheric) shapes required. 

The difficulty in polishing fast telescope 
mirrors comes from their asphericity. 

FIGURE 1. Geometry of the stressed lap, showing the 
force vectors (arrows) that produce the required bending 
modes. These modes are, from left to right, defocus, 
astigmatism, and coma. 

FIGURE 2. The stressed lap on the 1.8-m f/1 mirror. 
Twelve cylinders around the perimeter of the lap serve as 
lever arms that apply moments to the aluminum disk. 
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Analysis of the stressed-mirror polishing showed that the 
necessary bending modes can be produced in a circular 
plate by a distribution of bending and twisting moments 
acting only at the edge of the plate. We use the same 
principle for the stressed lap. Around the perimeter of the 
lap, a number of lever arms extend out of the plane of the 
disk. Horizontal forces applied to the tops of the lever arms 
provide edge moments that bend the disk as illustrated in 
Fig. 1. These forces are produced by actuators mounted in 
each lever arm, which vary the tension in elements that 
connect the tops of the arms. 

The lap for the 1.8-m mirror (Fig. 2) is 60 cm in 
diameter, giving a natural smoothing effect on small to 
moderate scales, while allowing control of the large-scale 
figure by polishing preferentially on selected areas. The 
disk is a 22-mm-thick aluminum plate, stiff enough not to 
conform to errors in the mirror surface that are outside the 
figure specification. It is also very stiff against the shape 
changes that must be induced, so that forces up to 500 kg 
are needed at 12 lever arms to produce the roughly 1 mm 
of bending. 

We control the stressed lap with a microprocessor that 
continuously monitors the lap's position and orientation 
with respect to the mirror and sends force commands to the 
actuators. The forces are controlled by closed-loop servos 
on the lap. The update rate from the microprocessor is 1.8 
k H z for the entire set of actuators, so the force variations 
are smooth and the instantaneous forces within 0.1% of the 
desired values. 

Polishing machine and technique 
We use a computer-controlled polishing machine de

signed to make best use of the stressed lap's ability to move 
rapidly over the surface. The machine uses a simple 
cylindrical coordinate system, with radial motion of the lap, 
rotation of the lap, and rotation of the mirror controlled by 
the computer. The lap can touch each point on the mirror 
every minute or less, and is driven in rotation at up to 10 
rpm. Selective removal of glass is achieved by varying the 
speeds of all three axes (including the mirror rotation for 
non-axisymmetric removal) by as much as a factor of 100. 

The aspheric figure of the 1.8-m f/1 mirror was gener
ated using the University's Large Optical Generator. 1 1 

This produced a surface accurate to 20 µm peak-to-valley, 
with subsurface damage extending 20-30 µm. We started 
polishing this surface directly with pitch using the stressed 
lap in November 1989. In March 1990, after 120 hours of 
polishing, we have polished out the generator roughness, 
but still have substantial large-scale errors to correct. The 
lap appears to fit the glass well, and the surface is extremely 
smooth on small scales, with no sharp features indicative of 
misfit. 

Future applications 
We plan to polish a number of larger primary mirrors that 

will be cast at the Steward Observatory Mirror Lab in the 
next few years. For focal ratios in the range 1-1.5 m, we will 
continue to use stressed laps of about 1/3 the mirror 
diameter. We are currently building a 1.2-m lap to polish 
a 3.5-m f /1.5 paraboloid starting in mid-1990. A lap of 
about 2.5 m will be used for the larger primaries of the 
Multiple Mirror Telescope conversion project4 (6.5-m f/ 
1.25) and the Columbus 5 and Magellen 6 projects (8-m f/ 
1.2). 

The stressed lap and polishing machine currently being 
used on the 1.8-m mirror will eventually be used to polish 
the large wide-field secondary mirrors for the 6.5- and 8-
m primaries. These secondaries are convex hyperboloids 
roughly 2 m in diameter, with asphericity comparable to 
that of the 1.8-m primary. The stressed lap does not care 
whether the surface is concave or convex, or precisely what 
shape changes are required, as long as they can be produced 
by edge moments. 

For the conic sections of revolution used for the mirrors 
in all classical telescope designs, a relatively large stressed 
lap can be used. For more general aspheric surfaces, 
including some severely aspheric designs now appearing 
for telescope field correctors, it may be necessary to use a 
smaller lap to produce the shape changes to sufficient 
accuracy. A rigid lap would have to be extremely small to 
fit these surfaces, so even in these cases the stressed lap 
should yield smoother surfaces and much more efficient 
polishing. 
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