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ABSTRACT

This paper illustrates that a Panoramic Annular Lens (PAL)
can be combined with spherical reflectors to provide a
simple and unique optical method for aligning segmented
mirror arrays to within a few micrometers.  Potential users
range from the Next Generation Space Telescope to ground
based observatories such as the Hobby-Eberly Telescope.

INTRODUCTION

The optics and astronomy communities recently realized that
segmented mirror systems provide significant advantages
when compared to monolithic systems.  The main factor that
makes the segmented approach so appealing is that large
apertures can be assembled from relatively easily
constructed smaller mirrors.

This advantage is particularly attractive when designing
observation platforms to function in space, since the size of
the launch vehicle limits the diameter of the monolithic
mirrors that can be transported there.  Cost is also an
important factor in this application and it is usually less costly
to produce several small identical mirrors than one large
one.

Although many engineers and scientists believe that
segmented mirror systems represent the future of large-
scale optics, the utilization of innovative pointing and control
methods is crucial to advancing the state-of-the-art in
imaging.  To say the least, the alignment of segmented
mirrors is very challenging.  Most current state-of-the-art
methods, for example, rely on very complex nonlinear image
based optimization.  Edge sensors are often employed to
align adjacent segments.  But these devices usually track
subsurface components as opposed to making
measurements on the active optical surfaces. 

This paper illustrates that a panoramic annular lens (PAL)
can be combined with spherical reflectors to provide a
simple and unique optical method for aligning segmented
mirror arrays to within ± 35 micrometers.  Positioning a
segment to resolutions as low as a few micrometers should
be possible if a higher resolution camera were employed.

RADIAL METROLOGY AND THE PANORAMIC ANNULAR
LENS (PAL)

The invention of the PAL [1] led to the science of radial
metrology; the process of using panoramic imaging systems
for inspection and measurement [2].

Prior attempts to locate points and contour regions
surrounding the PAL dealt with diffuse surfaces and involved
techniques such as structured lighting, moiré, and speckle
metrology.  Some of these techniques were complex and
computationally intensive, and did not always work well due
to geometrical constraints, occlusions, surface texture, etc.
But this paper presents an alternate method for making
absolute and relative position measurements on reflective
surfaces positioned within the field of view of a PAL.

As illustrated in Fig. 1, the optical axis of the PAL is defined
by a line perpendicular to the rear flat surface, which passes
through the centers of curvature of its three spherical
surfaces.  A longitudinal axis, labeled Z, is chosen to
coincide with the optical axis.  Two other axes, labeled X and
Y, are established in a plane defined by the physical equator
of the lens.  They are chosen to form a right handed triad
with the longitudinal axis.  Cylindrical (r,θ,z) coordinates may
also be defined with respect to the origin in real space; the
angle θ, measured counterclockwise from X, is called the
radial position angle.

At a given θ, all rays in the object space intersect at a
common point called the entrance pupil; point Oe on Fig. 1,
for example, corresponds to θ = 900.  A field angle, φ, can
be included as one of three spherical coordinates (ρ,φ,θ)
measured from a local system situated at this point.

The PAL forms an internal virtual image of its surroundings
by a combination of reflection and refraction; and the
collector lens produces an inverted, flat annular image.
Referring to Fig. 1, the image space is defined by either
Cartesian (x’,y’) or polar (r’,θ’) coordinates measured from
an origin situated at the center of the annulus.  Points
located on the inner radius, at a radial distance of ri’ in the
image plane, correspond to objects viewed at the maximum
field angle; points located on the outer radius at ro’,
correspond to objects viewed at the minimum field angle.



In practice, the camera system is usually mounted with the
mounting surface aligned along the X axis; the Y axis is
directed away from the base.  An observer looking from
behind the camera in the Z direction would see the X axis to
their left with Y upward.  From this perspective, the radial
position angle, θ, is measured clockwise from the X axis.
When the image is viewed on a monitor, the X’ axis is
directed toward the right with Y’ downward.  The radial
position angle, θ’, is measured clockwise from the X’ axis.

PANORAMIC ALIGNMENT SYSTEM

The panoramic grazing incidence method for aligning
segmented mirrors was developed at NASA’s Phased Array
Mirror Extendible Large Aperture (PAMELA) test bed facility.
PAMELA is the first telescope to have a fully adaptive
primary mirror.  When fully constructed, the primary mirror
consists of 36 individual spherical segments.

As illustrated in Figure 2, each mirror segment employs
three voice coil actuators to control tip, tilt, and piston
motion.  The actuators are mounted on an actuator plate so
that relatively coarse adjustments can be made relative to a
base plate by adjusting three 80 pitch screws.  The screws
are screwed through threaded holes in the base plate and
are equipped with balls at their ends that contact classical
cone-grove-flat spots located on the actuator plate.

The panoramic grazing incidence method was employed
while constructing the primary mirror with 18 of its segments
in place.  As illustrated in Figure 3, a CCD camera (512 x
512 pixels) equipped with a PAL was installed at the center
of the PAMELA segmented primary mirror.  A linear grid
pattern was placed around the circumference of the mirror
mount so that it could be viewed at grazing incidence on
three of the mirror segments.  Figure 4 shows a panoramic
image with these segments in the lower portion misaligned.

Piston motion is critical during the initial alignment phase.
The goal is to align the edges of adjacent segments by
simultaneously turning all three screws on one of the mirrors.
As illustrated in the photo shown to the left in Fig. 5,
segments can be aligned by eye to some degree.  But exact
positioning requires system calibration.

To calibrate the system, a Matrox Inspector software
package was used to capture an initial image of a segment
on which the grid can be seen.  The three 80 pitch screws
used to control the piston motion of the segment were then
simultaneously rotated through one complete revolution in a
positive direction to move the mirror forward.  Then, a
second image was recorded.  Additional images were
captured every revolution for 5 revolutions in the positive
direction and for 5 revolutions in the negative direction.
Figure 5, for example, shows images recorded of the central
segment before and after the screws were turned.
      
The image data was processed by using a digital correlation
algorithm that allows patterns to be matched with sub-pixel
accuracy.  The procedure consisted of selecting a region of
interest that included a section of the grid pattern in the
original image.  The software was used to identify the
positions of similar sections in the other images recorded.
The data was then stored and processed by using Excel.

ANALYSIS AND DISCUSSION

The table shown in Fig. 6 lists the image plane coordinates
for the centers of displaced windows in the images studied.
The image radius, r’,  is measured in pixels from the center
of the image.  The piston position was computed based on
the pitch of the screws.  On average, one rotation
corresponded to a movement of 0.458 pixels.

Once the calibration has been done, a similar procedure can
be applied to find the relative position of adjacent mirror
segments.  This is accomplished by comparing regions of
interest on either side of their interface.  A calibration curve
like that shown in Fig. 6 can be used to determine the
rotation required to bring the segments into alignment.

Although calibration curves are different for segments
situated at different radial locations in the PAL image, the
procedure could be extended to align all segments
contained within the field of view.  Theoretically, it should be
possible to extract all calibration curves needed from the
calibration curve established at a single location by
modifying the latter by the mapping function of the lens [3].

CONCLUSIONS

A panoramic grazing incidence method was presented that
allows the individual segments of a segmented mirror to be
aligned.  The accuracy depends upon magnification and the
pixel density of the focal plane array.  But segments can be
positioned to ± 35 micrometers with the existing setup.
Higher resolutions, as low as a few micrometers, should be
possible if a higher resolution camera were employed.

End users for this optical system include the Next
Generation Space Telescope, the Space Based Laser
program, laser propulsion, and ground based observatories
such as the Hobby-Eberly Telescope.
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Figure 1. Nomenclature for the PAL.

Revolutions Direction x' (pixels) y' (pixels) radius (pixels) Position (microns)
5 positive 275.18 387 178.4983 1587.5
4 positive 273.31 387.01 178.9344 1270
3 positive 275.48 388.01 179.4166 952.5
2 positive 273.51 388.01 179.8608 635
1 positive 2754.81 388.99 180.3007 317.5

Initial 273.82 389 180.7534 0
1 negative 276.05 390 181.2349 -317.5
2 negative 273.93 390 181.7024 -635
3 negative 276.45 390.99 182.1168 -952.5
4 negative 278.72 391.99 182.6298 -1270
5 negative 276.48 391.98 183.0782 -1587.5

y ' = -0.0014x ' + 180.78
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Figure 6. Calibration data.Figure 3. PAL positioned at center of PAMELA primary
mirror assembly.

Figure 4. PAL image of PAMELA’s primary mirror.

Figure 5. Initial image of central segment (left) and
image after 5 rev. in the negative direction (right). 

Figure 2. Spherical segmented mirror assembly.


