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Ficure 1.1. The hazards of working under an atmosphere. Weather is a
significant concern: if there is cloud cover, the telescope cannot be used
at most wavelengths. Wind is also a factor. Breezy conditions near the
ground cause instability of the telescope structure and enclosure. There
are also turbulent layers above the ground, and this will affect the imaging
performance. The atmosphere also reflects some of the man-made light
back to Earth, compounding the effect of light pollution. . . . . . . . ..

FIGURE 1.2. Limitations of putting large optics in space, using the Space
Shuttle as an example. The launch vehicle limits the payload’s size in
two ways. The rocket(s) have a limited amount of thrust, and this will
put an upper limit on the payload’s mass. The vehicle’s payload bay is a
particular size, and this puts an upper limit on the payload’s volume. . .

Figure 1.3. Left: The University of Arizona MARS mirror design. The mir-
ror consists of three key components: a thin, glass facesheet serves as
a reflective substrate; the surface accuracy is maintained by an array of
actuators; and the stiffness is maintained by a lightweight, carbon-fiber
and epoxy support structure. Middle: The added advantage of using an
active mirror design. If the structure should deform for some reason (due
to temperature effects, for example), the glass facesheet will deform, too.
Right: This error is readily corrected using the actuators. . . .. . ...

FIGURE 1.4. Actuator spacing and error correction. Left: if errors occur
within the actuator spacing, they cannot be fixed. Right: errors with
periods twice that of the actuator spacing (and larger) can be removed. .

FigURE 1.5. The original MARS mirror, circa 1997. All three components
of the active mirror design are clearly illustrated in this picture: the
[uncoated] glass substrate, the composite support structure, and the New
Focus Picomotor actuators. This now-famous picture illustrates a curious
phenomenon in prototype engineering: some pictures casually taken as
snapshots end up becoming ubiquitous. If Phil Hinz had known this, do
you think he would have worn a ring that day? . . .. . ... ... ...

Figurre 1.6. The final surface map for the original MARS mirror. Left:
gravity-limited surface figure (53 nm rms). The glass is so thin that
it slumps about the support points, and this is what causes the bumps
shown in the figure. Right: predicted surface in a zero-gravity environ-
ment (33 nm rms). The missing portions of data were masked out during
data reduction. Due to a tooling error, these portions of the mirror exhib-
ited unusually high errors. This systematic error was corrected in future
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Ficure 1.7. The 2 m NGST demonstration mirror. The glass facesheet is 2
mm thick and 2 m in diameter. The glass is supported by 166 actuators
that are each coupled to the glass via a nine-point loadspreader. The
support structure is made from a carbon-fiber/epoxy composite. . . . . .

Ficure 1.8. The 0.5 m ultralightweight demonstration mirror. The glass
facesheet is 1 mm thick and 0.5 m in diameter. The glass is supported by
31 actuators that are each coupled to the glass via a three-point aluminum
loadspreader. As with the other MARS mirrors, the support structure is
made from a carbon-fiber/epoxy composite. Unlike the other mirrors, the
support structure was aggressively lightweighted. . . . . . .. . . .. ..

FI1GURE 1.9. Areal densities for current and planned telescopes. Notice the
negative exponential curve as the years progress. Launched telescopes
are labeled in blue; successful technology demonstrations (prototypes)
are labeled in violet; and planned missions are shown in green. . . . ..

F1gure 1.10. Density versus Young’s modulus for various opto-mechanical ma-
terials. Specific stiffness is defined as the mass density divided by Young’s
modulus. Ideally, space mirrors should be made from materials that are
both lightweight (low density) and stiff. Beryllium and silicon carbide
both meet these requirements. . . . . . . .. ... ... ... ... ...

F1GUrE 2.1. Moment demonstration. The finger exerts a force at the red dot
(at the edge of the tire). Left: the hand exerts a force along a direction
perpendicular to the line that contains the tire hub and the red dot, and
the wheel starts spinning. Right: The hand exerts a force along a direction
other than the perpendicular. Only the x component of F' contributes to
spinning the wheel. . . . . . . . . . .. oo oL

FIGURE 2.2. A bending I-beam. A stress is applied (in the form of a moment)
at the ends of the I-beam, and the beam bends a little bit. . . . .. ..

FIGURE 2.3. The stress-strain curve. Stress o is plotted along the vertical axis,
and strain ¢ is plotted along the horizontal axis. The slope of the linear
region is Young’s modulus K. For most of the curve, the material behaves
according to a linear relationship: ¢ = Fe. If the material is stressed
outside of its linear region (to point A, for example), the material will
suffer a permanent shape change. For example, if stressed to point A, the
material will not follow the solid line back to the origin when the stress
is released. Instead, it will follow the dotted line, and the dimensional
change will be permanent. There is, of course, an amount of stress which
will cause the material to break, and this breaking point is noted by the
red “X” on the curve. The stress at this point is called the ultimate
strength. . . . . . .o
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FIGURE 2.4. The Poisson effect. Left: a rubber cube. Right: a rubber cube
with a stress applied along one axis. Because of this force the rubber
is compressed along one direction, but it expands along another. The
Poisson ratio quantifies thiseffect. . . . . . . ... . .. ... ... ..

F1Gure 2.5. Calculating the moment of inertia for an area A. The moment
of inertia is always calculated with respect to an axis. In this example,
the moment is calculated about the z oryaxis. . . . . .. .. . ... ..

FI1GURE 2.6. Common moments of inertia. Notice that each case has a red
axis drawn through it. This is the centroidal axis: it passes through
the center of mass, described in Section 2.3.1, and it is the axis about
which the moment is calculated. If a different axis is appropriate for a
calculation, Equations 2.10 and 2.11 can be used to shift the axis to any
arbitrary location. . . . . ... .. L L

Ficure 2.7. Rulers and the moment of inertia. The moment of inertia for a
rectangular cross section is fibh?’. When the ruler rests flat on the table
(bottom ruler), b > h. When the ruler is turned such that its narrow
width rests on the table (upper ruler), & > b. In fact, the upper ruler has
a moment of inertia that is roughly 16 times greater than the lower ruler.
This means that it will be 16 times harder to bend when pushing down
attheendof theruler.. . . . . . . . ... .. ... ... ...

F1Gure 3.1.  The University of Arizona lightweight active mirror design. There
are two ways to make this mirror lighter. The first way is to reduce the
thickness of the glass facesheet. This results in less mass due to the
glass, but more actuators are necessary to maintain the same surface
accuracy. Alternatively, the glass thickness could be increased, and this
would result in the use of fewer actuators because the facesheet would
be stiffer. Clearly, there must be a way to distribute the mass between
the facesheet and actuators such that performance is optimized while the
mass is minimized. This chapter works towards answering that question.

FI1GURE 3.2. The two effects that can affect the shape of the mirror’s sur-
face. Left: patches of different CTEs combined with a global temperature
change result in regions of the mirror that expand and contract at differ-
ent rates with a change in temperature. Right: patches of the mirror at
different temperatures result in non-uniform expansion/contraction of the
mirror’s surface. Both of these effects distort the substrate. Notice that,
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FIGURE 3.3. 4, as a function of facesheet mass. The minimum surface error
occurs when half the mass budget is used for the facesheet. Lighter (thin-
ner) facesheets are subject to high frequency error because more actuators
will exist. Heavier (thicker) facesheets are subject to low frequency bend-
ing errors. The optimum solution occurs in the middie where neither low
nor high frequency errors will dominate. . . . . . . ... ... ... ..

FIGURE 3.4. A nine-point loadspreader. Loadspreaders (or whiffle trees) are
used to spread an actuator’s influence out over a larger area. For example,
this particular loadspreader contacts the actuator on its underside (in
the middle of the spreader), and it spreads the force imparted by the
actuator to nine contact points on the mirror. Section 3.2.5 describes
how to interpret the design rules such that loadspreaders can be included
in the mirror design. . . . . . . ... ... L

F1cure 3.5. The science of balloon inflation. After the balloon has some air
in it, two opposing forces are at work. The stretched-out rubber has a
membrane stress; this is tangent to the balloon’s surface. This pressure
wants to make the balloon smaller. Opposing this, there is a reaction
pressure in the form of air pressure that pushes outward, normal to the
balloon’s surface. This pressure wants to make the balloon larger. The
balloon is in static equilibrium (once inflated, it does not change size) so
the two forces must beequal. . . . . . . ..o

FIGURE 3.6. A stress causes a blister to appear on a glass shell. Right: the
geometry of the blister of radius . . . . . . . . ... oo oL

Fiaure 3.7. Gradient patch effects. In Section 3.2, I derived a set of opti-
mum design conditions assuming that the limiting errors are caused by
discrete temperature/CTE patches across the substrate. A more realistic
consideration is that the patches will really be gradients of temperature
or CTE, as seen above. In this section, I re-derive the design conditions
assuming there is a temperature/CTE gradient normal to the substrate.

FiGURE 3.8. Thermal bending for a homogeneous plate. When a linear ther-
mal gradient is applied through a bar of material, it bends. The amount
that it bends is proportional to the size of the temperature gradient. In
Section 3.3.1, I derive an expression that relates the amount of bending
(quantified by the radius of curvature, R) to the temperature gradient,

FiGure 4.1. Two schemes for lightweighing thin shells. Left: A sandwich
scheme uses a facesheet and a backsheet that surround an inner rib struc-
ture. Right: The openback scheme uses only a facesheet, and the inner
ribbing is exposed from the back. . . . . . . ... ..o 0oL
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FiGure 4.2. An I-beam supported at one point. It bends due to its own weight
(top right), but it also shears near the support point (bottom right). These
two effects combine to create the (exaggerated) shape shown on the left.

FIGURE 4.3. The moments of inertia for a solid beam and an I-beam. Note
that the moment is smaller for the I-beam. . .. ... . ... ... ...

FIGURE 4.4. Scissors use a shearing effect to cut paper. The bottom blade
exerts an upward force while the top blade exerts a downward force. This
shearing force along a straight line tears the paper into separate pieces. .

F1GURE 4.5. This pizza dough is subjected to a localized force (a finger), and
it deforms mostly due to shear effects. . . . . . .. ... ... ... ...

FIGURE 4.6. A comparison between a solid and a lightweighted plate. The
callout bubble shows the dimensions of the lightweighted unit cell: A, = 2,
b, = 2, h; = 1, and b;/2 = 0.75. The dimensions for the solid unit cell
are h, = 2 and b, = 2. (h; and b; are equal to zero since the cell isn’t
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FiGURE 4.7. 2D and 3D unit cells for the sandwich scheme. . . . . . . . . ..

FiGure 4.8. Lightweighting the sandwich geometry. In this example, the
ratio of the facesheet to rib thickness is equal to one (TR = 1). Thus, the
facesheet and rib thickness remain equal as the cell is lightweighted.

FIGURE 4.9. Structural efficiency (sE) for a sandwich structure as a function
of lightweightedness (% LW). For this example, I used BK7 (v = 0.206)
and a unit cell with outer dimensions b, = 1 in and h, = 2 in. & =
1/10 L. The different curves represent different facesheet to rib thick-
nesses. For example, the line labeled “5” is for a sandwich geometry
where the facesheet thickness is held at five times the rib thickness as the
unit cell is lightweighted. . . . . . .. ... ... oo,

FI1GURrEe 4.10. 2D and 3D drawings for the openback unit cell. Left: the 2D
drawing has been divided up into two smaller pieces for solving the mo-
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FicUre 4.11. Lightweighting the openback geometry. As material is removed,
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FIGURE 4.12. Structural efficiency (sE) for an openback structure as a function
of lightweightedness (% LW). I also include the approximate illustration
of the unit cell for a few points. Note that the rib width remains constant
as material is removed. (In this case, R, = 0.5 so the rib width remains
50% that of the cell width.) For this geometry, the optimum structural
efficiency is obtained when the unit cell is lightweighted by 22%.

12

87

88

89

90

91
95

97

98

101

103

105



13

LisT oF FiGuresS— Continued

FIGURE 4.13. Left: The % lightweightedness required to maximize the struc-

tural efficiency as a function of R,. This plot shows how much the unit

cell must be lightweighed to achieve the maximum sE for a particular rib

width. Right: The maximum possible structural efficiency as a function

of R,. This plot shows the maximum possible sE for a particular rib width. 106
FIGURE 4.14. Structural efficiency (sE) for a sandwich structure as a function

of lightweightedness (% LW). This plot is for an example using E6 glass

(v = 0.195), and a unit cell with dimensions b, = 4 in, h, = 0.5 in, and

TR=1.€=1/101/I0. . . .. i 108
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m glass blank. 1. A 2.2 m mold was assembled in the oven’s center. 2. The
glass was lifted out of its shipping container and inspected for impurities.
3. The block was lowered on to the mold. The Steward furnace was then
fired to a temperature of 1100 °C (2000 °F). At this temperature, glass
has the consistency of thick honey, and it flowed into the mold. The
furnace was slowly cooled, and the finished glass blank was removed from
the mold. Throughout the casting process, the furnace rotates such that
the top of the glass blank forms a parabola. . . . . ... ... ... ...
F1GURE 5.3. The glass fabrication process. The process started with a meniscus-
shaped glass blank, Figure 5.2. The convex, non-optical surface was pol-
ished while the blank was 50 mm thick. This allowed the opticians to
use standard polishing techniques and their existing tooling. After the
convex (non-optical) surface was finished, it was flipped over and bonded
to an E6 blocking body using pitch. After attachment, the excess glass
was removed from the concave (optical) side using a diamond cutting
tool. Finally, the concave side was ground and polished to remove any
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ABSTRACT

The success of the Hubble Space Telescope created a great interest in the next gener-
ation of space telescopes. To address this need, the University of Arizona (UA) has
designed and built several lightweight prototype mirrors ranging in size from 0.5 m to
2 m in diameter. These mirrors consist of three key components: a thin, lightweight
glass substrate holds the reflective surface; the surface accuracy is maintained by an
array of position actuators; and the stiffness is maintained by a lightweight carbon-
fiber /epoxy support structure. The UA mirrors are different from éonventional mir-
rors in that they are actively-controlled: their figure may be changed after they leave
the optics shop.

This dissertation begins with an overview of the technical issues for placing large
optics in space, and I also discuss the current state-of-the-art in active mirror design.
Chapters 3 and 4 discuss ways to design mirrors such that the optical performance is
maximized while the mass is minimized. Chapter 3 looks at the best way to distribute
the mass between the reflective substrate and the actuators, and Chapter 4 looks at
the optimum geometries for structured mirrors.

The second half of this work looks at the practical aspects of controlling active
mirrors. Chapter 5 discusses the University of Arizona’s 2 m NMSD prototype mirror.
Specifically, I review the system that I developed to measure and control the mirror.
I also provide some details on using a least-squares solution to solve for the actuator
commands. Chapter 6 discusses the UA ultralightweight 0.5 m prototype mirror. I
describe the techniques that I developed for attaching loadspreaders to the reflective
surface, the metrology system, and a software package used to remotely-control the

mirror.
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Chapter 1

INTRODUCTION

1946 was a banner year for space optics. Elsewhere in the world, World War
IT had just ended, and the United States was poised to become a superpower. The
birthrate in America would increase by 15% over the previous year, officially starting
the Baby Boom. Meanwhile, the important optics contribution would come from
Princeton University: while working in the astronomy department, Lyman Spitzer
proposed using a telescope in space. He noted that an on-orbit telescope would
result in increased resolution and stability. At the time, the idea must have seemed
outlandish: the United States was still sixteen years away from putting anything
in space, let alone a telescope. Spitzer’s vision persevered through the next several
decades, and forty five years later NASA launched the Hubble Space Telescope (HST)
in 1990.

The HST has proven to be a major public relations coup for both NASA and the
US space program at large. Few Americans realize how many thousands of technical
satellites are currently orbiting the Earth, but the Hubble is certainly one of the most
familiar. The HST has changed the way we view ourselves in the universe. The HST
has provided evidence that the universe is accelerating, and this has reshaped the

way that scientists view the composition of the universe.!

Tf the universe is accelerating, then Einstein was correct when he suggested that some other,
previously-undiscovered form of energy must exist. Einstein proposed using a “cosmological con-
stant” to account for this energy, but he later referred to this idea as his greatest scientific blunder.
Recent results from the HST suggest that such dark energy exists.
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CLOUD COVER

LIGHT POLELTHON

PRECIPITATION

F1GuRrRE 1.1. The hazards of working under an atmosphere. Weather is a significant
concern: if there is cloud cover, the telescope cannot be used at most wavelengths.
Wind is also a factor. Breezy conditions near the ground cause instability of the
telescope structure and enclosure. There are also turbulent layers above the ground,
and this will affect the imaging performance. The atmosphere also reflects some of
the man-made light back to Earth, compounding the effect of light pollution.

1.1 Why space?

There are several reasons why space is an excellent place for a telescope. First and
foremost, the instrument is above the Earth’s atmosphere, and the atmosphere is the
source of several concerns. The biggest issue is atmospheric absorption over portions
of the near infrared spectrum. If an astronomer is looking for something that has
a wavelength in one of these absorption bands, the visibility of this object will be
very poor. The atmosphere also contains the weather, as illustrated in Figure 1.1.
Ground telescopes suffer from reduced visibility during weather events like clouds,
precipitation, and high winds. In addition to the weather, the atmoshere contains
turbulent wind layers that degrade the image quality.? Modern ground-based tele-
scopes are currently using adaptive optics (AQ) systems to subtract this effect, but
these systems are expensive: there are currently only a handful of telescopes that use

AO to any degree of success.

?You don’t have to be an astronomer to appreciate this effect. If you look across town on a clear
night, the city lights appear to twinkle. The atmosphere causes a varying index of refraction across
the horizon.
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On Earth, most telescopes are used at night, but the idea of night and day is
effectively meaningless in space. Depending on where the telescope is placed and
what it’s pointed at, the user can get more than the eight hours of viewing that he
would get on Earth. This results in a more efficient use of the instrument: the ratio
of science information gained per day is higher for a space telescope.

One of the biggest concerns in constructing modern-day ground-based telescopes
is selecting a location. Ideally, the location should have good seeing® and little light
pollution. Environmental concerns are also a big factor in selecting a location for
telescopes built in the United States. Many of the potential sites that fit all of the
criteria are located in pristine forest or in sensitive environments. Putting a telescope

in space bypasses these concerns.

1.2 The challenges of putting large optics in space

There are several concerns that must be addressed when putting large optics into
space.* First, the launch vehicle limits the payload in two ways, and this is illustrated
in Figure 1.2. The United States has an existing fleet of rockets used to carry technical
payloads into orbit, and one of these vehicles must be used for launching a space
telescope: NASA isn’t going to design and build new rockets for this purpose. Thus,
the telescope must fit within the payload shroud for the current selection of launch
vehicles. Most current vehicles have a payload faring of four or five meters. Notice
that this is the total payload diameter: this includes both the telescope’s primary
mirror and the rest of the satellite that surrounds it. Finally, the engines attached

to a particular rocket limit the payload’s mass. Thus, the launch vehicle places an

3While it may look like a non-scientific term, “seeing” is a technical word. It refers to the optical
quality of the column of air that a telescope must image through to see the stars. A telescope site
with “good seeing” means that the atmospheric turbulence above the site is small compared to other
locations on Earth.

4Within the context of this discussion, a “large” optic constitutes anything 0.5 meters (20”) in
diameter or larger.
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FIGURE 1.2. Limitations of putting large optics in space, using the Space Shuttle as
an example. The launch vehicle limits the payload’s size in two ways. The rocket(s)
have a limited amount of thrust, and this will put an upper limit on the payload’s
mass. The vehicle’s payload bay is a particular size, and this puts an upper limit on
the payload’s volume.

upper bound on the payload’s mass and volume.

The journey, itself, is also a concern for putting large optics into space. The ride
up through the atmosphere is rough: the payload must be able to survive the journey
into orbit. In addition to this, space is potentially a harsh environment to work in.
Depending on whether or not the satellite spends time in direct sunlight, the payload
can experience temperature swings of tens of degrees. As a result, the materials for
both the optics and the metering structure must be chosen appropriately such that

their materials properties (i.e. coefficient of thermal expansion) match.

1.3 The University of Arizona MARS mirror design
1.3.1 Conventional optics

Conventional telescope mirrors are made from thick, heavy plates of glass. This is

because the substrate® serves two purposes: it supports the reflective coating (often

SThroughout this work, I will use the terms “facesheet”, “substrate”, and “reflective surface”
interchangeably. The word “substrate” is appropriate because the glass only serves as a support for
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only a few hundred atoms thick), and it also serves as the structural support. For a
solid plate, the bending stiffness goes as the cube of the plate thickness, so there is a
significant advantage to be gained by making an optic thicker. Conventional mirrors
are also passive: the figure that is applied in the optics shop is the figure the mirror
will have for the rest of its life. This is another reason why conventional mirrors are
thick: because the figure is permanent, it is advantageous that they be stiff, rigid
structures.

Modern ground-based telescopes use passive mirrors with active supports. The
passive mirror with an active support uses the support to remove errors with large
spatial scales. For example, the Multiple Mirror Telescope’s primary on Mt. Hopkins
is 6.5 m in diameter, and it’s supported by 160 actuators. These actuators can’t
correct for errors on the order of a few inches: they’re spaced too far apart to do this.
Instead, they are used to correct for gross astigmatism or trefoil caused by self-weight
or wind loading.%

Conventional mirrors have an advantage in that they have a significant legacy in
mirror fabrication. Opticians have been making conventional passive mirrors for over
one hundred years, and the processes and tooling are well understood, standardized,
and readily available. This means that conventional mirrors usually don’t require
complicated new tooling or additional research, and this is an important consideration

for ground-based telescopes.”

the reflective coating. (The glass, by itself, doesn’t reflect much light. The reflective coating is the
real mirror.)

5There is a distinction between an active mirror and a passive mirror with an active support. An
active mirror generally has more control over its surface: it has the ability to correct errors over a
smaller spatial period. (This is referred to as a “high authority” mirror.) Passive mirrors tend to
be a lot thicker, and this makes them harder to control over smaller spatial periods.

"The Hubble’s primary is a lightweighted conventional mirror. It was made by taking three
components of ULE and fusing them together at a high temperature. The Hubble’s primary is
basically a giant sandwich: there is a facesheet and a backsheet that surround a series of ribs in
between.



FIGURE 1.3. Left: The University of Arizona MARS mirror design. The mirror
consists of three key components: a thin, glass facesheet serves as a reflective sub-
strate; the surface accuracy is maintained by an array of actuators; and the stiffness
is maintained by a lightweight, carbon-fiber and epoxy support structure. Middle:
The added advantage of using an active mirror design. If the structure should deform
for some reason (due to temperature effects, for example), the glass facesheet will
deform, too. Right: This error is readily corrected using the actuators.

1.3.2 The MARS design: a Membrane with Active Rigid Support

The University of Arizona has been working on a mirror concept for the past ten
years that satisfies all of the concerns discussed in the previous section.® The design
replaces the use of a single, monolithic piece of glass with an entirely active design
that has three key components, Figure 1.3. The substrate that will eventually receive
the reflective coating is still made from glass, but instead of being several inches thick
(in the case of the Hubble’s primary) it is only a few millimeters thick. However,
because the glass is so thin, it is also very flexible. As a result, the substrate is
mounted on an array of position actuators. These are little motors that have the
ability to move up and down to correct the substrate’s surface figure. Finally, the
system stiffness is maintained by a lightweight support structure (sometimes called
a reaction structure) that is generally made from a carbon-fiber/epoxy composite
material. Together, these three elements make up the Univ. of Arizona lightweight
“MARS” mirror design: Membrane with Active Rigid Support.

The design details of the support structure and the actuator mechanics are mostly

a mechanical problem, and therefore they will not be discussed in great detail. For

8The University of Arizona got into the space mirror business because of their work in adaptive
secondary mirrors for ground-based telescopes. The MARS design is basically a lightweighted version
of an adaptive secondary mirror.
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FIGURE 1.4. Actuator spacing and error correction. Left: if errors occur within the
actuator spacing, they cannot be fixed. Right: errors with periods twice that of the
actuator spacing (and larger) can be removed.

example, the geometry of the support structure is based entirely on the system’s
dynamic mechanical requirements (i.e. resonant frequency properties). These issues
are worked out by mechanical engineers.

The layout of the actuator geometry is an important consideration, and the design
details of this are discussed in Chapter 3. For the time being, it’s important to point
out that errors in the mirror can only be removed if they are on spatial scales greater
than twice the actuator spacing, Figure 1.4. For example, the left side of Figure 1.4
shows a surface error with a period smaller than the actuator spacing. This error

cannot be removed using the actuators.

1.3.3 The original MARS prototype mirrors

The initial MARS mirrors were three identical, half meter prototypes [1] built as a
proof-of-concept for NASA in 1997, Figure 1.5. The mirrors contained all of the three
key components described in the previous section. The glass facesheet was 53 cm in
diameter and 2.1 mm thick. It was fabricated from a Zerodur® disk, and the final
mass of the substrate was 1.25 kg.

New Focus Picomotors were chosen as the actuators for these mirrors. The Pico-
motors each had a mass of 40 g, and they used an 80 pitch screw as the actuator.

Picomotors are driven via cylindrical piezo-electric!® stacks: they move in discrete

®Zerodur is a glass/ceramic that has a very low coefficient of thermal expansion.
104 piezo-electric material is one that changes linear shape when a voltage is applied.
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F1GURE 1.5. The original MARS mirror, circa 1997. All three components of the
active mirror design are clearly illustrated in this picture: the [uncoated] glass sub-
strate, the composite support structure, and the New Focus Picomotor actuators.
This now-famous picture illustrates a curious phenomenon in prototype engineering:
some pictures casually taken as snapshots end up becoming ubiquitous. If Phil Hinz
had known this, do you think he would have worn a ring that day?

steps of 30 nm with very little hysteresis.

The support structure was made from a carbon-fiber/epoxy composite material.
It was designed at the Univ. of Arizona and fabricated at Composite Optics, Inc.
in San Diego. This particular support structure was 53 c¢cm in diameter and 4 cm
thick. The facesheets are 1 mm thick, and the internal portion of the structure was
composed of tangetial and radial ribs. The mass of the support structure was 2.0 kg,
and the entire assembly (including the actuators and the support structure) was 4.73
kg.

The mirror’s surface quality was measured using visible interferometry . The
resulting surface was 53 nm rms (A/11 at HeNe), Figure 1.6. The bumps in the
surface are the result of gravity: the glass membrane is so thin that it stumps about
all of the support points. In space, gravity doesn’t exist, and this effect would not be
as dominant. The effective surface error in the absence of gravity was calculated to
be 33 nm.

The original MARS mirrors were successful on several fronts. First, they proved

that the lightweight design was feasible and that it could be successfully fabricated.
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FIGURE 1.6. The final surface map for the original MARS mirror. Left: gravity-
limited surface figure (53 nm rms). The glass is so thin that it slumps about the
support points, and this is what causes the bumps shown in the figure. Right: pre-
dicted surface in a zero-gravity environment (33 nm rms). The missing portions of
data were masked out during data reduction. Due to a tooling error, these portions
of the mirror exhibited unusually high errors. This systematic error was corrected in
future mirrors.

The following results are the important technical conclusions that came out of this

project:

e Zerodur, the material used for the facesheet, exhibited low internal stress, and
it was a good material for this application. There was also very little residual

stress due to the fabrication process.

o The prototype used magnets as the interface between the actuators and the
facesheet. This was done for two reasons. First, it allowed the actuators to
exert a small downward force of 1.5 N (five times the local self-weight on each
actuator). It also allowed for a fail safe method in case one actuator was ex-
tended too far: if this happened, the surrounding magnets would release from
their actuators and the facesheet would not be damaged. The prototype showed
that this interface scheme worked well, with “little evidence [of] parasitic forces

from bending moments or lateral friction.” [1]

e The prototype met the design goal of being light enough for the next generation






