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ABSTRACT

Problems and opportunities are discussed for adapting certain design
features and construction techniques, developed for producing high-accuracy
ground~based radio dishes, to producing millimeter-wave dishes for space
use. Specifically considered is a foldable telescope of 24 m aperture and
9_.6 m focal length, composed of 37 vigid hexagonal panels, which will fit
within the 4.5 m diameter x 18 m long payload limits of space shuttle.

"As here conceived, the telescope would be a free-flyer with its own power-
and pointing-systems. This preliminary report considers some of the
structural design features and construction procedures by which the tar-

get surface accuracy of approximately 50 pm rms might be achievable.
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INTRODUCTION

The advent of space shuttle in the coming few years will bring with
it new capabilities for deploying pavloads of considerable bulk and weight
into earth orbit relatively economically. The further capability of peri-
odic revisitation also offers the possibility of assembling larger struc-

tures out of smaller elements or modules carried aloft in successive flights.

Large radio antennas stand out as prime examples of space structures
for which a need can be clearly foreseen and for which the space environ-
ment offers unique advantages such as the complete. absence of the blanket-
. ing effects of the earth's atmosphere and of the deformation effects of

gravity and wind.

Several alternative methods can be visualized for erecting large
antennas in space; for example: by unfurling, in the manner of an um-
brella; by inflation, in the manner of a life raft; by unfolding of a
number of rigid "petals" or panels, possibly braced by a number of hinged
or telescoping strués; by a;sembly, piece by piece, out of separate com-

ponent parts.

Each of these methods could be appropriate for antennas of .some par-
ticular rénge of size and surface accuracy. Iﬁ general, the first two
methods would appear to be best adapted to the largest sizés, but limited
to relativelyklong wavelengths where poorer surface accuracies are toler-
able, ﬁhile the last two methods would be more useful for smaller antemmas
of higher surface accuracy, needed for 6peration at shorter wavelengths.

As a rough guess, the relative surface accuracy as a fraction of-the dia-
-3
meter of the antenna probably would be limited to 10 = ox more for the

former methods, but might attain 10-5 or less for the latter.

The présent discussion assumes that coherent (diffraction-limited)
operation is the goal for a given case., The possible use of relatively

inaccurate reflectors as concentrators or "light buckets" is not considered.

In recent years a prégram'of research and development of high—abcuracy
antennas (™"dishes") for use in the 0.3 - 10 millimeter wavelength range has
been pursued at the California Institute of Technology under NWASA and NSF

support. Under this program, dishes. of 10.4 meter diameter have been pro-
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duced whose departure from an idéal parabolic surface is approximately
*25 pm (0,001 in.) mms; a surface rms of 10 mm appears within reach by
straightforward extensions of present techniques. Tn addition to having
a relatively good surface accuracy, these dishes also méy be disassembled
into their- component panels and struts and later reassembled, without jigs

or other ‘aids, so as to regain their initial surface shapes.

As a basis for further discussion, the construction of these dishes will

be briefly described.

The 10.4 meter dishes, intended for millimeter-wave interferometry,
consist essentially of a-large numbe# of aluminum honeycomb panels, support-
ed on stiff steel Eupport frames. The support frame is a steel tubular
framework with a high degree of redundancy, based upon a lattice of equi-
lateral triangles in plan view (Figure 1).° The tubes have wall-thicknesses
chosen to optimize the stiffmess for given weight. All members .are fab-
ricated to precise, computer-calculated lengths and are assembled using
'close-fitting:ground pins in reamed holes., This permits occasiomal par-
tial disassembly and reassembly with negligible dimensional variatiom.

At each node, all strut forces pass through a single point to avoid bend-

ing deformations which would reduce the stiffness (Figure 2).

A lattice of 84 hexagonal-shaped aluminum honeycomb panels; each
about 1.15 m in size and 7 cm thick, is supported at the triangle vertices
by thin, laterally flexible steel studs having differential screw-jack
adjustment capability (for fine-figuring of the surface), (Figure 3).
The‘openﬂcelleq upper honeycomb surface is machined to shape using a
radially movable, template-guided high-speed cutter, and slow rotation
of the mirror. During assembly and machining, the dish is supported on a
large air bearing. The time required to complete a single cut over the

whole dish is about 4-8 hours.

The reflecting surface is 1.0 mm thick sheet'aluminum, elastically de-
formed by about 1 psi of external pressure to mate with the machined
honeycomb surface and held in place by epoxy. The machining of the honey-
comb is sufficiently accurate that no further finishing of thé aluminum
skin is needed; however, experience with a prototyﬁe dish suggests that
a finer figure may be obtained by etching or grinding the skin after panel

assembly, and this will be done on at least one of four planned dishes.
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Some of the features of the comstruction described above are depicted in

Figures 4-9.

The principal purpose of the present preliminary study is to examine
possible application of the above techniques to the production of shuttle-

deployable dishes of various sizes, from 10 m to 30 m or more in diameter.

Thus in the present discussion we examine the feasibility and the
possible merits of one particular approach to the design, construction, and
deployment of a diffraction-l1imited space antenna for the wavelength range
from 0.5 - 5.0 millimeters. The more ambitious goal of diffraction limited
operation to much shorter wavelengths such as 0.2 mm may prove feasible as
experience with sequented reflectors is developed. According to that
approach, the entire antenna structure would be built to the necessary pre-
cision on the ground, and would then be partially disassembled, suitably

packed, launched into earth orbit, and there unfolded or reassembled.

Specific aspects of the adaptation of the present dish design that

are to be considered include:

.Evaluation of automatic deployment vs. assembly with astronaut

participation.
:Opportunities for weight reduction

.Thermal characteristics of the present dish and expected thermal

characteristics of a space dish.

MNature of the ground assembly, deployment, and test procedures
to help establish and verify the procedures to be followed in

zZero-g.

BASTC CHOICES

Many factors and tradeoffs enter into the design of a mechanical
structure for the space enviromment. If the structure is relativély large
and yet must attain and hold a high deg;ee of dimensional accuracy, cer-
tain of these factors are enhanced in imﬁortance. In the present case,
we- are concerned with the geometrical relationships of a whole large area -
the antenna reflecting surface - with a single p01nt -~ the focus or re-
ceiver horn. On the one hand, the stability of the optical parts must be
maintained to within a small fraction of the shortest operating wavelength,
while on the other hand the structure must be as open as possible toward

the incoming or outgoing radiation.
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Factors to be considered in attaining, regaining, and holding the
necesséry surface accuracy are, the basic mechanical stability and repro~
ducibility of the proposed design concept and fabrication methods, the
thermal stability, - insulation, or - compensation of the critical struc-
tural parts, éhe manner of packaging and method of reconstruction in
orbit, Although obviopsl& important, the choice of materials is dis-

cussed here only where a specific functional need is involved.

The essential problem is the same for all wavelengths, from about
0.1 pm near Lyman ¢ in the far ultraviolet to at least several centimeters,
namely, to provide a refiectihg surface of the largest feasible size having
the necessary surface accuracy of about 1/20 wavelength. However, the
solution may look vastly different at the two extremes of this range, from
a 2.4-meter sperture optical Space Telescope to a "parasol' radio antenna

several hundred meters in diameter,

- At the one limit, one clearly produces the final optical figure on
the'ground, probably as a single optical element, and launches the "mirror"
and its supporting "tubg" into orbit: at the other limit size alone, under
gravity; even if air currents were unimportant, would preclude any full-
scale tests of a working model on earth - one-.can only build the final
structure in space. A milliméter-wave telescope is just at the borderline.
At 0.5 mm (.OZd in.) wavelength, rms:surface accuracies of-25 mm (.00L in.)
are needed, and one immediately thinks of mirrors prepared as integral
units® on thevground; at 5 mm, with tolerances. ten times looser, segmented,

replicated reflectors or multi-mirror telescopes show promise.

We choose as our objective the design of the largest feasible inte-
grated reflector having an rms surface accuracy as small as 25 pm that can
be carried inteo orbit within the size and weight constraints of space

shuttle. (Outer envelope 4.5 m x 18 m, maximum landing-weight 14,500 kg.}

Because of the relatively long, narrow shape of the shuttle cargo

*We distinguish between integral mirror telescopes, whose one or more
mirror panels or segments are finished together as a single unit and need not
be further adjusted relative to one another, and multi-mirror telescopes
whose mirror segments are prepared individually and are later brought into
alignmment by suitable adjustment procedures.
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space as compared to the short, broad outline typical of radio telescope
reflectors; one is immediately attracted toward an array of contiguous
tile-like paneils of nearly the same "size and shape, packed like a stack
of wafers for transport, and reassembled in orbit. A foldable array of
seven regular* hexagons is an obvious possibility that would yiesld a

dish of 10 m diameter. Larger hexagonal arrays of 3n(n +.1) + 1 panels,
where n is the number of "layers" surrounding the central member, are also

of interest (Fig. 10), as are foldable systems of radial gores.

We select for specific consideration two designs wﬁerein the parabo-
loidal®# éurface of an £/0.4 dish is composed of 7 or 37 approximately
fegular hexagons, the largest of which will fit within the shuttle payload
envelope digmeter of 4.57 m. The assembled dishes have major diameters
of approximately 10.28 m or 24.00 m, and approximate focal lengths of
4.11 m or 9.60 m, respectively.

The final design feature to be chosen arbitrarily for this discussion
is the operational mode - prime focus vs. compound (cassegrain-or Gregorian).

We choose a cassegrain mode with an overall focal ratio of £/4.

DEPLOYMENT VS. ASSEMBLY BY ASTRONAUT

The present 10-m dish design could almosé be taken over directly for
shuttle launch, simply by disassembling the steel support structure into
manageable sized pieces, packing the panels in foam-lined "pie racks", sub-
séituting snap fasteners for screws and washers, and providing a compressed-
gas operated pin-driver to aid in reassembly of the support frame. However,
several days of intensive astronaut activity would be required, and this is
simply not feasible. Furthermore, the resulting dish would be far heavier

than necessary.

%3trictly speaking, hexagons that tile a paraboloid camnot be regular,
but for actual cases are approximately so, In the limit of a very large
number of very small hexagons tiling a spherical cap, a stereographic pro-
jection of a regular-hexagonally tiled tangent plane onto the sphere yields
equiangular hexagons whose scale varies slowly with distance from the
tangent point,

#%To attain greater aperture efficiency, non-conic - section surfaces
are sometimes used. This presents no difficulty in principle and therefore,
for simplicity, a paraboloidal primary surface will be assumed.



-6-

Thus one immediately looks for ways to reduce the necessary EVA rather
drastically. Fortunately, the zero~g environment will have the very bene-
ficial effect of reducing the need for an elaborate support frame and, in-

deed, it should be possible to eliminate it altogether. We assume that
this- is done, but will re-examine the question again later.

Even so, we still face the quesfion of automatic deployment vs.
astronaut assembly for the remaining Structure, which now consists of
a number- of ‘panels, a pointing/control/receiver module; and the sub-
reflector (cassegfain secondary mirror) support. With the elimination of
the most complicated part of the assembly - the primary mirror support
frame - and assuming a relativély small number of relatively large panels,
it then seems not only feasible but desirable to’avoid any need for the
astronauts to handle separate pieces at all, i.e., we should seek a com-
pletely foldable structure. This is certainly possible for a 7-panel

dish, and may well be possible also for a 37-panel one.

In the remaining discussion, we shall place great weight upon the
de31rab111ty of a completely foldable structure. However, the possibility
of astronaut participation in the unfolding process is kept 6pen, for it
seems clear that a limited amount of astronaut EVA may avoid the need for
a very costly, highly sophisticated, fully automatic operation. Astronaut
participation would be especially valuable in the areas of:

1) Verification of satisfactory completion of each successive step
of a sequence of semi-automatic steps.

2) Initiation of the successive steps, possibly by manual actuation
of release latches.

3) Observing an operation at close range, and manually facilitating
it where necessary.

4} Close-range inspection and evaluation of the whole structure at
any given stage of the operation.

. 5) .. Performance of operations that are undesirable or impractical to
automate, or which require judgement based on existing conditions.
The tentative conclusion, to be adopted for the purposes of the remaining
discussion, is that even a rather complex folded dish structure may be un-
foldable essentially automaticaliy, but that limited astromaut participation

is probably desirable and may be necessary.
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WEIGHT‘CON$IDERATIONS

In the preceding discussion it was noted that the need for a support
frame 1like that of the 10.4 dish should be greatly reduced in a zero-g
environment and that it might be completely eliminated. The dish would
then consist essentially of a number of contiguous hexagonal panels joined
at their vertices or along their common edges, plus some sort of multi-
pod 'support. for the secondary rveflector. The conventional support frame
behind the dish could certainly be eliminated if the secondary support
in front were appropriately augmented so as to perform some of the
stiffening function normally provided by the rear structure, without also
introducing undue loss of aperture efficiency. We shall pursue this line

of approach.

One can now consider the weight question in two more-or-less separate
parts. TFirst, since the size of a hexagonal panel and its points of sup-
port are essentially known, one can investigate. what factors in the fab-
rication process, the subsequent handling and delivery into orxbit, and
the operational use of the dish, determine the optimum panel structure as
to overall thickness or depth, skin thickness; etc. -Second, having approx-
imately defined the panel characteristics, the corresponding characteris-
tics of thefsecondary support truss needed to further stabilize the multi-

panel dish and provide secondary support can be treated.

As to overall thickness of a panel, it is essential to avoid Wrinéling
effects due to bending or plané shear in the panel during fabrication,
launch, or use, and of course the panel skin should not buckle during nor-
mal handling of a paﬁél. Thegse requirements will nowmally be at least
marginally met if the panel skin is thicker than about 2% of the typical
maximum unsupported dimension and the panel thickness is greater than about
2% of its major diameter. Thus if the cell size of a honeycomb core sup-
porting the panel ékiné is 1 cm; the skin should be thicker than about
0.2 mm, and the thicknesé of a &-meter diameter panel should be:- greater
than 0.02 x 400 = 8 em. As preliminary values we double both of these

figures to allow a reasonable safety factor,

With these valucs we find the frontal area density of a pamnel to be
3 x 0.04 x 2.7+ 16-x 064 = 1.76 g/cm2 (3.62 1b/sq ft) or 220 kg/panel

484 1b) assuming aluminum honeycomb core of average density .064 g em
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and aluminum skins. With graphite-epoxy skins a small weight saving will
result; aluminum honeycomb is the core material of choice for maximizing
the face-to-face thermal conductivity. Graphite-epoxy skins are preferred

for light weight, high Young's modulus, and low thermal expansion coeffi-

cient.

The frontal area densities givenm are about one-third that of the
existing 10.4 m dish, but several times that of single-dish space antennas
of 3-4 m diameter, so that there is clearly room for further weight reduc-
tion through a more careful consideration of panel design. However, even
with these values the approximate total weight of a seven-panel dish would
be 1540 kg, and of a 37 panel dish, 8140 kg. Since the latter value is
well within the 14,500 kg landing-weight limit of shuttle, and allows more
than 6,000 kg for the remaining components, which seems adequate, we shall
not pursue the matter of weight reduction further at this time., Our main
present concern is simply with the feasibility of the general approach

rather than with the ultimate possibilities of weight reduction. ‘
THERMAL CHARACTERISTICS

The 10.4 m ground-based dish, composed of aluminum panels support-
ed Bj’a steel support frame, might appear to be highly susceptible to
thermal distorkiqns due to the different expansion coefficients of fhese
two materials. Indeed, over the approximately =+ 30° ¢ temperdture range
between the extremes of winter and:shmmer, a total differential expansion
of about + 1.8 mm exists from‘center-to-edge of the dish due to this effect.
However, none of this appears as a distortion of the dish surface away
from a parabolic shape, because of the lateral compliance of the thin panel
support rods: (Since these rods are perpendicular to the paraboloid sur-
face,_their bending leads to no first-order component ?erpendicular to the
paraboloid.) Of course, the expansion of each panel, and of the whole steel
support frame, does lead to two new paraboioids having focal lengths which
are changed by the same fractional amounts as are the dimensiomns of the
corrésponding members themselves. Thus, -the aluminum panel focal lengths
change by approximately + 1.5 mm and the steel support frame equivalent
"focal length" changes by about + 0.8 mm. The net effect is equivalent to

each panel acquiring a small "scallop" curvature whose sagitta is about

+ .01 mm or + .0004 in.
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As discussed previously, a space dish would probably need no support
. structure similar to the steel frame used on the 10.4 m dishes, but any
other such structure, such as a modified secondar§~reflector support,
should be designed with some care so as to aveid differential thermal

effects which would lead to distortion of the dish surface.

Of far greater significance in terms of thermal distortions, for the
10l4 m dish, are temperature.differences between various support frame
members due to oblique solar illumination. If the tempefature rise
(above ambient air) of a member due to normally incident sunlight is
QTO, then -the temperature rise of a meﬁber whicp is obliquely ililumin-
ated at an angle 0 away from a plane normal to the member is very nearly
AT() = ATO cos @. Thus the side-illuminated dish ten&s to expand into
an elliptical paraboloid whose major diameter is perpéndicular to the

direction to the sun.

If some of the struts are in sunlight and others are in shadow, more
complicated changes in dish shape will occur, but generally these will not

be greater than the anisotropic expansion just discussed.

As to the magnitude of the effect, careful attention to the thermal
reflecting and emitting properties,of the paint used to coat the members
leads to values of ATO of approximately 3° ¢. The extreme difference in
radius (for fully. broadside illumination) is thus about 0.4 mm (major axis-
minor axis), corresponding to a whole-dish rms surface distortiom of about

0.12 rmm,

In space, solar illumination effects are potentially much more serious
unless they are carefully controlled by using low-expansion-coefficient
materials, sun shields, restricted allowable pointing directions, or active

temperature control.

" Specific measures which should reduce the magnitude of the problem

include:

1) The use of graphite-epoxy for at least the most sensitive elements
such as panel skins and support frame struts. Graphite-epoxy
laminates can be fabricated so as to have either positive or nega-
tive temperature toefficients, and coefficients smaller than 1/10
that of aluminum are easily .attained.

2) The use of aluminum honeycomb as a core for the panels, to attain
high thermal conductivity and rapid thermal equalization between
the two outer faces of a panel. By this means, thermal distortion
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of a panel heated on one side cam probably be held within tolerable
limits even if only part of a panel is in sunlight and part im
shadow.

3) The use of a eylindrical sun shield of thin aluminized plastic film

' supported on light, longitudinal ribs., This could help stabilize
the thermal enviromment and would permit the antenna to operate
over a larger range of pointing directions.

4) Judicious use of reject heat from power generation (solar cells
or RTG),.perhaps via circulation of warm gas through a vascular
network, might provide a practical means of temperature control
of the antenna system.

5) Combined with some of the above, the use of insulating blankets
and radiation shields cam greatly reduce heat loss and promote temp-
erature uniformity. :

To summarize, the worst effects of the thermal enviromment on a space
antenna can be minimized by a) using low-thermal-expansivity materials,
b) avoiding differential-expansion (thermal bending) effects by minimizing

thermal gradients and using materials all having the same expansivity.
SPECIAL DESIGN FEATURES

The general features of-a satisfactory high-accuracy space antenna
as discussed zbove can probably be realized in many ways. The purpose of
this report is to present the principal features of omne possible way.
This particular design is based closely upon experience with the 10.4 m
dishes described earlier, andlcan probably be regarded as practically
achievable by existing techniques or straightforward extensions thereof.
Because of the close relationship of the design to the manufacturing
methods for realizing it, both the characteristics of the dish structure
per se and the construction and meésuremeﬁt techniques for producing it

will be discussed together.

The hresent report constitutes simply an initial sketch or outline of
the subject, and is thus gquite incomplete and preliminary. However a num-
ber of the most critical factors are discussed, even though briefly, and
it should be possible to proceed directly toward a specific degign suit-
able for detailed analysis and thence prototype fabrication. Because of
the brevity and incompleteness of the presentation, the topics that are

covered in this section are outlined below.
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1. General dish design features

A. Hexagonal array of hexagonal panels

B.
C.

Foldable; offset hinges; corner fasteners

Panels

1. Dimensions and geometry

2. Graphite-epoxy skins on aluminum honeycomb core

a. Bottom and center skins

b. Top skin
3. Hinges and folding

a. Geometry of folding
b. Rigid or flexible hinges

4. Fasteners

a. Neutral-surface location
b. Coplanar ball-and-sockets or edge-mating fasteners
¢. Mechanical vs. magnetic latching

d, Stress-free attachment

II. Tooling and construction techniques

A.
B.
c.

Air-or-o0il bearing
Cutter guide-~track girder

Machinirg-support frame

1. Provision for panel flotation
2. Provision for rigid panel support during cutting operations

3. Need for 3 fixed reference points
Machining operations

1. Initial setup
2. Rough cuts

3. Final cuts

ITI. Megsurements; adjustments; accuracy

A.
B.

Cutter track adjustment

Air-bearing adjustment

1. Planeness
2. Levelling

3. Lateral positioning
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C. Panel top-skins

1. Materizl
2. Fabrication

3. Attachment
D. Final surface figure measurément and correction
Iv. Attachment to feed-support superstructure
V. Packaging for transport‘and launching
VI. Tests of pagelxéeployment

A. Ground
B. Space

I. Dish Design

As previously discussed, the dish design is based upon the concept of
an integral unit composed-of 7 or 3% separable ‘hexagonal panels fastened
together at their corners, machined while fastened together and later dis-
assembled and packaged for delivery into orbit where they would be unfolded,
reattached .together, and attached to suitable other component structures
to form a complete free-flying. radio telescope. The case of 37 panels will
be specifically discussed. A 7-panel dish will be recognized as a simpler
case which would be easier to produce, and which might constitute an aﬁ-

propriate and useful initial instrument.

For simplicity, the panels are assumed to be quasi-regular hexagons
of roughly equal size and of ﬁniform thickness. The panel array is to be
unfoldable in orbit, and re-foldable for possible return to earth. Fold-
ability into a tall stack of wafer-like panels is accomﬁlished by sets of
offset hinges which sequentially pivot four to six of the panels (''petal”
panels) surrounding each of a number of "core" panels into 3 sequence of
equally-spaced positions behind the core panel, in a manner indicated in
-Fig. 11, and by special virtual-axis hinges which arrange the sub-stacks
into the final, total stack, as shown schematically in Fig. 12, A possible
overall hinging arrangement is shown in Fig. 12: In the final packing
arrangement- the center panel is at one end of the stack, in its original,
"forward"-facing orientation; each of the other "core" panels also faces

forward. The majority of the panels face "backward", in sequences of four

or five, behind each "core" panel.
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The center panel is a regular hexagon. approximately, 3.80 m in ﬁinor
dizmeter and 4.39 m major diameter, allowing a radial clearance of 9-39 em
to the 4.57 m limiting payload diameter. The rémaining panels are of five
different shapes, one of which occurs in both a‘right~ and left-handed
vérsion; these are all approximately regular hexagons and diminish in size
with increasing distance from the center: The outermost panel is about

92% as large as the center one.

The concave reflecting surface has a focal length of 9.60 m and a
central radius of curvature of 19.20 m, which corresponds to a sagitta

(cprve depth) of 13 cm for the center panel.

The choice of a flat vs. convex rear face (to-give a constant panel
thickness) rests upon considerations of weight, volume (i.e., nestability
for stacking) and cost .of manufacture. Matching curves on rear and front
faces would save about 25 kg of weight per panel and reduce the stack length
by almost 4 meters. On the other hand, curved graphite~epoxy skins and
honeycomb cores might be: considerably more expensive to fabricate than flat
ones. The choice may also depend upon the method used to produce and apply
the reflecting sheet material (the wtop-skin"),'which will be discussed

below and again later under outline;topic IIT-C.

According to present practice, the panels'ére constructed_uéing three
thin sheets or skins rather than the two that are used for ordinary honey-
comb sandwich panels. This is so that a panel will be sufficiently rigid
éé to be self-supporting during machining, since the top skin is not vet
present at that time. The bottom skin and the "center skin' are merely
structural members and need not be made to very strict tolerances as to
thickness. -The -top skin, on the other haﬁd - again, according to present
practice - serves partly as a structural member but, more importantly, it
. provides the actual reflecting surface of the dish. As such, its outer
concave surface is the one whose actuai shape is of.interest. The rms
surface fluctuations will include temrms both for the machined honeycomb
surface and for the thickness varlations of the top skin sheet. The top
skin must therefore either be fabriéated ipitially so as to have suitably
small thickness fluctuations, or must be itself readily machinable (or
otherwise correctable) after application. This is a very important matter

which will need considerable attention, particularly at the laboratory and
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shop level, before the actual panel construction can be fully defined.

The total panel thickness at its center will probably be in the range
10-20 em, with 2/3 or more of this falling between the bottom and center
skins, and the relatively small remainder between the center and the top

skins.

.The panels should be relieved around their perimeters at the rear so
as to leave a relatiwvely thin rim a;ound the front edge, to provide working
space for'hinges and corner fasteners, and clearance for unfolding. (See
Fig. 13)

Each "core!" panel has four to six sets of hinges, of progressively
greater axial offset as one proceeds around or across the panel. These
hinges are built into the panels so as to provide the necessary kinematic
guidance during unfolding, and to carry the stresses generated in the
process. For the case of a single ”pétal" panel unfolding about its core,
those stresses will be minimal. However, for those cases where a panel
is pinged to two core panels, the stresses may become quite appreciable,
particularly if.a significant impact occurs as this "bridge panel comes
to its fimal position. 'This is because such a panel is attached to two
quite large and massive structures --the part of the dish so far unfolded,

and the part yet to be unfolded, plus the remaining components.

This raises the question whether tﬂe hinges, particularly those attach-
ed to a "bridge" panel, should be rigid or flexible. If the hinges are
rigid, they might also function to preserve the local alignment of the panels
in the fully deployed dish. But in this case, very high stresses could
occur as panels seat together unless unfolding speeds are held very low
and energy-absorbing bumpers are provided. Thus one thinks of using
relatively flexible hinges, and providing other means for defining the
local alignment of panels. In the remaining discussion it will be assumed
that the hinges, whatever their degree of rigidity or flexibility, do not
perform a primary panel-aligmment function as well, but that this is provid-
ed by fastemers at each corner or along the edges of a panel. We next dis-

cuss these fasteners.

The complete dish will have a considerable total depth, and if it were
a single, unjointed dish having the 10-20 cm thick honeycomb construction

discussed above for panels, would possess considerable rigidity just because
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of its compound. curvature: It would be a shell rather than simply a flat
plate. Ordinary egg shells and incandescent lamp bulbs provide impressive
examples of the strength and rigidity of thin-walled shells. Evidently,
such a shell derives much of its effectiveness by converting local normally-
applied loads into plane stresses at a distance from the load, rather than
bending stresses. The elastic propertiés of a thin-walled, open-ended
cylinder as compared to a sphere of the same radius and wall thickness, with
respect to point-loads applied across a diameter, are spectacularly dif-
ferent because the cylinder is substantially in bending at all points, while
the sphere is substantially in bendiné only near the application points of
the load. Thus we try to preserve this important property of a compound-

curved shell in attaching the panels to one another,.

For highly curved shells the conversion from local bending to-plane
stress takes place within a few shell-thicknesses of a load point, so that
a paneled dish can evidently attain much of the rigidity of a seamless
shell if the corner fasterers are very stiff‘in the plane of the panels,
i.e., the fasteners must be able to communicate'plane stress between panels
with minimal deflection. By properly choosing the plane in which the
attachment peint lies with respect to-the thickness direction of a panel,

one can avoid the reintroduction of unwanted local bending deflections.

Thus ‘we arrive at the followiﬁg concept: At each of the mating edges
or corners of a pamel there is built into it a relatively thin, flat plate.
All plates of a given panel are coplanar, and this plane is chosen so that
forces in the plane, applied along an edge or at the cornmer points, in-
troduce a minimum of bending into the panel. In terms of the neutral sur-
face of the panel cross section (analogous to the neutral axis of a beam
in bending), the attachﬁent plane will intersect the neutral surface about
1/3 to 1/2 way from the center to the edge of the panel. The precise
location must be determined sc as to optimize the overall dish rigiditﬁ
including the effects of the fromt supbort frame. Assume the plane is

suitably determined.

As a specific example that might provide a sufficiently rigid joint,
a ball-and-socket sysfem of corner fasteners will be described. Model tests
should be made to determine whether corner -~ or edge - fasteners are more

satisfactory.

The three plates at a given vertex where three panels meet will all
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intersect at this vertex. Let a solid sphere be attached to ome plate such
that the sphere is centered at the common point, and let hemispherical cups
be attached to the other &wo plates. By suitably cutting away the plates

and shaping the spherical cups, a joinf will result that is very rigid for
forces .in the plane of the plates, and very compliant with re&pect to

torques about the common point, i.e., the relative positions of the vertex
point of three panels will be rigidly defined spatially, but not rotatiomally,
just as is in fact desirable. A schematic sketch of such a ball-and-socket

joint is shown in Fig. 14.
!

Thus this design includes such joints at.each panel corner intersection,
~with the ball and the two sockets attached to the panels in a way that is
dictated by the panel unfolding order: .The first pamel to "arrive'" at a
given vertex generally carries a socket, the second a ball, and the last a
socket. In some cases the first panel might carry a ball (if the second

and third panels arrive from opposite directions).

An alternative system in which the adjacent edges of pairs of panels

are fastened together can be developed along analogous lines. In that case
only two mating elements, a "top" and a "bottom", would be required. Each
panel would be provided with appropriate "top™ and "bottom" elements, fully
joined, .at the time of manufacture, as described below for  the example of .
ball-and-socket fasteners. The edge-mating joints would probably provide
greater rigidity to the overall structure, but might be more difficult to
provide for proper clearances during deployment. The edge-joint would have
to be rigid and kinematically defined in all directions in order to fulfill
its functioné. It could consist of a single, long toothed strip extending
along the entire edge, a series of shorter strips interrupted as required
for clearance, or even a series of ball-and-socket joints like those described

here.

The joint, whatever its nature, requires some method of latching or
tying it together. Whatefer method is useq must be neutral, or at least
uniform, dn its elastic effects perpendicular to the plates that comprise

the joint (compression of ball or sockets, bending of plates) since that

is the direction in which the dish surface deformations are to be minimized.

Two latching methods have been considered. In the first, one socket
would have a threaded hole and the other a loosely captive screw and a

self-aligning washer. The ball would have an oversized hole through it.
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When the three parts were mated, a 1/4-~turn of the screw would lock them
together. In the second method, .each socket would contain a strong mag-
net and the ball would be of irom or steel. A magnetic force of .only a
few kilograms perpendicular to the plates would maintain the joint against
many tens or even -some hundreds of kilograms in the plane of a plate. A
release cam or screw would permit breaking the magnetic circuit for re-
folding when necessary, and could be built so as to serve as a backup
mechanical latch for the joint. A lineas edge-joint could have a series

of such self-aligning lztches along its length.

The fasteners obviously play a central role in defining the large-
scale surface shape of the completed'dish,-and thereforg must carry the
same stresses in space as they did while the dish was being fabricated on
the ground. It is clearly desirable that this stress be very small in both
cases. Thus it is important that the panels bg,individually supported, each
independently of the others, up to the time when the £inal machining is
Ldoné. Just prior to that time the joints should be "rigidified" in a stress-
free conditibn, probably b& the use of a'low-d{stortion potting compound or
adhesive system, perhaps augmented by screws or pins applied after the

adhesive has set and before the final machining has begun.

IT. Tooling and construction

In this section are described some of the more important Features: of
the tooling needed to produce a large integral dish, and technigues used
in the fgbrication of the dish itself.

Fundamental to the method is a plane air- or oil-lubricated bearing
of sufficient size as to carry the load and enable the dish and its sup-
porting structure to be rotated smoothly and accurately about a fixed
vertical axis. For the 10.4 m disheé; an air bearing 10 ft. 0.D., 8 ft.
I.D., composed of two similar hollow rings 10 in. high, is used. The
lower ring carries air at 10 psi and delivers this air to the plane flo-
tation air gap through approximately 200 small orifices in the lower ring's
top surface. The air film is approximately 0.00l in. thick. The top ring
is held in place against lateral forces by four cam-follower ball bearings
mounted on brackets attached to the lower ring and rolling on the machined
cylindrical outer edge of the lower face of the upper ring. These bear-
ings can be adjusted to fix the axis of rotation at the desired laﬁeral

position.
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The lower air bearing ring is solidly supported at three points by
simple levers of 10:1 ratio, with fine-thread screws at their "handle"
ends. -By means of these screws the bearing can be leveled so as to render

the rotation axis vertical to within about 1 arc second. (See Fig. 9)

Because of the finite stiffness of the air bearing rings, the lower
ring sags somewhat between the three support points. Similarly, the dish
frame, supported at three points on the upper ring, bends the ring and
causes an azimuthally non~uniform load distribution around the rings.

This in turn gives rise to small fluctuations in both the wvertical height
and the axial tilt of the dish. To minimize these effects (which are in .
any case mappable and correctable in the 10.4 m dish) the lower bearing '
ring 1s supported on pre-loaded springs at several intermediate points.
This matter is mentioned so that it may be avoided in designing the flota-
tion bearing for a space dish.

The air bearing is rotated by a small variable-speed gear motor through
a rubber-wheel drive. The drive seems somewhat sluggish but is easily over-
ridden by hand, which provides a certain safety factor during cutting and

measurement operations.

‘Permanently mounted over thé air bearing is a large, stiff, built-up
girder beam which extends from the central axis to the dish outer edge and
h somewhat beyond and which carries two accurately ground guide tracks of )
cross section 0.500 in, thick by 8.000 in. wide. (See Figs. 4-9) The top
of the girder is straight and carries the so called 'top track" which is
adjustable by pairs of push-pull screws to be straight and level within a

few micro-meters along its entire leﬁgth- The bottom of the girder is
curved and carries the '"bottom track" which is similarly adjustable to
render it into the curve needed to generate the desired ?urface shape, in
-this case a paraboloid. The bottom track also is. adjusted to within a
few micro-meters of the desired curve. The means of measurement will be

described later.

A massive carriage called the "cutter cart" rides on the bottom track,
supported vertically by three low-friction plastic, ball-jointed "feet",
and laterally by four of the same, s; that any particular point of the cart
follows a definite, accurately repeatable path as the cart slides along the

bottom track (Fig. 6).
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Locomotion of the cutter cart is by a variéble-speed gearmotor cog-
wheel drive, engaging a toothed rack attached to the bottom track. ‘Means
are provided for the cutter cart to move fadially along the traék in incre-
mental steps between fixed "stations" a few inches apart, when triggered

by a switch closure.

The cutter motor and cutter are shown in Fig. 6. The 8-inch diameter
high-speed tool steel cutter blade is flat on its bottom side, hollow
ground to a knife-edge,-serrated, and hard chrome plated., The moter is an
ordinary 1/2 KW 3450 rpm motor, checked for minimal end-play. A dove tail
slide with micrometer screw adjustment defines the cutter height and a

number of lockable screws permit tilt adjustment of the cutter plane.

In the case of the 10.4 m dishes, the support frame is assembled on

the air Eéaring and the paneis are attached to it, for machining, in
precisély the same way as they are attached later when the dish is mount-
ed on a telescope mounting. For any large space digh, the dish support
structure to be used in space would fall far short of being able to support
the dish panels on the ground during machining. A separate, rigid, stable,
relatively massive support frame like that of a ground-based dish is needed
to hold the dish parts in(ghé precise relative positions they will later
have when free of gravity leoading. This frame‘must be sufficiernitly stable
as not to change its shape during rhe final machining operation, and must
include suitable means for "floating” each dish member, i.e., to remove

the distortional effects of gravity.
Possible flotation systems include;

1) Plastic air bags, one under each panel, carrying accurately comn-
trolled air pressure. The flotation force in this case would be
perpendicular to the panel back rather than vertical; the hori-
zontal components could probably be removed with sufficient
accuracy by simple gravity-operated lever systems at the panel
corners (Fig. 16). .

2) By resting each pdnel on a uniform layer of resilient foam
plastic. TIn this case the support frame would have to have a
conformable shape to assure uniform support over the panel area.
Horizontal forces would have to be balanced out as above.

3) By using a large number of very-low-friction air-actuated cylin-
ders to apply precisely-defined, precisely-vertical loads at
selected points on the rear faces of the panels. The force to
be applicd at each point would have to be calculated on the basis
of the actual weight distribution in each panel, but might be
defined with sufficient accuracy by using a symmetrical arrange-
ment of support points and assuming a uniform weight per unit
area. This would be a particularly attractive scheme if each

mnamal rrama PR
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Having "floated" the dish panels by some method, one must still provide two

important further functions. First, there must be three immovable reference

~ points sufficiently widely spaced, to define the precise spatial orienta-

tion of the dish on the air bearing. Thé flotation system air pressure

might be controlled by vaslves actuated by sensors attached to these points.

Second, the dish must be sufficiently rigid to withstand the machining

forces without distortion. This may require artificial "rigidification",

e.g, by providing 1ow~friction,’1ockabre clamps which permit the dish freely

to- assume its desired shape under flotation, and then firmly fix the

clamp-point 1ocations while the flotation forces are held constant (Fig. 17).

2)

3)
4)

5)

6)

7)

The machining operations are visualized to proceed as follows:

1)

The panels are mounted on the support frame, individually "floated",
and the necessary horizontal forces applied at at least three
points of each panel so as to hold them in positions that are com-
patible with the hinges and the

geometry. The hinges and fasteners themselwves are not attached

or, if present, are loose. ’

An array of sensitive dial indicators or electronic linear trans-
ducers is provided to indicate the position of each panel (in a
direction perpendicular to the panel back surface) throughout
the machining and skin attachment phases.

The clamp system is activated and rough machining cuts are made
so as to bring the panel surfaces to within a few millimeters of
the desired shape.

The clamps are de-activated, the flotation system readjusted to
again bring the panels to their desired locations, and the hinges
and corner fasteners "potted" in their correct locations.

The clamp system is again activated and finishing machining cuts
are made so as to bring the panel surfaces to the desired shape.

The clamps are de-activated, and the "jump™ in reading of each
dial indicator is noted. TIf these jumps are sufficiently small,
one proceeds to the next step. Otherwise, one returns to step 5.

The panel top-skins are attached, preferably with the panels re-
moved from the support frame.

The procedure by which the dish surface will be further measured, mapped,

and corrected will be discussed below. (See II1I D)
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TIT. Measurements; adjustments; accuracy

The overall accuracy of the final dish surface is determined by
numerous factors, many of whose effects combine quadratically in the man-
ner of independent statistical errors. Among the more critical of these
are errotrs due to:

1) Setting of the cutter track

2) Air bearing adjustment -(planeness, levelling, centering)

3) Thickness variations of the top skins

4) Panel deformations due to elastic deformation of top skin

-5) Variations in ambient conditions (thermal, vibrational, compen-
sation of "g" forces, ageing of materials).

In this section are described the measurement and adjustment tech-

niques that have been successfully used to reduce some of the terms in

the error budget.

The cutter track for the 10.4 m dishes has been adjusted to within’
7 ym rms of the desired curve by a2 null method utilizing a laser ‘inter-
férometer._ The method makes use of the path-length invariant property of
a focusing system: The optical path length along a ray ‘from one focal
poinﬁ to another is comstant. For a.parabola, one focal point is at in-
finity, so the condition takes the familiar form that the sum of the dis-
tances from a point on the parabola to the focus and to a givén straight
line.is constant. In the present case, shoyn in Fig. 18, the focus is at
a mechanically and optlcally well-defined point Whlch is" the vertex of a
retro-reflecting corner cube, and the straight line is the well-adjusted
top track. The "point on the parzbola™ is the cutting edge of the cutter,
which, for setting the bottom track, is replaced by a plane ﬁirror sit-
uated at precisely the desired level 6f the cutter edge at the final .cut.
On the top track a motorized wheeled cart runs. The beam of the iaser
interferometer is directed horizontally parallel to the top track so as to
pass through the interferometervbeam—splitter on the cart and strike a
pentaprism, which renders it precisely vertical, independent of small
angular deviations of the pentaprism. The beam then strikes the plane
mirror, is redirected so as to strike the corner cube, and returns to
the laser by the same path,* rejoining the comparison beam at the beam

splitter. The lateral position of the return beam is sensed by two photo

*For technical reasons, the outgoing and returning beams are laterally
separated by 0.5 in., but this is not important for the present application.
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diodes on the top cart, and the top cart position is servo-controlled so
as tb keep the beam centered as the cutter cart is driven slowly along its
t;ack. The interferometer is thusg caused to measure just the desired quan-
tiFy, namelx, variations in the optical path as a function of cutter cart

position along the lower track.

_Numerous effects which influence the results must be sought out, elim-
inated or measured, and included in the track-setting procedures, and these
cannot all be discussed here. It suffices to say that the path of the
cutter edge is reproducible and can be measured to within about 1 pm -
relatively easily, and with care the path can be set to within about
2 ym rms, given sufficiently closely-spaced adjustment screws. Once set,

the track remains stable to within 2 pm or less over a several months' period

Setting the cutter track includes determination of the focal point:
rather than to fix the foeus and adjust the track alone, a least-squares
fit of the actual curve to a parabolic curve is made, using the vertical

and horizontal coordinates of the focal point as parameters.

The focal point (corner-cube apex) is then physically moved to this
best-fit position -and the track readjusted to remove or reduce the result-

ing residuals.

The vertical position of the focus is not of interest, but the hori-
zontal position is, for the rotation.axis of the dish must be precisely
vertical and must pass through the.focus. This is accomplished by adjust—'.

ment of the air bearing.

The air bearing must be adjusted for planemess, for level, and for

lateral position.

Planeness is best assured by proper bearing design for adequate stiff-
ness and by careful manufacture. In any case,.it must be measurable and
adjustable under load. Direct measurement of the air gap thickness as a
function of rotation angle €, using position sensors on both the fixed
and moving bearing rings, is effective in diagnosing and éorrecting plane~
ness errors. Actually, only one bearing surface is required to be plane,
given adequate stiffness for that surface. In practice, the lower (fixed)
surface is the one whose planeness is most readily and effectively set

and maintained.
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If, as in the case of the 10.4 m dishes, the air bearing cannot be
rendered perfectly plane, it is still possible to map the effects of non-
planeness, both in vertical height and angular tilt, as a function of '
rotétion angle and remove these effects from the final dish surface by

adjustment 'screws built into the dish.

The air-bearing level can be determined and set, and the angular
wandering of the rotation axis mapped, using a water manometer system
attached to the dish structure. Twe reference reservoirs (Erlenmeyer
flasks) and a moderate-sized riser tube (about 6 mm bore) separated by

" gbout a dish radius, together with z microscopic readout of the water

level in the tube, provide an extreﬁely convenient, sensitive {and inexpen-
sive) system. One-tenth zrc second semsitivity is achievable, and,

with chart recorder readout and a pfoérammable pocket calculator, the
phases and amplitudes of the two principal fourier-~-series terms of the
level readout can be rapidly calculated, and the funéamental one corrected
cut by adjustment of the air bearing level. (The two principal terms fox
the 10.4 m dish bearing are the sin (0 + él)and sin (36 +.63) terms. The
first is removed by levelling, and the second is minimized by the planeness

adjustment.)

With the air bearing now level, the lateral position of the rotation
axis is finally set. This is done by viewing a small aluminized gphere
whose center is on the deéired axis, through a high-power telescope mounted
on the dish support frame. A sgall pen-light mounted beside the telescope ob-
jective is directed toward the sphexe, and the tiny virtual image of this
light in the sphere is viewed in the telescope. The horizontal position
of this image is read on a reticle, and departure from a fixed location due

to misaligmment of the axis is readily detected and corrected.

With the cutter track adjusted, the air bearing levelled and the:
rotation axis set, the machining operations are done as outlined previously.

"surface" is an exceedingly accurate

Experience indicates that the honeycomb
reproduction of the cutter path, as modified by the non-planemness, etec. of

the air bearing, and by the following effect, called “scalloping".

The cutter is held fixed for nearly a full rotation of the dish and,
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triggered by a switch actuated by the air bearing, moves a distance d
(1 in. €4d € 3 in.) to a new fixed position, cutting as it moves. Two
effects prevent the.dish surface, generated in this way, from having pre-
cisely the shape defined by the cutter track. The effects follow from the

finite radial step size, and are similar in their appearance.

A circular cutter whose rotation axis intersects the dish rotation
axis will generate a spherical annulus whose center of curvature is at the
intersection of the axes. This is also the sagittal radius of curvature of
the desired paraboloid. However, a paraboloid has a quite different meri-
dional radius of curvature, which would of course result if the cutter
were moved radially with the dish held fixed. The actual surface is‘thus
a series -of spherical segments of gradually (but stepwise) increasing radius
from center to edge. Relative to the desired curve, the actual one exhibits
a series of "scallops" whose amplitude depends only upon the radial step
length. These scallops are readily visible on the finished surface of the
10.4.m prototype dish, where the radial step length of 7.6 cm was 'selected
s0 as to give a peak-to-valley amplitude of léss than 25 mm for the effect.
(Fig. 8).

The second, related effect arises from the need to tilt the cutter so
as to provide a small but definite clearance between the following edge of
the cutter and the machined surface. -If R is the cutter radius, S the step
length, and C the rear-edge clearance, the additional scallop amplitude O
produced by the cutter tilt, with ¢ <<§<<R is Cx =C SZ/SRZ. For
C=.075mm, R =10 cm, and § = 5 cm, & = 2.3 mm.

" Omitted from consideration here is an effect that can be important if
the honeycomb skins possess an appreciable coefficient of expansion and
aluminum honeycomb is used. This is the transcient surface distortion caused
by differéntial expansion of the center and bottom panel skins, due te the
heat generated in the honeycomb by the machining. It is assumed to be neg-

ligible for graphite-epoxy skins.

Next to be considered is the effect of thickness: variations of the top
skin. As wasvpreviously indicated, these variations combine directly with
the surface as machined, since one side of the skin sits firmly on the honey-
c&mb. 1f a curved graphite-epoxy skin is to be produced by laying up crossed
layers of filamentary graphite on a convex mandrel, serious consideration

should be given to curing the skin while it is held between the base mandrel
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and a hard concave mating surface, preferably one cast from the mandrel

itself.

If sufficiently uniform curved graphite-epoxy skin material cannot be
produced, alternative means of eliminating or controlling the effects of

thickness variztions must be found.

Whatever the material, and the degree of uniformity and smoothness
of the top skin, it.will most likely be applied to the machined honey-
comb using room-termperature-curing epoxy and vacuum-bag techniques to
attain close, solid-contact mating of the parts. Given a reasonably
close match between the curvatures of the skin and the honeycomb, this
will be straightforward. We considexr it-accomplished, and the ﬁanels re-

stored to their positions during machining.

The dish surface shape can now be measured and compared with the désired
shape as defined by the guide-~track, simply by removing the cutter blade and
mounting a suitable surface—sensiné transducer in the proper corresponding
place. For the'10.4 m dishes, a Hewlett-Packard DC-to-DC linear motion .
transducer was found useful., Surface deviations of but a few ym are easily
and reproducibly detectable, and are recorded both on a chart recorder and
on magnetic tape. .Large-scale dgviatiops, such as the bulge of a panel due
to the stresses involved in deforming a flat sheet aluminum skin into the

hollowed-out panel shape, are readily measured.

A sequence of color-coded height values can be automatically marked
directly on the dish surface using felt-tipped marking pens actugted by
magnetic reed switches mounted on a chart recordex, a small magnet being
mounted on the pen carrier. This color sequence is easily converted into

a conventional countour map by hand.

Several methods have been considered for further improving the dish
surface accuracy from ;his point, should this be necessary: by etching,
grinding or machining away material from the high spots, by spraying addi-
tional material onto the low spots, or by gross warping of the panel by a
light, flexible frame attached to the back side of each panel. Of these,

all but the spraying idea have been tested on a 10.4 m dish.

For aluminum skins, the heat produced in grinding or machining (which
is many times greater than that produced in machining the honeycomb per unit
depth of cut) is so great as to produce an ﬁmgediate, large warping of the
panel, rendering the method useless for this case. The ﬁethod might well

be useful for low-expansion graphite-epoxy skins,-howevér.
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On the other hand, etching‘away successive small layers of aluminum
skin over selected areas defined by the contours proved to be quite easy.
A 4 percent NaOH solution removes material at a rate of a few mils per hour
and can be calibrated with temperature sufficiently accurately that one can

predict the proper etch time including effects of solution heating with use.

Gross warping of a panel is a possible way to correct for relatively
simple, uniform bending or bulging of the panel. A cross-shaped frame
attached at five points permits the introduction of arbitrary curvatures

along any two principal directions. The cross-frame can be attached to

any panel if it is needed, provided that the necessary attachment
points are provided on the panel. Such points, in the form of 1l-inch
square nuts.cemented to the panel réar skin, were provided on all panels of

a prototype 10.4 m dish, but were not actually used.

Perhaps the most intriguing idea for correcting the panel surface is
through the automatic application of a thin layer of "pazint' by modulated
‘air spray controlled by the transducer reading. If'the'top skin is non-
conducting, the paint might be the conducting paint that would be needed
in any case; a uniform layer could be applied over the whole surface either

before or after the corraction coats.

Whatever means are used for the correction of surface deviations, some
residual deviations on a local scale will inevitably remain. If it is deem~
ed desirable to remove these, some type of lapping operétion using a simi- '
rigid lapping tool may be feasible. Preliminary experiments with an orbital
sanding system based upon a doubly-curved aluminum plate surfaced with
cemented-on abrasive paper show some promise. Commercially available lapping

stones, mounted on a segmented plate, may also be tried.

It should be emphasized that the dish surface, as produced, should
possess quite sufficient accuracy and smoothness. The above discussion is
intended mainly to indicate the possibilities-for further improvement: if,
for example, light_bucket type operation at even shorter wavelengths than

0.35 mm were contemplated.
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IV. Feed support and superstructure

Up to this point the space dish has been fabricated and it still rests
on the rigid support framé on the air bearing, in precisely the shape it is
to have when in spzce. ‘The next step is to attach to it the superstructure
that is to carry the cassegrain secondary reflector and that will also im-
prove the rigidity with respect to large-scale patterns of deformation.
This attachment muét of course be done so as to leave the whole structure

unstressed both on the ground and in space.

Stfess-free attachment will be assured if the superstructure itself is
essentially free of gravity~produced stress an@ if attachment is accomplish-~
ed by "potting" the several mounting joints with the superstructure sus-
pended ~ essentially floated - above the dish. One caﬁ visualize a2 number
of tiers of load-sharing harnesses suspended from an overhead crane hook,
each of the ultlmate cords being attached to an approprlate point of a strut
or leg so as to support its small share of the. total load (Flg. 19).

The main body of the telescope, which houses the pointing, control,
power, and receiver systems would be attached in a similar manner, except
thaf in this case the compactness and rigidity of the unit ﬁould pernit a
simpler suspension system to be used for flotation during|potting of its

three or more mounting '"feet".

Any other subsystems such as solar pamels, attitude/pointing/control
wiring and plumbing, etc. should of course also be attached in such a way
as to avoid introducing unwanted stresses into the system. The guiding
priﬁgiple is to simulate by quasi-flotatioﬁ, to the degree necessary, the
zZero-=g space environﬁent during the attachment process, and to be sure that
" no unwanted stregses are 1nadvértently introduced in the process, such as

by the creation of differential-expansion-sensitive elements.

V. Packaging for transport and launch

Although it is much too early to specify in detail the configuration
of the telescope elements in the folded or stowed condition, certain desir-
able or necessary features of the packaging and deploymént concepts can

already be seen.

First, some kind of a stiff crate-like container is needed to provide
the necessary support for the individual parts during transport and

launch. For deployment of the telescope, the crate might be pivoted up-
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ward so as to point parallel to the yaw axis, and the contents slid bodily
upward on six parallel rails, dish-end-first. (Fig. -20) As each panel
clears the end of the crate, it could be unfolded, mated w;th other pre-

v1ously deployed panels, and latched in place.

Magnetically coupled JOlntS'augmented by mechanical latches would be
advantageous in holding partially deployed panel sets together until the

full complement of sockets and ball had been assembled at a given vertex.

When the full complement of panels had been unfolded and latched to-
géther, the dish assembly with the pointing/control/receiver module would
be held firﬁly by the crate rails while the front structure support legs
were unfolded and attached to the‘digh. The zassembled telescope would
now look like a mushroom or a parasol with a rather broad "stalk", pro-

truding from the shuttle bay.

After suitable systems checkout, the telescope would be cast loose and
operated by ground command, with bEIiodic revisitation for maintenance, re-

pair, and replenishment of consumables.

The telescope or some of its components could be returned to earth.by

repacking it into the same crate as was used to -carry it into orbit,.

Particularly desirable wouid be the ability to detach the relatively
small but complex electronic pointing/control/receiver module from the
large but relatively simple dish and subreflector, leaving the dish in
’drbit wpile refurbishing the electroniec package on the ground. This

capability should not be difficult to provide.

Still to be determined are the procedures by which the telescope would
be packed into the transport crate while on the ground. Experiments with
scale models ﬁill be helpful in this area.. Rather than to attempt to fold

. the telescope on the ground, which would be at' least very awkward and® dif-
ficult, if not impossible, the parts would probably be removed from their
places in the machining frame (by unlocking the, ball-and-socket joints and
removing the hinge pins} and would be attached together again inside the
crate. Each panel would be held firml& in its proper relative position not
only by the hinges used in unfolding and refolding, but also by several
(three to six) brackets attached to the crate rails and to the panel.

These brackets might mate directly with the balls and sockets already pro-
vided on. the panels, but could be ;ndependent of them if the launch environ-

ment were a threat to the dimensional stability of the ball-socket system.


http:earth.by

“29 2

VI, Panel deplovment tests

Because of the relatively high inherent rigidity of the dish panels,
and the one-step-at-a-time nature of the deployment process, it should be
relatively easy to test hinge performance on an individual basis, at least
in models, and the hinges on the actual telescope could conceivably be

tested one-by-one as the panels are stowed in the crate.

Experience in zero-g deployment could be acquired relatively easily
and inexpensively on scale models - say half or quarter scale - carried
aloft on flights having some other main purpose. Such models could be
built of relatively inexpensive materials since their absolute dimensional

accuracy requirements would be minimal.



Figure 1:
Figure 2:
Figure 33

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Figure 12:

-Schematic diagramnof'the 10.4 meter dish construction.

Schematie detail of support frame joints.
Schematic detail of honeycomb panel construction and support.

View of a 10.4 meter dish with panels mounted, ready for rough

machining. Note the tooling girder which carries the cutting-

tool motor.
A 10.4 meter dish with rough machining partially completed.

Close~up view of cutter, cutter motor, cutter cart, and lower
track of the tooling girder. Note the thin layer of honeycomb
being sliced away by the cutter, ’

A completed 10.4 meter dish with tﬁg panels remounted after

. "top-skins' are applied.

Close-up view of dish reflecting surface. Note the serrations

along the edge of the sharp shadow-edge imageés in the dish.

These are the spherical "scallops" described in the text.

View 6f partially diééséembied support frame, being readied for
shipment to the Owens Valley Radio Observatory. WNote the large
air bearing which supports the dish during machining of the

honeycomb.

Schematic layouts of various arrays of hexagonal panels. The
7-panel and 37-panel configurations are considered as specific

examples.

Schematie diagram 6f‘hinge action. By using a progression of
increasing axis-offsets, the hinges carry the "petal" panels .
surrounding a central "core" panel into a uniform stack behind

the "core' panel.

Schemaric diagram showing (a) "Z-hinge' action of a doubly-
hinged '"bridge" panel (labeled 5} (b) one possible order of
folding of the panels of a 37-panel dish. Arrows point to the
"core" panels, and the small numbers indicate the stacking
offset of the hinges; (c) the resulting panel stack, with

core panels and bridge panels numbered,



Figure 13: .

Figure l4a:

Figure 14b:

Figure 15:

Figure 16:
Figure 17;

Figure 18:
Figure 19:

. Figure 20:

Plan - and sectional views of a panel, showing the approximate

relative dimensions, and the ball-and-socket positioning scheme.,

Schematic assembly detail of a joining vertex of three panels.

The panels, shown in rear view, are labeled 1, 2, and 3.

Schematic detail of a socket unit. The cut-outs are to pro-
vide clearance for the ball-support fin. (Two cut-outs are

shown, but only one is needed for -any given unit.)

Schematic sketeh of possible a) mechanical and b) magnetic
gripping mechanisms. A combination of the two would have some
advantages. In b), two alternative arrangements of the magnet

and "keeper' are showm.

Air-bag panel flotation scheme.

A possible panel-clamping mechanism. The lateral force F
would be provided by springs. To de-activate the clamp, an
electric solenoid would remove the spring force, freeing the

loosely~£fitting plates to slide bet@een one another,

Schematic view of the laser-interferometer track-measuring

system.

"Zero-g'" support of the sub-reflector superstructure during

_attachment to the panels.

Two views of the 37-panel telescope structure: (a) folded, apd
(b) unfolded. .



/N Nr—.
\

\ /’\‘\ \/

avavava

v

o —
? X

) \w Y




€
.~
-~
N ,
QR
N 3
W 3 Xmm L
g | RS
M ,ﬁ Q2
3 W W
s
AEmll
N
Qo
¥ K
NG
Q

,mmwuwlfsn»mmH~w
i ie——

vy
o
QS
_ B
S =
2 N
v Ly
MN Y
Sy .IIT
<% 9
Sy
,DW
W3
5 & 8
Ny




Fl 7
3k X.003
- ALUMINUM
N HONEYCOMB

ROUVGH ~ CUT SURFACE

. - Y .
FINISH-CUT SURFACE e \ A\ : /

, ; \ \\ IS
v \ y \ \\ -

SCRR RN ESY VAN
[ L P . y NN L
b . ) 3 “\ ‘\ \ . \ 1 % . \\ N -
b R \ AN \ O\ FOOT PAD .
WA \ VA VAN [ CENENTED
\ ARRE AW\ ST : TO HONEYCOMB
) VL L\ ‘-.\ VA L\ YIS T FANEL
4 \ \ AY ‘:‘ \“ \/‘\‘“\'I{‘i.__ » :
VA LR : \PANE’L SUPPORT PLATE
s - K}
L SN -
\ FLEXIBLE SECTION 7 \ . :
7~ . | Y -20 rHREADED STUD
052" ALUMINUM SHEET AW '
" - 3/4”_/6 BOL:T
\\‘ i .
MYLoN=TIP s
SETSCREWS 3

HONEYCOMB FPANEL.
MOUNTING DETAIL ,
(SCHEMAT/IC) o

ot 3



















»
ety LB
» -

\d

AT S Nl
‘\ "‘?} )’“‘\'t"’/ |
"-‘\‘ ﬁ:."! “'l’_-}’ |
WY,/
‘:-“_/ "".'.' ‘?"-'.l.u

r - “A)
| A\

~

J







\W

/ .

)

N

Feor lf



/:
pay
7
<‘j
o

fa

10
n
5

1

e,

Y
&
ey T

0y

i2

10
¥y

"V

5

3

265'
0 /o

3N

36

P\:.

KL

Frir L



o) ’ ]

Dot U S TR PR B j [T T _._.....'..-. o

: : METERS A

/ TOP SKRIN (REFLECTINVG)

T 91

CORE

/HME)-’COMg \ \ CENMTER Sk

BOTTOM SKIN



(aanrowasd ¢ 1INVI) MIIA 3AS

CFl Y4




vy b

Fré&



Y N

(¢)

L MAGNET) 28D RIVNG T oR BOTTEN

” K" STEE’_L‘

AvuMimn M

mia a = ———— = =

:f
e B
ST/ B B )
e ::'fi/
T
STEEL

Eta 15



L.

~
~
-~

97 9/

AIR - BAG

LATERAL BALANCE

LocKk - CLAMPS
PANEL

SUPPORT FRAME

ol




|Fll< na F

=0 G 17



51 2+

M v A

LASER
REFEEENCE  BEAr? CUEBE
PENTAPRISM

FLAT NMIRROR

Focus RE7TRO~REFLEC TOR




A

————t e e PR PRSI
- H 2 by
H 4

T e
v

Fl& 19



T e e ete 2 e oyt

EROa
tl }
qoard

N

R A

Ty
. )
™

LRy

—\l

'3

et

TR N SLTRI o b

L

LRl Aot

3

ERSIPRTRL NG S S S




.....

Filg 2056
. 1

10

I
o]

METERS

!
10

1
1o

MaTEAS




