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Abstract

This paper describes a design study of the KAO(Korea Astronomy Observa-
tory) im telescope. The telescope uses an F/2.7 Zerodur primary mirror which has
a double arch back contour shape. For the Zenith Pointing, the primary mirror is
to be held by a 6-point axial support system at the back surface. For Horizon, a
3-lateral support system is to be designed and located at the center of gravity of
the mirror. In this paper, a parametric design study of a double arch back contour
shape is to be performed to meet an optical surface deflection requirement, a sur-
face RMS wavefront error of , using the finite element program, ANSYS, for the
mechanical surface deformation, and the PCFRINGE program for the evaluation
of the optical performance. Additionally the static and modal frequency analysis
of the truss structure and yoke were performed.

Introduction

Double Arch mirror was selected for the KAO im telescope mainly for its excellent
specific stiffness1 (stiffness to weight density) and this shape of mirror has been applied
to several space borne optical systems and high precision optical instruments. KAO
im telescope primary mirror has 1.Om clear aperture with central hole of 161.949mm
and focal ratio is f/2.7. The optical performance was calculated in two extreme gravity
orientation, ZENITH and HORIZON and support locations were considered to meet the
surface deflection requirement.

And the static analysis and modal frequency analysis of truss structure and yoke
were discussed in the following sections.
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1. Primary Mirror Analysis and Design

The primary mirror specifications of the KAO im telescope is as follows.

clear Aperture : 1000mm in diameter
central hole = 161.949mm in diameter
F number : 1/2.7
Focal Length 2 700mm
Radius of Curvature : 5400mm
Material. ZERODUR

A double arch back countour shape was optimized under the manufacturing consideration."2'3
The edge thickness is thicker than as usual but this does not much affect the optical per-
formance criteria. This mirror shape reduce weight of mirror about 30% it's original
blank. The mirror shape and its physical dimensions are shown in Figure 1.1
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Fig. 1.1 Double Arch Mirror Shape and Its Physical Dimension
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Selfweight induced surface deformations were evaluated for two extreme gravity
orientations. The one is that the mirror is at the ZENITH pointing - the gravity vector
acts along the optical axis. The other is the mirror is at the HORIZON pointing - the
gravity vector acts normal to the optical axis. A half finite element model of the primary
mirror was created for the ANSYS program and shown in Figure 1.2.

For ZENITH pointing a six point support system was used which comprises an
equally spaced support at every 60 degree. An optimum support ratio, of 0.6 was
used. This support location was optimized for a minimum optical surface distortion.
1,3,4,5,6 Deformed and undeformed shapes of the mirror model were plotted and are shown
in Figure 1.3.

Fig. 1.2 A Half Finite Element Model of Primary Mirror

Fig. 1.3 Deformed Shape of Primary Mirror in Zenith Pointing
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A maximum mechanical deflection of 0.27 microns was calculated. In order to
examine a stress level of the glass, maximum principal stress was calculated and it was
290,000 pascals over the optical surface. Optical surface evaluations were conducted
using the PCRINGE and XFRINGE5 programs. Aberrations of piston, tilts, and focus
have been removed during the surface data reduction. Figure 1.4 shows a contour map
of the wavefront errors of the optical surface in terms of peak to valley(P-V) and the root
mean square(RMS) values. A P-V wavefront error of 0.085 waves and an RMS of 0.02
waves at 0.633 micron wavelength were calculated. These values met design requirement
(RMS of 0.1 waves) and it makes the image size of 0.038 arcsec with 90% of encircled
energy. Figure 1.5 shows the spot diagram which is calculated by ray tracing.

NNVFFRONT PLOT

CONTOUR STEP 0.020

RMS 0.020

Fig. 1.4 Countour Map of Wavefront Error in Zenith Pointing
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Fig. 1.5 Spot Diagram of the Zenith Pointing



For HORIZON pointing a three point support system was used. This support system
has three equally spaced support at every 120 degree from the free edge of the mirror.
Each of these supports was located in the plane of the center of gravity location in order
to minimize secondary effect due to lateral moment. Deformed and undeformed shapes
of the mirror model were plotted and shown in Figure 1.6.

Fig. 1.6 Deformed Shape of Primary Mirror in Horizon Pointing

A maximum mechanical deflection of 1.0 microns and a maximum principal stress
of 1,020,000 pascals were calculated. Optical surface evaluations were conducted, and
aberrations of piston, tilts, and focus have been removed as for the previous case. Figure
1.7 shows a contour map of the wavefront errors of the optical surface.
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A P-V wavefront error of 0.462 waves and an RMS of 0.085 waves at 0.633 micron
wavelength were calculated. These values meet the design requirement (RMS of 0.1
waves) as well. The image size was 0.61 arcsec with 90% of encircled energy. Figure 1.8
shows spot diagram.
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Fig. 1.7 Countour Map of Wavefront Error in Horizon Pointing
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Fig. 1.8 Spot Diagram of the Horizon Pointing



2. Secondary Mirror Analysis and Design

The secondary mirror of the KAO im telescope has the following specifications

Clear Aperture : 290. 722mm in diameter
F number : F/3.4 nominal
Focal length ofM2 : 990.184mm
Radius of Curvature : 1980.869mm
Material .. ZERODUR

Selfweight induced surface deformations were evaluated. A one sixth() finite ele-
merit model of the secondary mirror was created for the ANSYS program.

For ZENITH used was a three point support system which is arranged with a equally
spaced support at every 120 degree. A support ratio, of 0.7 was used. This support
location was optimized for the a minimum mechanical surface distortion1'3 since the
optical surface of the secondary mirror will not be corrected at this current design stage.
Deformed and undeformed shapes of the mirror model were plotted and shown in Figure
2.1. A maximum mechanical deflection of 0.04 microns was calculated. The maximum
principal stress of 120,000 pascals was found. The surface RMS error is 0.01 microns(0.02
waves) which meets the design requirement. For HORIZON the surface RMS error of
0.025 waves was evaluated.
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3. Telescope Structural Analysis

A finite element model was built of the truss structural analysis7'8'9 using the finite
element analysis program, ANSYS and Figure 3.1 shows it.

// /// I/

Fig. 3.1 Finite Element Model of Truss Structure

The primary mirror cell was constructed using plate elements of the varying thick-
ness to simulate the mechanical layout drawings. The flexures and whiffle tress were
modeled as plate elements for the single and double blade fiexures and beams for the
post and whiffie tree supports. Stiff rod elements with negligible mass were used to tie
the whiffle trees together at the location of the primary mirror center of gravity. These
rods simulated the internal stiffness of the mirror. At the center of gravity location for
the primary, a mass element is located which equals the mass and moment of inertia of
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the primary mirror. Likewise a mass element is used to simulate the secondary mirror
located at the other end of the telescope. Stiff rod elements are also used to support
a simulation of the primary instrument package at the rear of the telescope. A mass
element is located at the specified location for the placement of the insturment package.
The Surrirer truss elements were modeled as rod element with an outer diameter of 3
inches and a wall thickness of of an inch. These truss element ties the primary cell the
secondary mechanism. Beam elements are used to model the secondary outer structure,
as well as the tangent spider assembly. A cylindrical beam element is used to simu-
late the secondary housing. The support of the telescope structure was accomplished
using trunions attached to top plate of the primary mirror cell. The center of these
trunions were located near the center of gravity of the telescope structure as determined
by previous calculations.

The defiections and stresses of the telescope structure under static ig loading were
determined. Due to the vibration of telescope orientation in the service environment it
was necessary to investigate self weight deflections and stresses in x, y, and z gravity
orientations. The defiections in lateral gravity loading made the relative tilt O.O5mrad
in x direction, O.O6mrad in y direction, respectively. The maximum stress in any gravity
orientation was 75Opsi and it occurs in the thin primary mirror double bladed mounting
fiexure.

A complete frequency analysis was performed with the telescope model supported
at the trunion locations. The frequency analysis reveals that of the first 10 frequencies
present in the model, all but two of them are local defiections of the secondary support
spider. The first bending mode of the Surrerier truss which would effect of the alignment
of the optics is at 42.863 Hz. The 10th mode, 52.066 is also a bending mode, with the
Surreriur truss deflecting in the y direction. The frequency analysis indicates the tele-
scope structure is very stiff and easily exceeds the goal of 10Hz for the structure.

The effects of wind and seismic loading on the telescope structure were also consid-
ered. A lateral load of O.lg for both wind and seismic loading was applied to the telescope

model(x direction) . The largest stress experienced was in the double blade flexure of the
primary mount with a stress of 75psi. Stresses in the secondary truss structure and the
Surreriur trusses were on the order of 15 - 5Opsi. The deflection caused by this loading
resulted in a tilt of the mirrors relative to one another of 2.4E-7 radian.

A thermal gradient of 1 °C was placed on the telescope structure to determine the
first order effects to the alignment of the telescope system. With the model supported at
the trunions, the relative displacements due to the axial gradient along the optical axis(z
direction), O.1138E-3 inch, were calculated. The analysis also yielded some deflections
in the x and y direction(lateral deflections) due to the asymmetry in the support condi-
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tion as modeled. These deflections, however were small in comparison to the focus shift
resulting from the thermal gradient. Tilts of the mirrors relative to each other that were
produced by the gradient were a small fracion of the tilts produced by gravity loading.
The very long Surreriur truss members, accounted for the bulk of the focus shift along
the optical axis.

4. Yoke Analysis

The yoke structual design was intended to maximize stiffness and reduce weight to achieve
relatively high modal preformance.1° Low weight and stiff structure yields smaller gravity
defiections and higher structural resonant frequencies. To achieve this, a finite element
model of the yoke design was constructed using the ANSYS finite element program.
The model is constructed of plate elements O.0125m thickness. The interior of the yoke
is hollow. The mounting plate for the yoke is simulated with a round plate, O.025m
thickness, attached at the yoke base. Both the yoke and the plate are constructed of
standard steel. Figure 4.1 shows the geometry of the yoke.

Fig. 4.1 Finite Element Model of the Yoke
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A static analysis was carried out to simulate the effects of gravity and the telescope
weight on the proposed yoke design. A gravity acceleration of ig was place on the model
and stresses an self weight deflections were determined. Figure 4.2 illustrating the deflec-
tions and stresses are calculated. The deflection at the location of the telescope/bearing
interface was -0.20 1E-5m in x direction, -0.990E-8m in y direction, -0.68 1E-6m in optical
axis, z direction. The maximum stress intensity found in the yoke structure was located
at the base of yoke with a value of 245,000 pascal.

Fig. 4.2 Deflections of the Yoke (side view)

The modal analysis of the yoke was also completed and the first 10 frequencies were
calculated. The yoke was found to be extremely stiff with a first fundamental frequency
of 141.00Hz.

In order to determine the effects of wind loading on the yoke structure, ig lateral
acceleration load was placed on the structure simulated with the gravity loading in both
the x and y direction. The stress induced in the structure due to this lateral loading were
very insignificant. The wind loading in the x direction increased the maximum stress
to intensity in the structure from 245,000Pa to 279,000Pa. In the y direction, the wind
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loading increased the maximum stress intensity from 272,000Pa, to 302,000Pa.

5. Design Summary

Parametric design study of KAO im telescope was performed. The primary used double
arch mirror which is optimized under deflection requirement and its cell structure was
studied included truss structure. Optical performance met the deflection requirement
ia under the gravity loading. The telescope model is a stiff structure with a relatively
high first fundamental frequency. The telescope also performs well under gravity loading
in any orientation, having acceptably small tilts between the mirrors due to deflections.
The telescope also performs well in the category of stresses. Under gravity, wind and
seismic loads, the stresses in the telescope are always small and well below the microyield
stresses for the material used in the telescope costruction. The telescope is sensitive to
axial gradients, however the error produced is a focus shift which is easily compensated
for with the secondary adjustment mechanism. Yoke structure produces a high level of
confidence that the yoke structure will meet the telescope requirements. The yoke has a
very high frequency, low deflections under gravity loading and very stiff due to gravity
and wind loads and will provide a stable platform for the telescope.
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