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SECTION 1
INTRODUCTION

The major objective of the Lunar Ultraviolet Telescope Experiment (LUTE) Primary Mirror Materials
and Design Study is to investigate the feasibility of the LUTE telescope primary mirror. We took a
systematic approach to accomplish this key goal by first understanding the optical, thermal and

structural requirements and then deriving the critical primary mirror-level requirements for ground

testing, launch, and lunar operations.

After summarizing our results in Section 2, Section 3 discusses those requirements which drove the
selection of material and the design for the primary mirror. Most important of these are the optical
design which we assumed to be the MSFC baseline (i.e. 3 mirror optical system), telescope wave-
front error (WFE) allocations, the telescope weight budget, and the LUTE operational temperature
ranges. Section 3 also discusses mechanical load levels, reflectance and microroughness issues,

options for the LUTE metering structure and initiates an outline for the LUTE telescope sub-system

design specification.

Section 4 presents our primary mirror analysis and results. We discuss the six material substrate
céndidates and show four distinct mirror geometries which we considered for our study. With these
materials and configurations together with varying the location of the mirror support points, a total of
42 possible primary mirror designs resulted. We also investigated the polishability of each substrate
candidate and present a usage history of 0.5 meter and larger precision cryogenic mirrors (the opera-
tional low end LUTE temperature of 60 K is the reason we feel a survey of cryogenic mirrors is
appropriate) that have been flown or tested. Sections 4.3 and 4.4 present performance data in sum-
mary form via bar charts; more detailed analysis is provided in the data tables. Additional material is
provided in Appendix A. Material cryogenic properties are provided in Appendix B. Section 4 con-
cludes with a mass properties summary to aid both telescope feasibility and telescope material
selection along with information required for launch vehicle applicability and performance. The active

primary mirror design approach is also discussed and its impact on weight and performance is

assessed.

We describe the leading mirror materials and configurations in Section 5 with rational on these selec-

tions and our assessment of producing such a primary mirror.

We conclude our study with a set of recommendations not only with respect to the LUTE primary

mirror but also on other topics related to the overall feasibility of the LUTE telescope sub-system.
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SECTION 2
SUMMARY OF RESULTS

The ability to design, build, test and successfully launch and operate a 1-meter class diffraction-
limited telescope operating over a 200 K temperature range appears to be feasible, albeit very techni-
cally challenging. From our understanding of the requirements, a primary mirror areal density (mass
per unit area) of 28 kg/m2 is necessary and must have a wavefront error of less than ~1/30th wave
ms at 0.6328 um of which no more than ~1/46th wave rms can be caused by thermally induced distor-
tions. The primary mirror can not have a 1-g to 1/6-g residual (after telescope re-alignment) distor-
tion of more than ~ 1/200th wave mms. The ability to fabricate such a 1-m cryo mirror that weighs less

than 22 kg and is diffraction limited is unproven at this time.

After evaluating all of the candidates in our trade space, a single arch mirror design, fabricated from
beryllium is the leading candidate for the LUTE primary mirror. This design is marginally acceptable in
terms of residual 1-g deformation. All other candidate designs have poorer performance. This leading
candidate design is very strongly based on our engineering judgment that use of a cryogenic metrology
mount (to simulate 1/6-g deformation in a 1-g environment) would be an excessively high risk
approach. We believe a logical approach to 1-g testing and verification is one which does not utilize a

cryo “met” mount.

We have briefly assessed an active primary mirror design option which uses figure control actuators
to compensate for mirror distortions. In addition to a significant weight penalty we doubt that the level
of figure error correction required (better than 90%) is attainable. A further disadvantage of an active
primary mirror is the need to periodically determine what figure corrections are needed and the need to
actuate them reliably over several years. We have, therefore, rejected the active primary mirror

design option.

We have also briefly assessed the concept of fabricating the tertiary mirror directly on the same
substrate as the primary mirror. This approach would avoid the need for a separate mount for the
tertiary mirror and make the optical system less sensitive to thermally-induced misalignments.
Although we have done no analysis, in the judgment of our optical fabrication experts it is feasible to

fabricate the tertiary mirror and the primary mirror on the same substrate.

2-1
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Thermally induced mirror deformations must be closely monitored. The 100 K range of operating
temperatures is an exceptionally severe environment for a precision optical system. Our analyses
show that the allowable temperature gradient across the mirror diameter or through its thickness is
highly dependent on the particular temperature at which the measurement is taking place. This is due
to the fact that each candidate primary mirror material has a different temperature dependence of its
coefficient of thermal expansion (CTE.) For a single arch design a lower operating temperature (e.g.

60 K) is preferred if the CTE at the lower temperatures is lower than its room temperature value.

At 60 K, a side-to-side (i.e. diametral) gradient of approximately 1K is allowable. From our discus-
sions with MSFC this value seems realistic based on preliminary thermal analyses. However an area
which needs further investigation is the allowable variation in CTE (and AL/L) of the substrate itself.
Our calculations show that the beryllium AL/L inhomogeneity must be maintained to within less than
1%. This represents a technical challenge and further discussions with beryllium vendors is certainly
warranted. This issue is also important in the overall architecture of the LUTE mission and may
determine whether operating temperatures should be more closely controlled via a telescope thermal

control system.

2-2
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SECTION 3
PRIMARY MIRROR DESIGN
AND PERFORMANCE REQUIREMENTS

Our derivation of the LUTE primary mirror top level requirements is based on the three-mirror
telescope configuration as baselined by MSFC and shown in Figure 3-1. The driving requirements
include both wavefront error and weight allocations. Mirror performance predictions were calculated
using these allocations as guidelines in our design effort and these calculations ultimately resulted in
a recommended substrate and mirror geometry design which we feel is warranted for further
investigation.

Study logic flow is summarized in Figure 3-2. Efforts centered around the Primary Mirror Assembly
design and, in particular, three aspects of this assembly: 1) the candidate mirror substrates, 2) candi-
date mirror designs, and 3) whether active mirror correction capability is required. To a lesser degree
we evaluated whether LUTE should have active thermal control to minimize the large operational
temperature range as currently baselined. We show further study logic and discuss analytical results

in Sections 4.3 and 4.4.

-

> ~ PRIMARY
I il
SYSTEM DIMENSIONS: " .~ -
PRIMARY O. DIAMETER  : 100 cm - "
PRIMARY |. DIAMETER  ; 50cm SECONDARY Tl —see=l_
SECONDARY DIAMETER ; 38cm : E?_"_: SEw—=
SECONDARY HOLE . 15cm R e == 5
TERTIARY DIAMETER  ; 28cm g SR cmal TERTIARY
MIRROR SEPARATION  : 65cm P o
BACK FOCAL DISTANCE : 65cm i - —— =z o7
SYSTEM FOCAL LENGTH : 300 cm i
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/
’

- —— -
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Figure 3-1. We Have Assumed the MSFC Optical Design Concept “LTT100” as the Baseline for Our
Study.
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TRADE SPACE

REQUIREMENTS ANALYTICAL RESULTS
e TELESCOPE THERMAL CONFIGURATION

—THERMAL CONTROL e WAVEFRONT ERROR BUDGET
—ACTIVE (E.G. HEATERS) ALOGKIONE
OPTICAL DESIGN —PASSIVE (AMBIENT)

WEIGHT

WEIGHT ALLOCATIONS

TELESCOPE SIZE

PM THERMAL DISTORTIONS

o PMA CONFIGURATION
—MIRROR DESIGN

LAUNCH LOADS —SUBSTRATE DESIGN e PM NATURAL FREQUENCY

—MENISCUS

—LWT CLOSED BACK

FUNDAMENTAL FREQUENCY e 1 ‘G’ SAG UNCERTAINITY

e ETC.

—LWT OPEN BACK
—LWT SINGLE ARCH
SUBSTRATE MATERIAL
—FUSED QUARTZ
—ZERODUR
-ULE
—BOROSILICATE
—BERYLLIUM
—SILICON CARBIDE
—MIRROR CORRECTION CAPABILITY
—ACTUATORS
—NO ACTUATORS

Figure 3-2. Critical Requirements Were Addressed to Ensure the Recommended Design(s) Meet
Ground Testing and In-Operation Scenarios.

3.1 OPTICAL DESIGN

The optical design for LUTE was provided by MSFC. The need for a third optical element is derived
from the need for a wide field of view. The LUTE concept is presently defined as a “transit” telescope
that surveys the sky using only lunar rotation (and lunar precession.) It increases its effective sensi-
tivity for faint objects by having a wide field of view to a focal plane fully populated with CCD’s. This
allows the integration time per object to be increased. The wide field system also increases the swath
width of the sky that can be surveyed. No optical design analyses were performed as part of this

study.
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3.2 WAVEFRONT ERROR ALLOCATION

We developed a wavefront error allocation (Figure 3-3) for LUTE using that of the Hubble Space
Telescope as a starting point. There are, however, significant differences in the two systems, and the
LUTE allocation reflects its unique environment. The allocation forms a first-cut judgment of an
equitable distribution of difficulty, but much more analytical work is required and considerable revi-
sions to the allocation are likely to be needed in the future. Note that we have assumed that the

secondary mirror has a re-alignment capability such that low-order wavefront errors are fully

correctable.

The top-level value of 1/20 wave is a “round number” that, lacking analytical support, we believe will
provide a reasonably good image quality at ultraviolet wavelengths. The majority of the budget has
been allocated to the primary mirror. Only a small portion of the budget is available for primary mirror
fabrication-related errors since we believe that the changes in the shape of the primary mirror from

earth to moon may be particularly difficult to meet.

0.0500 LUTE On-—Axis Wavefront Error Allocation
0.0335 Primary Mirror
0.0184 Fabrication units are:

0.0154 Full Aperture

0.0082 Sub-—Aperture

0.0058 Micro—Roughness
——— 0.0034 Measurement
—— 0.0034 Substrate
0.0034 Coating
0.0198 Fabrication to Moon Changes
|—— 0.0063 Correction of Radius Error
L—— 0.0188 Figure Errors
—— 0.0084 Flight Mount
0.0168 Thermal Ground—to—Moon
0.0198 Lunar Day—Night Changes
—— 0.0140 Thermal Radius Change
L—— 0.0140 Thermal Figure Change

0.0125 CTE gradients

’—_ 0.0063 T gradients
———— 0.0224 Secondary Mirror
——— 0.0158 Tertiary Mirror
——— 0.0224 PM, SM, and TM Alignment
{——— 0.0071 Initial Alignment
L 0.0212 Lunar Day—to—Night Changes
——— 0.0100 Measurement of On—Axis Wavefront
L 0.0050 Alignment of Sl

waves rms, 1 wave = 0.6328 um

Figure 3-3. The LUTE Wavefront Error Allocation (Based on the HST WFE Budget).
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There are three key contributors to post-launch changes in the shape of the primary mirror. First there
is the change in deformation due to gravity. The HST mirror was precisely supported during fabrica-
tion/metrology such that it was measured in its 0-g configuration. As noted above, we believe that the
use of a similar metrology mount for ground testing at LUTE’s cryogenic operating temperatures
would likely add more uncertainty to the interferometric data than an alternate approach that avoids
the use of a cryo met mount. This decision has a very major impact on the mirror geometry selection

as described below.

The second key contributor to wavefront errors is the “bulk™ (mean) temperature change from the
room temperature fabrication to the lunar environment. The primary effect of such a change is a radius
of curvature change in the primary mirror that can be essentially eliminated by a focus mechanism at
the secondary mirror. The budget allows for higher order errors, such as trefoil, spherical aberration,
etc. that might be caused by CTE non-uniformities in the mirror substrate or residual effects of the
mirror mount.

The third key contributor to wavefront error will be thermal gradients in the telescope. LUTE mass
limitations preclude the use of a power system that can provide a stable thermal environment. Thus,
as the 28 day long lunar “day” progresses there will be a changing thermal distribution in the tele-
scope. If the mirror has a gradient in its CTE then a temperature change will produce a non-cor-
rectable figure error. Unfortunately, even if the mirror substrate has a perfectly uniform CTE, a thermal
gradient in the mirror will produce a figure error. We have separated these two effects as an analytical

tool for the study of primary mirror material and geometry.

3.3 WEIGHT ALLOCATION

Our weight budget allocations are based on our understanding of the LUTE telescope subsystem. We
have assumed that an allocation of 84 kg total mass has been given to the telescope subsystem
based on LUTE system engineering analyses done at MSFC. We have sub-allocated this 84 kg total

into five major categories. They are:
® Mirrors

® Structure

® Electronics

® Thermal Control

® Alignment Sensor

These major categories and the weight allocations are shown in Table 3-1.
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TABLE 3-1

PR D15-0013A

LUTE TELESCOPE WEIGHT BUDGET DEFINED TO CONDUCT FEASIBILITY STUDY

Major Element

Sub-Assembly/Component

Weight (Ibs)

Weight (kg)

1) Mirrors Primary Mirror 48 219
Secondary Mirror 6 2.7
Tertiary Mirror 3 1.4
Sub-Total 57 25.9
2) Structure Baffle Subassembly
« Main 9 4.1
- Central 2 0.9
-« SM 1 0.5
Sub-Total 12 5.5
Mirror Mounts
- PM S 23
- SM 3 14
- TM 2 0.9
Sub-Total 10 4.5
Main Bulkhead Subassembly
«  Main bulkhead 12 55
» §S/C interface fittings (3) 3 14
Sub-Total 15 6.8
Metering Bar Subassembly
*  Metering bars (3) 3 1.4
« Interface fittings (6) 3 14
Sub-Total 6 2.7
SM Subassembly
«  Spider 4 1.8
« Hub 3 1.4
«  Spider ring 3 14
«  Spider flexures (3) 3 14
e Actuators (6) 6 2.7
« Cabling 4 1.8
Sub-Total 23 10.5
3) Electronics ACE 5 1.4
TCE 3 1.4
DMS 3 1.4
ASE 3 14
Sub-Total 12 5.5
4) Thermal Control | Heaters 2 0.9
Thermocouple 2 0.9
MLI 3 14
Sub-Total 7 32
5) Alignment Sensor | Sensor 10 4.5
Sensor mount 2 0.9
Sub-Total 12 5.5
Total (w/o reserve): 154.0 70
Reserve’ 31.6 14
TOTAL 185.6 84

3-5




Hughes Danbury Optical Systems, Inc.
a subsidiary

Based on our experience with other flight programs, we believe that a nominal value of 18% of the
total 84 kg should be held in reserve for contingency factors. It is our experience that at this early
stage in the development of a program, it is absolutely necessary to carry (at least) such a factor. As

shown in Table 3-2, this schedule changes as a function of program maturity.

TABLE 3-2
WEIGHT CONTINGENCY SCHEDULE

Contingency Factor (%)

Design Maturity J Structures Mechanisms Wire/Cable | Therm. Control

S ——————— =—= ———————— e eSS
Conceptual Estimate (Based on 18 18 33 18
sketches, descriptions, experience, or
finite element model)

Layout calculation (Equivalent to 13 13 18 13
major mod's of existing hardware or
soft mockup)

Prereleased drawings 3 3 8 8
Released drawings 1 1 2 2
Actual/measured weight 0 0 0 0

3.4 QUASI-STATIC LOADS

Once our weight allocations were established, we conducted a “zeroth order” stress analysis on sev-
eral telescope components to ensure that some level of credibility existed for those allocations. We
used a quasi-static load of 15-g’s rms, applied singly in each of three orthogonal directions. The 15-g
level is considered a limit load factor. Factors of safety of 1.25 and 1.5 for yield and ultimate criteria
were used to assess the resulting design load factors. These design load factors are fully consistent
with other flight programs that have used for expendable launch vehicles (ELV) including Titan IV,
Delta II, and Atlas/Centaur.

A coupled loads analysis will eventually be required in order to attain more specific loads at each
location of the telescope subsystem. This analysis will take into consideration the contribution of both
“rigid” and “elastic” body effects due to transient, random vibration, steady state, and acoustic
environments during ascent. However, this analysis may be deferred until a more definitive architec-

ture for both the telescope subsystem and the spacecraft is in place.
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The fundamental frequency of the telescope subsystem and each component is also a variable in the
determination of flight load levels. There are generally two overriding concerns when trying to
determine requirements for natural frequencies. The first is what is termed “avoidance frequencies.”
We desire the telescope to be sufficiently stiff relative to the ELV to avoid possible amplification of
loads which might result if the elastic body (e.g. the telescope) dynamically couples into the launch
vehicle modes. As an example, the Titan IV vehicle has two distinct avoidance frequencies; from 6-10
Hz in the lateral direction and 17-24 Hz in the axial (e.g. thrust) direction. If a high mass system’s

natural frequency is sitting between these bands, dynamically amplified loads will probably occur.

The second fundamental frequency requirement is derived from control system servo/structural inter-
action concems. If the telescope has a closed loop servo system such as a fast steering mirror it is
highly desirable that the structural modes be considerably higher than the bandwidth of the servo.
Since we do not envision any closed loop active systems being implemented for LUTE, this

requirement is not of concem here.

To address fundamental frequency requirements we have set as a guideline that we desire that the
telescope be sufficiently stiff so that no amplification of loads will exist during ascent. To this end we
have derived a requirement that the telescope, assuming a fixed base at the spacecraft interface (i.e.
approximately 0.25 meters aft of the primary mirror virtual vertex), should have a fundamental fre-
quency of at least 50 Hz. With this top level telescope requirement we have determined that a pri-
mary mirror natural frequency, assuming a three point rigid mount, should be greater than 150 Hz.

This requirement has been used in our assessment of primary mirror substrates and designs.

3.5 MICROROUGHNESS

We have allocated a small portion of the LUTE wavefront error budget for the effects of mirror rough-
ness at high spatial frequencies. The effects of microroughness become increasingly important as the
operating wavelength decreases. Microroughness increases the amount of wide angle scatter that

would increase the stray light seen by the focal plane detector. We have done no analysis in support

of the allocation.

The applicability of beryllium mirror for the LUTE ultraviolet wavelengths also remains somewhat in
question. We have considerable experience in polishing beryllium mirrors “bare” (uncoated) but they
may exhibit too much scatter to be suitable for wavelengths as short as 0.1 pm. It is possible to
overcoat beryllium mirrors with either beryllium or aluminum to reduce the amount of scatter, but one
must then be careful about the magnitude of any thermmal-induced “bi-metallic” effects. Analytical

models of the effects of thin films have an additional uncertainty associated with the uncertainty in the
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mechanical properties of very thin films. It is our judgment that beryllium mirrors can be polished to

meet LUTE’s scatter requirements but we currently lack physical proof.

The lunar environment is well-known to be dusty. Furthermore, dust particles are likely to travel very
long distances in the airless environment. Thus, although it may be possible to fabricate a very
smooth optical surface, lunar dust contamination could severely degrade system performance, both in
terms of stray light rejection and throughput. Protection from dust, perhaps including sensors, a pro-
tective cover, and a means for in situ cleaning may be required by LUTE, but we have not included

such subsystems in the weight budget.

3.6 COATING REFLECTANCE

We have computed the normal incidence reflectance of several candidate coatings for the LUTE
telescope. The reflectances (plotted for a single reflection; note that LUTE requires three reflections)
are shown in Figure 3-4. For the majority of materials that are well-known to be good reflectors at
visible wavelengths, the UV reflectance shows a dramatic decrease. Silicon carbide and beryllium are

somewhat exceptions to this trend, but neither exhibit excellent UV reflectance.

Aluminum appears to be an excellent reflector at wavelengths as short as 0.1 um. However, it must
be emphasized that the plotted values are for bare aluminum, without an oxide layer as would result if
an aluminized mirror were exposed even to very small amounts of oxygen. A typical approach to this
problem is to immediately follow the aluminum deposition with, for example, magnesium fluoride,
while the mirror remains under high vacuum. The overcoating prevents oxidation of the aluminum
without significantly absorbing UV photons. We have not computed reflectances for overcoated

materials as part of this study.

oo |
e (I l7"//77;? /i

[ENYarnzaculilk

25 ~ ARn| 17 T \

Y ol =l L L |
s ]| i} I

0.01 0.1C 1.00 10.00 100.00
WAVELENGTH (um)

Figure 3-4. UV-to-IR Normal Incidence Reflectances of Candidate Coatings.
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Optical coating of the LUTE mirrors remains a key issue for wavefront error performance. That is,
since the operating temperature is far below the coating deposition temperature, and since the coating
material will probably have a very different CTE than the substrate, coating stresses may deform the
mirrors. The addition of an overcoat compounds this problem since it adds a third material. Analytical
study of the wavefront effects of coatings is difficult since it is unclear that thin films have the same
mechanical properties as the bulk material.

An alternative to overcoating remains a possibility for LUTE, but it is as-yet, an untried approach.
Future LUTE studies should consider re-coating the mirror(s) in situ. Presumably there is insufficient
oxygen in the lunar environment to oxidize the freshly-coated aluminum, and there would be no need

for an overcoat layer.

3.7 METERING STRUCTURE
Several candidate metering structures are available to use for the LUTE telescope subsystem. These

candidates are summarized in Figure 3-5.

STRUCTURAL TYPE
|
[ |
COMBINATION SUPPORT
METERING/SUPPORT STRUCTURE w/
STRUCTURE METERING RODS
|
TRUSS
| BERYLLIUM TUBE
ﬁ w/
2IG-ZAG GRAPHITE—EPOXY
BASELINE DESIGN  (HST METERING TRUSS) LONGERON METERING RODS

Figure 3-5. Various Candidate Metering Truss Designs Are Available for LUTE. Active thermal control
could dictate preference. “Baseline Design” is a ring stiffened tube.
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Although we did not conduct analyses on the LUTE metering structure, results conducted on other

programs showing the optimum truss design for a given weight (see Figure 3-6) are directly applica-
ble when considering a design which yields a high fundamental frequency for low weight. It is of

interest that the “baseline design” (i.e. a ring-stiffened tube) for this particular trade space far
surpasses both truss designs.

A variation of the metering structure is a support structure with metering rods. This design concept
was successfully implemented on the OAO-C, an 80-cm UV orbiting telescope. Schematically shown

ZIGZAG VS LONGERON TRUSS TYPE

LONGERON TYPE

(T

ZIGZAG TYPE

>
0 /
>
5 / L
c
W
@
= J_
(a]
w
N
3 j¢e— D —»
=
@
[e]
4
0.4 <
LENGTH _ ..
DIAMETER ~
02 T 1 1 1 T 1
0 20 40 60 80 100 120

TRUSS INCLUDED ANGLE (DEGREES)

Figure 3-6. Results from Other Programs Can Be Applied to LUTE Specific Investigations. Metering
structure type trades obtain high frequency and low weight.
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in Figure 3-7 (for a Gregorian Telescope), this design is especially attractive if fabricated from beryl-
lium, due to its outstanding stiffness to weight ratio. However, since beryllium’s CTE properties
would require the telescope to maintain very tight lateral temperature control, low CTE metering rods
are employed to maintain primary mirror to secondary mirror despace and decenter within acceptable
limits. These metering rods are attached to the main baffle by axial flexures at their centers and tan-
gential flexures at their ends. With this design, should the structure “hot-dog™ due to a side-to-side
temperature gradient, both primary and secondary mirrors would decenter equal amounts with no

relative tilts.

e ALLOWS THE USE OF BERYLLIUM FOR MAIN SUPPORT
STRUCTURE

—OUTSTANDING STIFFNESS TO WEIGHT PERFORMANCE

—HIGH CTE

e APPROACH EMPLOYS LOW CTE METERING RODS TO MAINTAIN
MIRROR SPACING

SUPPORT
TANGENTIAL STRUCTURE

FLEXURE

AXIAL METERING
FLEXURE ROD

Figure 3-7. The Support Structure with Metering Rod Design Allows A High CTE Material to Be Used
in the Presence of Large Side-To-Side Temperature Gradients.
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3.8 DESIGN SPECIFICATION

PR D15-0013A

Our design specification for the LUTE primary mirror is the combination of information described in the

preceding paragraphs. The driving requirements which form the basis of this specification are shown in

Table 3-3.

TABLE 3-3

SPECIFICATIONS FOR LUTE PRIMARY MIRROR

Item

Requirements/Goals

Optical Design

3 mirror telescope

Diffraction limited @ 0.6328 pum

1 meter class

Operating wavelength = 0.1 to 0.35 pm
Throughput: > TBD

BRDF: < TBD

PM WFE: < 1/30 waves rms @ 0.6328 pum

Mechanical Configuration

Passive primary mirror
Passive telescope thermal control
Mass < 84 kg (including contingency)

Environment

Operating temperature range:
-260 K to 60 K
- lunar day/night period
Launch loads:
- 15 g’s (limit) x FOS
Yield FOS = 1.25
Ultimate FOS = 1.5

Fundamental Frequency

Telescope: > 50 Hz
Primary mirror: > 150 Hz
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SECTION 4
PRIMARY MIRROR CANDIDATE MATERIALS
AND CONFIGURATIONS

We conducted an extensive investigation of candidate primary mirror substrate materials and

geometries which was then evaluated against the requirements, as stated in Section 3.8, to assess
their suitability for the LUTE telescope.
4.1 SUBSTRATE MATERIALS AND DESIGNS

A broad range of substrate materials were investigated and evaluated against the applicable LUTE

telescope requirements. The substrate materials we investigated are shown in Table 4-1.

TABLE 4-1
LUTE SUBSTRATE MATERIALS
Materials/Supplier Evaluation Criteria
FRGEST 0 s s
»  Fused Quartz/Silica « Repeatability
- Corning 7940 « Homogeneity
- Heraeus Suprasil - Isotropy
- Heraeus Herasil « Size Availability
» Ultra-Low Expansion (ULE) « Inspectability
- Corning 7971 « Specific Stiffness
«  Borosilicate « Lightweighting Compatibility
- Corning Pyrex * Cryogenic Heritage
- Ohara E6 - Polishability
2) Ceramics » Conductivity and Specific Heat
e Zerodur  Coating Compatibility
- Schott Glaswerks « Strength
«  Silicon Carbide (Reaction Bonded) | = Cosi
- Carborundum « Schedule
3) Metallics
- HIP Beryllium
- Battelle
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Fused quartz and fused silica are both amorphous silicon dioxide (SiO2) but differ in that fused quartz
is manufactured from mined, high purity quartz crystals while fused silica is synthetic. From prior
programs we have obtained an extensive library on the CTE, AL/L, Young's Modulus, and Poisson’s
Ratio characteristics as a function of temperature, ranging from room temperature (293 K) to ~ 1 K.
Although our library on these parameters for the remaining materials is not as extensive as for fused
quartz, the data on hand is from several sources and, we feel, is a good representation of actual

values.

We continue to develop our experience base in both silicon carbide and beryllium substrates (see
Paragraph 4.2). Although there are a number a candidate silicon carbide vendors, we have worked
closely with Carborundum Specialty Products (CSP) Corporation using their reaction-bonded SiC.
Reaction bonded SiC is an open network of alpha SiC crystals which has its pores completely filled

with silicon, thereby producing a material which is 100% dense.

Our beryllium substrate candidate design is centered around the fabrication technique termed hot
isostatic pressing (HIP) which uses beryllium powder in a high temperature, high pressure envi-

ronment to produce near-net-shape optics.

Along with the substrate candidates mentioned above we also evaluated a number a primary mirror
geometries. Figure 4-1 shows that a large range of structural designs are available for use as the

LUTE primary mirror.
4.2 USAGE HISTORY

Performance data from demonstrated telescopes and mirrors with apertures greater than or equal to
0.5 meter in diameter that are exposed to cryogenic environments is summarized in Table 4-2. This
information was employed in areal density (mass per unit area) surveys along with understanding the
cryogenic cooling-induced deformation of the m.irmr. Our survey of demonstrated mirrors at cryogenic

temperatures revealed a wide range of substrate material, mirror design and performance.

4.3 THERMAL PERFORMANCE

Figure 4-2 shows the flow of our approach to evaluating mirror materials and geometries for thermal
distortion effects. There are two outputs, the allowable thermal gradient and the allowable AL/L gra-
dient that would meet the wavefront error budget. We emphasize here that the structural analysis

sensitivities were scaled from analyses done for another cryogenic telescope program.
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SUBSTRATE CONFIGURATION

l

I

STRUCTURED NON-STRUCTURED

I
[ |

MONOLITHIC ASSEMBLED MENISCUS

|
] ¥

SCULPTURED SOLID CORED FRIT BONDED FUSION BONDED

e SINGLE ARCH

® MENISCUS

e OPEN
BACK

e CLOSED BACK

Figure 4-1. The Lute Study Investigation Yielded Various Mirror Geometries.
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TABLE 4-2
CRYOGENIC MIRROR PERFORMANCE DATA
Cryo WF
Density Temp. | Distor’n (rms

Name Dia. (m) (kg/m2) (K) @ 0.63 pm) Config/Mat’]
RADC/HDOS 0.4 23 110 n/a Closed Back HIP Beryllium
ARC/Steward 0.4 55 80 0.18 Closed Back Pyrex
ARC/U of A 0.5 96 6 0.30 Double Arch Fused Silica
ARC/U of A 0.5 78 10 0.26 Single Arch Heraeus TO8E
GIRL 0.5 124 8 n/a Open Back Zerodur
DARPA/EK 0.5 23 8 0.19 Closed Back Fused Silica
ARC/HDOS 0.5 28 8 0.46 Single Arch Beryllium
Aerosp./ISO 0.6 70 10 0.16 Open Back Fused Quartz
IRAS/HDOS 0.6 45 25 0.68 Open Back HIP Beryllium
Heraeus/Itek 0.7 Sl 15 0.52 Closed Back Fused Quartz
HAC/AOA 0.7 x0.6 52 80 0.50 Open Back Fused Quartz
HAC/AOA 09 x0.4 70 80 0.50 Open Back Fused Quartz
RADC/HDOS 1.0 23 110 0.37 Open Back HIP Beryllium
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PM THERMAL CONSIDERATIONS

ACTUATORS
MIRROR
CORRECTION
NO ACTUATORS
CANDIDATE PM
SUBSTRATE MATERIAL
Mt 1) ALLOWABLE PM TEMP GRADIENT
— T (OPERATING)
— MATERIAL
IMAGE WFE THERMAL SENSITIVITY — GEOMETRY
QUALITY ALLOCATIONS ANALYSIS
2) ALLOWABLE FRACTIONAL CTE
~ T (OPERATING)
— MATERIAL
~ GEOMETRY
MASS
PROPERTIES ALLDCATIONS
A
LEADING PM CANDIDATES

Figure 4-2. LUTE PM Materials and Design Study Thermal Considerations.

We did not generate new finite element models specifically for the LUTE study and the results are
only approximate. Unfortunately, the effects of a thermal gradient that may exist in the primary mirror
is also a function of the thermal conductivity of the mirror material. Both beryllium and silicon carbide
have extremely high thermal conductivities compared to the glassy materials. Thus, beryllium and
silicon carbide mirrors would not tend to develop significant thermal gradients. As part of this study
we did not compute the thermal gradients that would actually be developed in the primary mirror in the
lunar environment. This portion of the study is therefore based upon choosing materials and

geometries based upon relative sensitivities and not on predicted deformations.

Figure 4-3 shows several examples of the results of our investigation into thermal gradient effects on
the primary mirror wavefront error. The intent of the investigation was to determine if one material

and one mirror geometry exhibited a particular insensitivity to thermal gradients. The wavefront error
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budget used for this effect was 0.0063 waves rms (1 wave=0.6328 pm.) We computed the wavefront
deformation assuming that the lowest order deformations could be removed by realignment of the

secondary mirror.

The analysis uses the CTE of each material at the designated temperatures. We chose 60 K (the
coldest temperature), 160 K (the “mean” temperature) and 260 K (the highest temperature) for the

comparisons.

Inspection of Figure 4-3 shows that the single arch mirror has a consistently lower sensitivity to dia-
metral thermal gradients than does the closed back mirror geometry. That is, the single arch mirror
can tolerate larger thermal gradients than the closed back mirror before exceeding the wavefront error

budget for this effect. Note that one limitation of this comparison is that mass is not constant between

the various cases.

It is clear from Figure 4-3 that materials with a lower CTE can tolerate larger thermal gradients than
materials with higher CTE’s. For example, borosilicate (e.g. Pyrex) has a higher CTE at all three
temperatures than beryllium and has a lower modulus. Therefore borosilicate mirrors are particularly
sensitive to optical deformation from thermal gradients. Silicon carbide has an even lower CTE than
beryllium, and combined with its high modulus it has superior low temperature performance. However,
note that at 260 K, fused quartz is superior due to its very low CTE at that temperature. Thus, it is
clear that the preferred material and geometry are a function of operating temperature and operating

temperature range.

Figure 4-4 compares the sensitivities of a meniscus geometry with that of a single arch in terms of
the effects of gradients in CTE (actually AL/L.) We have used the actual CTE’s of the various
materials, integrated over three different temperature ranges. The wavefront error budget for the bulk
AT (293 K to 160 K) was 0.0168 waves rms. Thé budget for 60 K to 160 K and for 160 K to 260 K was
0.0125 waves. In all cases the lowest order aberrations were neglected as they were assumed to be

correctable using a secondary mirror mechanism.

The single arch geometry is more tolerant of a radially symmetric CTE variation than the meniscus
geometry. In the 60 K to 160 K range the material most tolerant of CTE gradients is silicon carbide. In
that temperature range it has an exceptionally low AL/L, even lower than the glass and its high stiff-

ness is an additional advantage.
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However, at the higher temperatures the glasses have the largest tolerance for CTE gradients.
Beryllium, the preferred material from a structural (mass) viewpoint, does not fare very well in this
comparison. It requires that the center to edge AL/L variation not exceed about 0.1%. Such a tolerance

on a beryllium mirror’s CTE gradient may be achievable but we have confirmed this as part of our

study.
4.4 STRUCTURAL PERFORMANCE AND MASS PROPERTIES ESTIMATES

The logic used to assess the structural applicability of a particular substrate and mirror design for use
as the LUTE primary mirror is shown in Figure 4-5. The critical requirements when making this
assessment is the weight allocation of 21.8 kg (see paragraph 3.3), fundamental frequency greater

than 150 Hz, and a 5/6-g release uncertainty of less than 0.0063 waves rms at 0.6328 um.

The structural analyses conducted to assess each candidate design against the above requirements is
summarized in Tables 4-3 through 4-6. These results present 1 g sag, fundamental frequency, and
weight estimate results for each mirror geometry and substrate material investigated. For the menis-
cus, closed back and open back mirror designs, the effects of varying the mirror mount locations (e.g.
at the 2/3 radius points versus edge supported) is also presented. These results are very good indi-

cators for the relative performance of one design versus another. However, as previously stated, we

WFE ALLOCATIONS

(5/6 g EFFECTS)
1 g SENSITIVITY AND
MASS PROPERTIES —»| FUNDAMENTAL FREQUENCY 1 g UNCERTAINITY
- ANALYSES CALCULATIONS
FUNDAMENTAL
FREQUENCY I
LEADING PM CANDIDATES
— MATERIAL
CANDIDATE PM - GEOMETRY
SUBSTRATE MATERIAL
GEOMETRY

Figure 4-5. Major Structural Considerations Were Quantified to Determine Leading Candidate
Designs.
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TABLE 4-3
MENISCUS MIRROR - THREE POINT SUPPORTED - PERFORMANCE RESULTS

Spread Sheet for ( lating 1-g Sag & Fund. Frequency 0. Ruttven
| H | 12/10/92
| if |
|Mirror Supported at Outer Diameter Mirror Supported at 2/3 Radlus
Est. WFE Est. WFE
|llvu' Type |Fadiue MT_ ._Thicknees Denel bein’3) |Weight (Ibs) [Young's (pef) [Nu Defi'n Def'n (um) |Z(8-23)-um __|Fi Defi'n Def'n Z(8-23)-um__ |F|
1) Meniscus 20.89 0.3 .079) 2483 10200000) .01608] 408.8| 61.1 24.7 00366 92.8 u,g’ 61.8]
+ Fused Ouartz 20.69 8 .079) 49.06 10200000] 0. .00402 102.1 12.9 49.4] .00091 232 0 103 5}
20.89] 0.9 .079) 73. 10200000] 0.17] .00179 454 5.7 4.0) .00041 1o;l 26 166.3
|
+ Zerodw 20.6 03 .091 28.2 1 24 101389 362.9) [7X] 26.6 0.00316 80.2] 20.1 5.7
20.6 0.6 .091 66.5 13200000] 0.24 .00347] 11.0] 3.1 0.00079 20.1 6.0 111.4)
20.6 0.9 .091 84.7 13200000/ 0.24 .00164 4.9 79.7 0.00038| 8.9 22 167.1
- WE 03 9 24.83 980000 22 .01640 418.7] 82.1 24. 0.00373 947 237 1.3)
08 i{ 49.06] 22 .00410 104.2] 13.0 48, 0.00093] 237 59 1 z.%l
0.9 73.89] 22 .00182| 46.3 5.8 73. 0.00041 10.8] 2.6 163.8
Il |
:+ Boroslicale 20. 3 .088| 28.39) 22 .01821 462 67.9) 23.2] 414 108.1 263 48.7]
20. 0 .088) 62.79) | 0.22) 004558 118 14.5 46.4 00103 26.3] 973
20. 9 088 79.18) 00000 0.22 .00202 (3] A €9.6 6 17 148.0)
- BeryMum 20.69 03 .087] 20. 339) 86.2 10.8 53.7 0.00077, 19.6 49 112.7]
20.69 08 .067] 4l 50085 21.6 27] 107.4 0.00019, 49 12| 2264
20.69 0.9 .08 62.4 4200000 38| 8 1.2 1 _zf 0.00009) 22| 0.8 3381
- Siicon Carbidd 20.69) 3 108 32.91] 4700000 2 0.00463 117.6) 14.7) u.E} 00108 26.7) 7 [T |
20.69) 0 .106] 65.83] 47 2] 0.0011 29.4 37 92.0| 00026 67 gl 193.0)
20.69) 9 06] 98.74] 4700000 .2l 0.0008 13.1 8l 138.0) .00012 30 7 89.5
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TABLE 4-4
OPEN BACK MIRROR - THREE POINT SUPPORTED - PERFORMANCE RESULTS

Spread Sheet for ( 9 1§ Seg & Fund. Freq Yy G. Ruttwen
% 12/10/92]
Mirror Supported at Outer DI Mirror Supported st 2/3 Radi
l_ Est. WFE Est. WFE
Mirror 1) |Radive (incty Density (Ibe/in* 9) [Young's (pel) [Nu _ [Defi'n (in) [Det'm (um) [Z(8-23)-um  [Freq (&) |Defn (in) [Defn (um) [2(s-23)-um |F:
| |
|2) Open Back 20.69] 1 .0 32.71]  1020000¢ .00228, [IX 19.3] 13 -00082] 13.19 482 1374
- Fused Ouartz 20,69 2 .0 49.06] 1020 .00074 18. 2| 116.4 00017, 28] 49 242.0)
20.69 4 .0 81.77] _ 1020000¢ .00018 4l 5| 238.3 .00004] 01 36 us.gi
|
« Zerodur 1 .09 37.67 3200000 0.24 100197 80.1 16.7 708 00048 1139 99) 147.8|
2 .09 56.51 3200000/ 0.24 .00084 162 4 124.1 .00014 67, 28 2604
4 .09 94.19) 3200000] 0.24 .00016 8 3 284.3 .00003 .87, 31 5334
|
- ULE 20.69 .079 32. 980 .22 0233 sv.zl 19.7) 648 .00083) 13.4 a7 138.0
20.69) .079 49.0¢ .22 0076 19.1 4 114.2 .00017, 4.33 82| z:o.sl
20.69 4 9 (18 .zz[ [ | 8| zzu.ol .00004; f 36 490.9)
| |
- Borosllicate 20.69) .088) 36.1 22| 00289 €57 21.9 61.8 [ 14.93 22 1291
20.69) 2 088 82.7 .22 00083[ 212 K 108.4 .00 .81 .88, 2275
20.69) 4 .088 87.9 000] 0.22 20 0] N 222.1 .0000 18 0.40) 465.9)
% !
- BeryMum 20.69) .04 27.74) .00048 122 g 142 0.0¢ 2.78) 299.0)
20.69) 04 41.61 00018 39 3 261. 0.00 0.90) 526.9)
20.69) 4 .04 €9.38 | 0.9 3 614.4 0.00¢ 0.21 1079.1
% |

[ Sllicon Carb 20.69 108 u.n_a_* 47000000 2 (.oooul 167 6| 122.1 -00018[ 80| X 26, ._g'
20.69 2 .10 6583 4 2 .00021 A 8| 218.0 D.00008| 22 43| 461.0]
20.89] 4 osl 10971 47000000 0.2[0.00008] T 4 440. .00001] i 10 924.0|
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TABLE 4-5
CLOSED BACK MIRROR - THREE POINT SUPPORTED - PERFORMANCE RESULTS

|Sprend Sheet for Calculating 1-g Sag & Fund. Freq Y Q. Ruthven
| | 12/10/92
| |
Mirror Supported at Outer Diameter Mirror Supported at 2/3 Radius
Est. WFE Est WFE
Depth pnch) Density (®ein*3) 9) [Young's (pei) [Ny [Detim (in) [Defi'n (um) s-23)-um__[F Defi'n Defim 2(8-23)-um__ |Freq (Hz)

3) Closed Back 20.69 ] .07, 36.98 0200000/ 0.1 0139 38.19 11.73 841 0.0003 8.00 80| 84
+ Fused Ouadz 20.69 2 .07 62.33 A 9 9.84] .28 169.0] 0.0000 2.24 78] 33 6
20.69) 4 .07 85.04 0200000] 0.1 0012 3.12 .04 2828 0.0000: 0.7 28| 2.6

|
+ Zerodur 20.69 1 0.091 3200000 0.24 .00120 30.39 10.13 90027| 691 2.42) 189.8]
20.69) 2 0.091 3200000 0.24 .00033 .50 2.83) 1 90008] 1.93 0.68 368.9
20.69) 4 0.091 3200000] 0.24 .000