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ABSTRACT

The technical report by Michael Krim entitled Mechanical Design of Optical Systems for Space Operation is summarized and explained for the benefit of the OPTI 521 graduate course.  All information herein is taken from Krim’s technical report.

The summarized technical report includes topics relating to early optical systems and modern space-based systems, and how technologies emerged as a result of the transition.  The summarized report is intended for use as a checklist to ensure that low cost and high probability of success for new systems are achieved.

Parties interested in this report will be those involved or concerned with the manufacture of space-based optical systems including design, manufacturing and test engineers, program/project managers, and finance account managers.

By contrast, similar reports are written as more of a design manual or a summary of the state-of-the-art in designing for optical systems for space operations. 

OPTICAL SYSTEMS YESTERDAY AND TODAY

Prior to the 1960’s the design and manufacture of large telescopes was accomplished by private or non-commercial entities.  Private funding by interested foundations and a great deal of redesign was the norm for the early earth-based systems.  Since the advent of artificial satellites, the field of space-based optical systems manufacture has become technically structured and funded largely by commercial entities often with government contracts.  Space-based telescopes absolutely must perform correctly and deliver on time.  This results in a great deal of programmatic management and pre-flight testing and verification causing the pre-launch costs to be astronomical.  Cost is of course one the many challenges inherent in the design and manufacture of space-based optical systems.  The following section explores this and other challenges.

CHALLENGES OF SPACE OPTICS

The sub-sections that follow represent a list of specific challenges confronting space-based optical systems design.  The list is certainly not exhaustive.  

COST

Historically, cost was not considered a design parameter, but today must be treated within the technical sphere.  Early space race related projects had the following priorities: performance, then schedule, and then cost.  Today that order has reversed: cost, then schedule, and then performance.  In order to win the contracts, the manufacturing company must present an affordable design solution with credibly low cost.  The widely accepted practice is to meet the specified requirements with the least cost and smallest technical and schedule risk.  The steps to achieve this are as follows: estimate the costs, analyze the results, and look for the drivers.  During the concept definition phase, alternatives to reduce the risks must be explored and the cost “delta” associated with each.  Cost estimates must include at least the following:

a) A program plan

· What needs to be accomplished and when

b) Requirements

· Performance definition

c) Confidence in the design approach

· Readily analyzable and have high probability of initial success

d) A detailed drawing count or estimate

· Include test equipment and tool drawings

e) Real hardware fabrication estimates

· Cost quotes from suppliers

f) Historical precedence or heritage

· Use proven materials and similar applications where possible

g) Sufficiency

· Know when a specific piece of the design is good enough to declare complete and move on

h) Clearly defined work definitions

· Documented and agreed to between customer, program office and operating groups

WEIGHT AND MIRROR MECHANICAL DESIGN

The “name of the game” in the space-based culture is weight reduction.  Where weight is considered an asset for earth-based systems, it is not so where payload weight plays a key factor in the space-based design.  Key design features and requirements to consider for weight reduction include the following:

a) Features

· Materials

· How to achieve lightweight

· Is it polishable

· Availability for size and schedule

· Configuration

· Substrate producibility

· Optical fabrication and test methods

· Mounting

b) Requirements

· Diameter or geometry, F/#, prescription

· Fabrication and operational wavefront error allocations

· Type i.e. passive, active, or correctable

· Thermal time constants

· Natural frequency

· Launch and operational dynamics loads

· Schedule or lead time

· Weight

· Cost bogey

Cost and producibility tend to be the major design and requirements factors.  

MIRROR SUPPORT SYSTEMS

Two widely diverging support system criteria must be met for rocket launched, orbiting systems: strength and stiffness.  A balance must be met in order to survive launch and be compatible with vehicle dynamics as well as supporting the mirror with the least number of constraints necessary for alignment stability.  Early mounting designs were seat-of-the pants designs due to lack of real experience and finite element analysis tools.  More tools are available for today’s mounting designs, but there is no universal approach.  The uniqueness of each system has resulted in unique solutions tailor made for the specific configuration.  Nevertheless, there are certain characteristics common to all successful designs.  A partial list is provided below.  Presume each item below begins with the phrase, “The mirror mount design should be…”

a) Based on a clear definition of the allowable constraint forces

b) Free of gimmickry-keep it simple

c) Able to interface with uncomplicated mating glass interfaces

d) Configured to avoid high stress gradients in the glass

e) Deterministic-load distributions well known at the mount/glass interface

f) Based on actual material properties, not handbook values

g) Able to survive large temperature changes without damage

h) Tolerant of non-isothermal conditions especially if athermalized

i) Verifiable before assembly to flight glass

j) Insensitive to machining and assembly tolerances

k) Disassemblable, just in case

l) Not dependant on bond-line flexibility

m) Manufacturable and assemblable

n) Able to accommodate small clearances or able to accommodate small interferences as an alternative

o) Based on some demonstrated heritage, if at all possible

p) Verified by test, before committing to flight hardware

DRAWINGS

Too often the mechanical architecture of a system is left untouched until too late in the design process.  Three important drawings of any space optical system need to be developed right up front.  They include the following:

a) Optical drawing

· Large scale

· Dimensioned

· Accurate depicting all optical surfaces and ray bundles and baffling

· Two views minimum

b) Functional layout

· Define location and volumes of all equipment showing any folds needed

· Define interfaces with adjoining equipment

· Detail alignment adjustments and access requirements 

c) Mechanical or physical layout

· Consistent with interface envelopes and space allocations

· Identify volume insufficiencies or excessive contorted load paths 

MODELING AND ANALYSIS

Differences between early designs and today include the advent of sophisticated finite element model (FEM) codes and their application to optical structures use from concept to final design.  There is the ability to accurately model the behavior of mirrors under thermal, gravity, and mount constraint force loadings.  The coefficient of thermal expansion (CTE) distributions can be modeled precisely to predict surface errors.  Resulting displacement data can be used to determine image defects, whether in the geometric or diffractive regime.

One might ask, “Why are anomalies still present?”  First of all, no amount of analysis can compensate for a poorly conceived design.  Second, detailed finite analysis does not pre-ordain the behavior of the structural system.  The following is a short list of observations regarding the role of modeling and how to maximize agreement between prediction and test.

a) Carefully review the design

· FEM updated to reflect as-built hardware

· Cable bundles accounted for in model

· Modeled weight same as actual hardware

b) Carefully review the models

· Verify loadpath free of things that might lead to anomalous performance

· Test lower level assemblies and joints and update the FEM

· Test critical material properties and update the FEM

· Account for CTE changes in models

c) Carefully review the tests

· Verify identical conditions to analysis

· Verify system equilibrium

· Verify test fixtures correctly included in models 

CONCLUSION

The purpose of the summarized report was to explore the culture of optical systems and how it evolved from early earth-based designs to today’s complex space-based systems.  In addition, the intent was to provide a guide or checklist to help round out the total perspective of design in today’s cost-driven environment.
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