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Introduction

The University of California and the California Institute of Technology (partners in the W. M. Keck Observatory) are collaborating to build a 30-meter telescope (CELT), designed to be fully steerable and operate on the ground.  With its Ritchey-Chretien optical design, it will have a large, 20-arcminute, field of view; and with planned adaptive optics, it will produce diffraction-limited images for wavelengths as short as 1 micron.

This report describes the plan for a year-long Conceptual Design Phase.  This work will be fully documented and reviewed both during the course of the phase and at its end at a Conceptual Design Review.

CELT Conceptual Design Plan

Summary

Context 
This the first of three design phases for CELT



• Conceptual Design Phase
Concluded with a review (CoDR)



• Preliminary Design Phase 
Concluded with a review (PDR)



• Critical Design Phase 
Concluded with a review (CDR)

Duration 
12 months  (1 September 2000 – 1 September 2001)

Budget
$750K 

(See Section 2 for the budget)

Objectives
Generate a Conceptual Design for a 30-meter diameter telescope.

• Develop a set of compelling scientific research areas

• Develop conceptual scientific instruments

• Develop Observatory requirements

• Identify and resolve key technology and cost risk areas

• Produce a robust design with acceptable cost and technical risk

• Produce a cost estimate with the likely range of costs

• Produce a schedule for the observatory design and construction

• Determine the high-priority design and technology development tasks for all activities leading up to and including the Critical Design Review.

• Generate a work plan for the Preliminary Design phase

High Risk Areas
To be addressed in the Conceptual Design phase



•  Primary Mirror design, fabrication, support, and control



•  Wind effects on the telescope structure and optics



•  Adaptive Optics feasibility



•  Scientific Instrumentation feasibility

Tasks

Thirty specific tasks selected for this phase.   (See Section 3)

Reviews
Internal Status Reviews - Quarterly



Working group meetings as needed



CELT Workshop for internal CELT participants



Conceptual Design Review

Deliverables
Report and Technical Notes Series describing the results of this phase



The “Green Book” ;  A full summary of the CELT project;

 



the basis for a Conceptual Design Review



CELT Website containing all Reports and Project Information
1. Tasks for Conceptual Design Phase - Overview

There are many activities that will be important to complete to make CELT a success.

We have selected for the Conceptual Design Phase funding those tasks that



1) are critical to reducing the CELT cost or technical risk



2) will have within one year significant impact on the telescope design


 
3) are not being funded elsewhere

The following table is a brief framework for the tasks organized by the structure in the CELT Project Plan (CELT Report # 2).  Appendix 2 shows the full framework.


Observatory Requirements


Task   [ 1]
Telescope Design


Error Budgets 



Task   [ 2]


External Design Driver: Wind
Task   [ 3]
Optical Design 


Task   [ 4]

Primary Mirror 


Tasks [ 5 -17]

Auxiliary Optics


Tasks [18-19]



Telescope Structure


Tasks [20-21]

Adaptive Optics


Modes of operation 


Task   [22]

Error budgets 



Task   [23]


Alternative Design Concepts 

Tasks [24]

Conceptual Design Review


Task   [25]


Preliminary Design Plan


Task   [26]

CELT Working Groups 


Task   [27]

Conceptual Design Phase Management
Task   [28]

CELT Website Management
 

Task   [29]

Contingency Management  


Task   [30]

2.  Budget for Conceptual Design Phase

In-kind contributions are shown by institution.

Costs to CELT are shown in units of $1000.

Neither institution will charge overhead.











Cost Share   Request

[  1]  Observatory requirements





UCO/Lick

[  2]  Error budgets







UCO/Lick

[  3]  Analyze and model wind influence on telescope




60

[  4]  Complete the optical design





UCO/Lick 
  5

[  5]  Establish the segmentation geometry




UCO/Lick 
  5

[  6]  Establish the segment material 





UCO/Lick 
  5

[  7]  Establish the segment fabrication vendor candidates


UCO/Lick 
20

[  8]  Establish the segment fabrication cost



    
UCO/Lick/LLNL

[  9]  Stressing fixture design, fabricate, and test





45

[10]  Define the segment fabrication figure tests



LLNL

[11]  Design the segment passive support






40

[12]  Develop algorithms to combine Displacement Sensor


 and Telescope-Control Wavefront Sensor (TCWS) readings


12

[13]  Study the spatial frequency response of the primary mirror control


19

[14]  Segment displacement sensors (design, fabricate, test)




60

[15]  Design Telescope-Control Wavefront Sensor (TCWS) hardware


  7

[16]  Segment support actuators (design, select, test)





45

[17]  Design camera required to determine desired sensor readings



14

[18]  Define secondary & tertiary physical & performance parameters
UCO/Lick

[19]  Algorithms for TCWS control of primary, secondary, & guiding 
UCO/Lick

[20]  Design the telescope structure







65

[21]  Generate strawman designs of the bearings, drives, encoders



25

[22]  Identify the candidate AO modes & define requirements for each
CIT/JPL

[23]  Develop first order error budgets for AO components


CIT/JPL

[24]  Develop conceptual AO system optical designs for each AO mode
CIT/JPL
50

[25]  Prepare for Conceptual Design Review






15

[26]  Write the Preliminary Design development plan


UCO/Lick

[27]  Support the CELT Working Groups






50

[28]  Manage the Conceptual Design phase program



UCO/Lick

[29]  Manage the CELT Website







10

[30]  Contingency Management






          198











Total =           750

3. Tasks for Conceptual Design Phase - Descriptions

Task List

[  1]  Observatory requirements

[  2]  Error budgets

[  3]  Analyze and model wind data

[  4]  Complete the optical design

[  5]  Establish the segmentation geometry

[  6]  Establish the segment material 

[  7]  Establish the segment fabrication vendor candidates

[  8]  Establish the segment fabrication cost

[  9]  Stressing fixture design, fabricate, and test

[10]  Define the segment figure tests

[11]  Design the segment passive support

[12]  Develop algorithms to combine Displacement Sensor

 and Telescope-Control Wavefront Sensor (TCWS) readings

[13]  Study the spatial frequency response of the primary mirror control

[14]  Segment displacement sensors (design, fabricate, test)

[15]  Design Telescope-Control Wavefront Sensor (TCWS) hardware

[16]  Segment support actuators (design, select, test)

[17]  Design camera required to determine desired sensor readings

[18]  Define secondary mirror physical & performance parameters

[19]  Develop algorithms for TCWS control of primary, secondary, & guiding

[20]  Design the telescope structure

[21]  Generate strawman designs of the bearings, drives, encoders

[22]  Identify the candidate AO modes & define requirements for each

[23]  Develop first order error budgets for AO components

[24]  Develop conceptual AO system optical designs for each AO mode

[25]  Prepare for Conceptual Design Review

[26]  Write the Preliminary Design development plan

[27]  Support the CELT Working Groups

[28]  Manage the Conceptual Design phase program

[29]  Manage the CELT Website

[30]  Contingency Management

Conceptual Design Phase Tasks

[  1]  Observatory Requirements

Description

Responsible Person


Jerry Nelson

Other Participants


Terry Mast, Gary Chanan, Richard Dekany, Joe Miller, Sandra Faber


CELT steering Committee, All Working Group chairs

Objectives

Inputs


Working Group Reports

Impact on Other Tasks


all

Documentation


A CELT report

Schedule

Completion in 12 months

Budget 

Fully supported by UCO/Lick Observatory and Caltech

[  2]  Error budgets 

Description

Error budgets for image quality will be completed.  These are being constructed for both observing modes; AO-on (in terms of rms wavefront error) and AO-off (in terms of 80% enclosed energy diameters).

Responsible Person


Terry Mast

Other Participants


Jerry Nelson, Gary Chanan

Objectives

Construct global telescope error budgets and detailed error budgets for the segmented primary mirror.  Also construct error budgets for image motion.

Inputs


Complete Task 4


Initial work on Tasks 5 and 10
Initial values of telescope optical design.  Baseline design for primary mirror active control.

Site environmental properties

Impact on Other Tasks

All other tasks will interact strongly with the error budgets.  Candidate designs will define the budgeting and the budgeted errors will drive the designs.

Documentation

A CELT Report describing the image quality and motion budgets for AO-off and AO-on, including descriptions of assumptions and equations used to determine the budgeted errors.

Schedule

Completion in 12 months

Budget 

Fully supported by UCO/Lick Observatory

[  3]  Analyze and model wind influence on telescope
Description

Wind loads on the telescope will be studied.  Loads during operations and survival loads on the dome will be addressed.  During operations, there is the potential that wind loads directly on the top end of the telescope will cause the telescope to move and oscillate, causing image motion.  In addition there is the possibility that wind loads on the primary itself will cause distortion of the primary mirror, occurring at frequencies higher than the bandwidth of the primary mirror active control system (ACS).  Finally, wind loads on the dome itself may cause motion of the earth and hence the entire telescope on its pier.

We expect to use a combination of analytic tools, computer simulation, wind tunnel testing, and scaling from other observatories to assess the size of the wind disturbances.

Responsible Person

Jerry Nelson

Other Participants

Wind experts from Gemini Observatory, Caltech Aeronautics department

Objectives

We will estimate the static wind speed distribution inside the dome (near the top end of the telescope down to the primary mirror) relative to the outside wind speed.  This will be used to calculate the static force on the telescope.  This speed distribution will be determined by some combination of 

Measurements at Keck or other large telescope

Computer modeling 

Wind or water tunnel measurements

We will estimate the dynamic effects of wind on the telescope as well, including spatial and temporal coherence.

Inputs


• Wind statistics for each candidate site 

(probability distribution of wind speeds on clear nights)

• Maximum 100 year wind speeds for each site (for survival study)

• Elastic properties of the soil under the dome for each site.

• Shape and cross section details of the top end of the telescope

• Power spectrum of wind at the site

Impact on Other Tasks

This will influence the telescope design, and the dome design

Documentation

CELT Report describing overall wind analysis and origin of design wind requirements. 

Perhaps CELT technical notes summarizing, CFHT, UKIRT, Gemini wind measurements.

Schedule

9 months

Budget 

Contract for wind modeling:  $60K

 [  4]  Complete the optical design

Description

We will produce an optical design for CELT that includes a mathematical description of the optical surfaces and locations.  The design performance of the system will be produced, including image quality, field of view, focal surface curvature, pupil positions, and sensitivity to misalignment.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast, Rich Dekany

Objectives

We will produce a Ritchey-Chretien optical design giving a 20 arc minute field of view with 0.5 arc second image quality (100% enclosed energy).  Initial and final f-ratios are critical parameters that will be set, after a trade off study.  The compatibility with planned adaptive optics systems for CELT will be carefully assessed and maximized.  The sizes of the secondary and tertiary will also be carefully explored to understand their values in the optical design and the tradeoffs against difficulty of fabrication.  Focal plane locations will be determined, taking into account the space required for science instruments

Inputs

Requirements on FOV, plate scale, and instrument sizes from working groups

Impact on Other Tasks

The optical design parameters are fundamentally related to the optimization of the segment polishing, mainly though the primary mirror focal length.  The requirements of AO are also key inputs to the optical design, through the final focal length, focus position, and possibly special requirements for the secondary mirror.  The telescope structure is driven by the optical design.

Documentation

A CELT report describing the design and the parameter tradeoffs that were considered in determining the final design.

Schedule

9 months, requiring input from above mentioned tasks

Budget 

Salaries supported by UCO/Lick Observatory

Documentation: $5K

[  5]  Establish the segmentation geometry

Description

We will establish the thickness and radius (and thus the number of segments) of each segment.  This will involve a complex tradeoff of many issues including predicted effects of thermal and gravitational changes, segment material costs, segment fabrication costs, segment passive support system costs, segment active control costs, impact on adaptive optics, re-aluminizing costs, and handling costs.

Responsible Person

Terry Mast

Other Participants

Jerry Nelson, Gary Chanan

Objectives

Inputs

None required for about six months.  Then for a review, and possible revision of the geometry, we will require initial telescope and primary mirror error budgets and initial cost estimates for segment fabrication.

Cost estimates for segment fabrication and tests

Impact on Other Tasks

The definition of the segmentation is strongly inter-related to almost all other tasks.

Documentation

Contribution to CELT Observatory Summary Design report

Schedule

Initially the baseline segmentation geometry (a = 0.5 m, r = 0.045 m) will be used.  After about six months a complete review of the segmentation geometry will be made.

Budget

Salaries supported by UCO/Lick Observatory

Documentation: $5K

[  6]  Establish the segment material

Description

The choice of segment material is important since most interesting materials are very expensive.  The method of creating the optical surface on the segments will influence the options for material.  For segment polishing, one needs either a directly polishable material or one that can be effectively plated.  Glassy materials such as Zerodur or ULE are well known, but expensive choices.  Aluminum is another potentially less expensive option that needs to be explored.  More exotic materials such as SiC should also be investigated.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast

Objectives

Based on collected material properites we will assess the likely impact on segment thickness and mass, resulting telescope mass, and passive segment support.  All these will influence, and may strongly impact, the overall telescope cost.

Inputs

Information on the material properties of candidate materials including E,, k, internal stresses (needed for evaluating warping from cutting), availability, size limitations, long term stability, polishability, and cost.   ESO reports on the evaluation of aluminum.

Impact on Other Tasks

Material choice is closely related to segment fabrication technique, methods of coating segments, segment passive support, telescope structural design.

Documentation

A report will be produced describing the tradeoffs and the preferred material choice.

Schedule

duration 6 months

Budget 

Salaries supported by UCO/Lick Observatory

Documentation: $5K

 [  7]  Establish the segment fabrication vendor candidates

Description

Based on an initial definition of segment requirements we will discuss with all potential vendors the desired segment characteristics that they would be able to provide at minimum cost.  This will require concentrated personal interactions with teams from each candidate vendor.  Segment design and fabrication methods will be modified to find a low cost solution to segment fabrication.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast, Gary Sommargren

Objectives

Definition of potential segment fabrication vendors and characterization of each in a fixed set of categories including experience, infrastructure, depth, etc.

Definition of a baseline fabrication scenario in enough detail to serve as a basis for a credible cost estimate.

Inputs

Documentation of planetary-stressed-mirror-polishing methods and fixtures.

Documentation  of an in-process test option, including test error budget

Documentation of an interferometric test option, including test error budget

Initial progress on Task 2 Error budgets, Task 4 Optical Design, Task 5 Establish the segmentation geometry , and Taks 6 Establish the segment material.

Impact on Other Tasks

This is a prerequisite for Task 8.

Documentation

CELT Report describing the vendor responses.

Schedule

Duration 6 months.

Budget

Travel to interview vendor candidates: $20K

Salaries and documentation costs: supported by UCO/Lick Observatory

[  8]  Establish the segment fabrication cost

Description

Based on Tasks 5, 6, 7, 9 we will be able to establish an accurate estimate for all the processes required for segment fabrication.  Interactions with candidate vendors will allow us to fine tune the processes and to generate a plausible cost estimate.  Costs will come from vendor discussions and opinions.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast, Gary Sommargren

Objectives

Determine a reasonable cost estimate for segment fabrication

Inputs

Design information, extensive vendor discussions and cost estimates.

Impact on Other Tasks

Documentation

A report will be written

Schedule

9 months

Budget 

supported by UCO/Lick Observatory and LLNL

[  9] Stressing fixture design, prototype and test

Description

We will design, build, and test a full-scale prototype stressing fixture. We will apply it to an aluminum segment, and measure the response, repeatability, and temperature and vibration sensitivities.  If discussions with vendors show that this demonstration will have no significant impact on the cost estimates, then we can postpone the prototype and test phases.

Responsible Person

Jerry Nelson

Other Participants

Objectives

All candidate vendors have no experience with Stressed Mirror Polishing in a planetary polishing facility.  Thus, this is likely to be a high cost-risk process for both CELT and the vendors.  A detailed demonstration of the process will allow the vendors to make a credible estimate of the fabrication costs.  Experience suggests that without such a demonstration all vendors will be required to provide very high cost estimates.

Inputs

The baseline segment design
Keck reports, drawings, computer code, and experience

Impact on Other Tasks

The design (and parhaps the fabrications and tests) on Task 8 Establish the segment fabrication cost

Documentation

CELT reports on design, fabrication, and tests.  Design drawings.

Schedule

Duration will be one full year if it includes the design and test

Budget 

Design

$15K

Build

$30 K

Test

$10 K

[10]  Define the segment figure tests

Description

For mechanical measurement of segment surfaces we will build and test a system and use it to measure the performance of the prototype stress fixture of Task 9.

For optical tests of segment surfaces we have defined three possible options.  For each option we will make a detailed optical test design, calculate the sensitivity to variations in all possible degrees of freedom and temperature changes.  These will be used to construct segment testing error budgets and, if needed, revise the test designs.  These and discussions with vendors will be used to establish cost budgets for segment testing.

Responsible Person

Gary Sommargren

Other Participants

Jerry Nelson, Terry Mast

Objectives

Document the process of selecting baseline options for testing the segments.  These must include detailed error budgets that be communicated candidate vendors

Inputs

Documentation, software, and experience with point-diffraction interferometry at LLNL

Impact on Other Tasks

Significant input to Task 8 Establish the segment fabrication cost.

Documentation

A CELT report

Schedule

This may require interactions with vendors and protoypes.  We do not expect the final report to be completed until the end of this phase.

Budget 

Fully supported by LLNL and UCO/Lick.

[11]  Design the segment passive support

Description

We will design a passive support for the mirror segments, compatible with the active support system of 3 actuators and consistent with the thermal and gravitational disturbances.  This must include supporting the segment against gravity in any orientation, while maintaining surface errors consistent with the error budget.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast, Layton Hale, Matt Radovan

Objectives

For a specified segment size and material, we will devise a passive support system.  This will include adequate axial support and lateral support.  The segment deflections under gravity in any orientation will be calculated, and the design will produce adequately small deflections.  The interfaces will be carefully described.  This includes attachment to the segments and connection to the active control system actuators and mirror cell lateral support system as needed. The design will also include tolerancing of the support to ensure production is economical.  The assembly process will also be addressed for feasibility.  Thermal effects will be carefully investigated to ensure that performance is adequate, both for thermal effects between assembly and operations, and during operations.  Durability of the system during segment installation, segment handling, segment exchanges, telescope lifetime, mirror cleaning, and mirror coating will be evaluated.

Inputs

Task 5 segment design, Task 6 mirror material, and thermal characteristics of the site.

Impact on Other Tasks

segment fabrication, mirror coating,

Documentation

A report will be produced that describes the design tradeoffs, the design performance, the design tolerances, and the performance against other key constraints.

Schedule

Duration 6 months

Budget 

Contract for optomechanical design:  $40K

[12]  Develop algorithms to combine Displacement Sensor

          and Telescope-Control Wavefront Sensor Readings
Description

Because of the very large number of degrees of freedom of the CELT primary mirror (up to 3000), the mirror control (i.e. non-AO)  wavefront sensing will have to be handled by two distinct  systems:  a Gemini- or VLT-style Telescope-Control Wavefront Sensor (TCWS) for the lowest 20 ± 10 spatial frequency modes, and  Keck-style displacement sensors for the remaining high spatial  frequencies.  [For Keck, with only 108 degrees of freedom, the  latter system alone is sufficient.]  The task here is to develop  algorithms which allow one to combine these two inputs in an  optimal way, avoiding conflicts which could destabilize the   overall control of the primary mirror.

Responsible Person


Gary Chanan

Other Participants


Edwin Sirko

Objectives

Characterize the temporal power spectrum of the ~20 lowest  spatial frequency modes of the Keck primary mirror in order to help determine the necessary bandwidth of the TCWS.  Estimate modal errors for TCWS.  Write the global control matrix for the primary mirror; capable of combining TCWS and displacement sensor inputs, with adjustable weighting factors in the region of overlap.  Run numerical simulations of wavefront control with above the algorithm, realistic errors, and various weighting factors to verify performance.

Inputs

This task depends on Tasks 12, 13, and 14, which define the  data inputs from the TCWS, and the active control system.  It is closely related to Tasks 17 (Design of camera to determine   desired wavefront sensor readings), 19 (use of TCWS to align the secondary), 26 (wavefront sensor for seeing-limited observations.  Four of these tasks (12, 13, 15, 17) are under the  direction of the same investigator (Chanan).    Meetings will be held with the investigators (Mast, Dekany) in  charge of the other related tasks.

Impact on Other Tasks

Documentation

The documentation will consist of a written report, supplemented by numerical simulations, and a sample code which combines two dissimilar sets of inputs (from wavefront and displacement  sensors) to control a single set of actuators. 

Schedule


Input data (active control system and TCSW mode noise) will be


collected or estimated by the end of December 2000.  Simulations 


will be completed by the end of June 2000.

Budget 


Gary Chanan (Professor IV)
0.5 months 


    N/C






        1.0 months (summer)               9,362






Benefits   (summer)                 861


Edwin Sirko (Undergraduate Research Assistant)






80 hours @ $12.00

    960


Travel:  2 trips to Santa Cruz at $400



    800


-----------------------------------------------------------------------


Total 







 11,983

[13]  Study the spatial frequency response of the primary mirror  control system

Description

With as many as 1000 segments, the primary mirror of CELT will have up to 3000 actuators and an equal number of degrees   of freedom.  The wavefront errors associated with this complex   system can best be analyzed by expressing arbitrary misalignments  of the mirror in terms of a complete set of 3000 orthonormal modes, each of which has a reasonably well-defined spatial  frequency.  These modes can be determined by singular value decomposition (SVD) of the control matrix.  [SVD is a robust techique used for least squares solution of over-determined and possibly singular systems of linear equations.]

The distribution of misalignment errors with spatial frequency has important implications for the control of the primary mirror, for noise propagation and the optical error budget of the telescope, and for the telescope adaptive optics system.

Responsible Person

Gary Chanan

Other Participants

Edwin Sirko (an undergraduate) and a graduate student (TBD)

Objectives


Classify modes according to noise propagators.


Determine mapping of low order modes to Zernike polynomials.

Determine a set of modified low order modes which resemble  those defined by SVD, but which have a maximal degree of segment   edge continuity.  It is these latter modes whose control will be   "handed off" to the Telescope-Control Wavefront Sensor (TCWS). 

Improve the speed and efficiency of the current inversion and solution code.  The current matrix inversion code takes over 24 hours to run on an Alpha 21264 (667 MHz); the solution (matrix  multiply) loop runs currently runs at 0.2 Hz.  An additional objective of this task is to have the inversion run in 5 hours or less, and the matrix multiply loop run at 1 Hz or more, both on an Alpha 21264.  [We anticipate picking up an additional factor of eight in speed within five years associated with an increase in the speeds of available microprocessors.]

Inputs

This work has important relationships with and implications for a number of other tasks including Task [2] (Optical error  budget), Tasks 12, 15 and 17 (all involving non-AO wavefront sensing and Task 14 (which defines the sensors and in particular their noise level).  Four of these tasks (12, 13, 15, 17) are under the direction of the same investigator (Chanan).  Meetings will be held with the investigators (Mast, Dekany) in charge of the other related tasks.

This group has extensive experience in dealing with similar issues on the Keck Telescopes and has recently developed a preliminary version of a general computer code to generate (and invert) the  control matrices for segmented telescopes of arbitrary size.  A high speed computer (an Alpha 21264) with sufficient memory to handle these very large systems has been demonstrated to successfully run this code.

Impact on Other Tasks

Tasks 2 and 14

Documentation

A report summarizing the spatial frequency response of the primary mirror will be written.  A portable, well documented  version of the control code which generates the control matrix  for the primary, and which solves the corresponding linear  system of equations (for a given sensor input) at a sufficiently   high rate will be produced.

Schedule

As noted above, a preliminary version of a code to generate  the system control matrix has already been produced.  An inversion/solution routine exists but is currently highly inefficient.  A moderate- to high-speed solution routine will exist by the end of the Conceptual Design phase.

Budget 


PSSC Alpha Linux Workstation




$12,000


  Tower ATX Case with 600 Watt Power Supply 


  UP2000-A1 motherboard 


  Alpha 21264-667MHz CPU with 4MB cache 


  2.048 GB API Approved memory 


  3.5" Floppy Drive 

 
  24X/4X/4X SCSI CD Rom 


  9.1GB Ultra 2 SCSI hard drive 7200 rpm 


  ATI Xpert 98 8MB PCI Video Card 8MB 


  Viewsonic E771 17" Monitor 


  Intel 10/100 Network Card 


  Iomega Zip 100 MB IDE 


  Redhat Linux 6.1 installed 


Gary Chanan (Professor IV)
1.0 months 


    N/C



Edwin Sirko (Undergraduate Research Assistant)






80 hours @ $12.00

    960


TBD (Graduate Student)






1.5 months @ $2619
          3,929





        tuition and fees (25%)            1,324


Travel:  2 trips to Santa Cruz at $400



    800


-----------------------------------------------------------------------


Total 







 19,013

[14]  Segment Displacement Sensors (design, prototype, test)

Description

This a potentially very expensive and complex item for CELT.  About 6000 displacement sensors are required for segment stabilization.  We will create an in-house design and also complete a thorough survey of commercially available devices.  If no commercially suitable devices are available and affordable, we will prototype and test the in-house design.

Responsible Person

Terry Mast

Other Participants

Alan Schier, Jerry Nelson, Robert Minor, Richard Jared, Chris Wright

Objectives

Complete a thorough survey of commercially available devices

Create an in-house design.

If no commercially suitable devices are available and affordable, prototype and test the in-house design
Inputs

Keck Reports and Notes, drawings, and experience with displacement sensors

Impact on Other Tasks

The estimated sensor cost will impact the selection of segment size.

Documentation

CELT reports describing survey of commercial devices.  CELT report describing requirements and design of a CELT-designed sensor. 

Schedule

Complete survey of commercial devices in initial six months.

Begin design of in-house design immediately.

Budget

Design:
$20K

Fabricate:
$30K

Test:

$10K

[15]  Design the Telescope-Control Wavefront Sensor (TCWS) hardware

Description

As noted in the description of Task 12, CELT will require a Gemini- or VLT-style Telescope-Control Wavefront Sensor (TCWS) for monitoring the lowest ten to thirty spatial frequency modes of the primary mirror.  The baseline assumption is that the TCWS will be a Shack-Hartmann-type camera in which the primary mirror is re-imaged onto a lenslet array, producing an array of stellar subimages (containing wavefront gradient  information) on a CCD.  The current task will determine the conceptual design parameters of the TCWS.

Responsible Person


Gary Chanan, 

Other Participants


Edwin Sirko (an undergraduate) and a graduate student (TBD).

Objectives

To the extent possible, the conceptual design for the TCWS will follow existing designs, such as those of wavefront  sensors for Gemini or the Gran Telescopio Canarias.  We will  focus on requirements that are particular to CELT, including  number and size of lenslets, integration time, star magnitude, and sky coverage.

Inputs

Four of these tasks (12, 13, 15, 17) are under the direction of the same investigator (Chanan) as is the current task.  There are important relationships between this task and Tasks 18 (TCWS  control of secondary), 22 (AO sky coverage).  Meetings will be  held with the investigators (Mast, Dekany) in charge of the other  related tasks.

Impact on Other Tasks

Documentation


CELT Report and drawings describing the requirements and design.

Schedule

Duration will be one full year

Budget 


Gary Chanan (Professor IV)
1.0 months 


    N/C



Edwin Sirko (Undergraduate Research Assistant)






80 hours @ $12.00

    960


TBD (Graduate Student)






1.5 months @ $2619
          3,929




                tuition and fees (25%)
          1,324


Travel:  2 trips to Santa Cruz at $400



    800


-----------------------------------------------------------------------


Total 







  7,013

[16]  Segment support actuators (design, select, test)

Description

The segment support actuators are potentially very expensive and complex.  About 3300 segment actuators are required.  We will make a thorough survey of the availability and cost of commercial actuators.  We will design a lever-actuator system in order to expand the range of applicable commercial actuators.  Every effort will be made to define the actuator requirements to minimize the costs: acquisition, fabrication, and maintenance.  Robustness of candidate actuators will be tested, since the active control system has zero redundancy for actuator failure.
Responsible Person

Terry Mast

Other Participants

Jerry Nelson, Alan Scheir, Robert Minor,

Objectives

Develop or acquire an adequate displacement sensor

Inputs

Task 20 will define final stroke and bandwidth requirements.  This task will largely be based on initial estimates for stroke and bandwidth that are already known.

Impact on Other Tasks.

Documentation

Schedule

Budget 

Design:  $15K

Select:    $10K

Test:       $20K

[17]  Design camera required to determine desired sensor readings
Description

 The Active Control System (ACS) of the Keck Telescopes is  purely electro-mechanical; there is no internal optical   reference.  The optical information, in the form of desired  sensor readings (sensor zero points), is provided at Keck  by the Phasing Camera System (PCS).  While CELT may have   optical references for the lowest several degrees of freedom   of the primary (in the form of the Optics-Control Wavefront  Sensor [TCWS]), 99% of the degrees of freedom will be handled  by a Keck-like ACS, and thus a PCS-style camera is again  needed.  This task will examine design issues associated  with scaling the Keck PCS up by a factor of three.  

Responsible Person


Gary Chanan

Other Participants
Edwin Sirko (an undergraduate.  Some mechanical design tasks and drawings will  be subcontracted to Computer Assisted Engineering;  a local (Garden Grove, CA) firm.  The Keck cameras were similarly designed at UCI with a major subcontract to Computer  Assisted Engineering. 

Objectives

Produce a conceptual design for a CELT PCS, including preliminary drawings, tolerances, hardware list, and a cost estimate.  Produce simulated images for the four principal modes of the camera: segment tip/tilt, secondary mirror alignment, segment  figure determination, and phasing, and demonstrate the ability to process the resulting highly crowded Shack-Hartmann images   in each mode.

Inputs

Keck Reports and Notes, drawings, and experience with displacement sensors.

This task is related to Tasks 1 (optical error budget), 12 (primary mirror control), 13 (displacement sensors), and 18 (pointing of secondary mirror).  Task 12 is under the direction  of the same investigator (Chanan) as the current task; the other  related tasks are all under the direction of Mast, with whom regular meetings will be held. 

Impact on Other Tasks

Documentation


Documentation will consist of a Preliminary Design Report,


including drawings and simulated CCD images.

Schedule


The Preliminary Design Report will be delivered before the end


of the summer 2001.

Budget 


Gary Chanan (Professor IV)
1.0 months 


    N/C



Edwin Sirko (Undergraduate Research Assistant)






80 hours @ $12.00

    960


Computer Assisted Engineering (mechanical engineers)






100 hours at $120

 12,000


Travel:  2 trips to Santa Cruz at $400



    800


-----------------------------------------------------------------------


Total 







 13,760

[18]  Define secondary and tertiary physical & performance parameters

Description

The secondary mirror or mirrors is a fundamental part of the telescope design.  We will assess the need for multiple secondaries, and what their desired optical properties are.  We will assess the impact of secondary size on science performance.  We will study the tertiary mirror requirements.  We will also investigate field rotation issues and conceptual design options for addressing them.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast, Richard Dekany

Objectives

We will produce optical designs for two secondaries, one rigid for optical and near IR applications, a second one for an adaptive secondary.  Surface and alignment specifications will be produced, and a weight estimate for each, including the entire support system.  A cost estimate will  be produced.

Inputs

The secondaries are fundamentally related to the primary and final f-ratios, as well as the location of the final focus.  The design of the AO systems is also closely related.  Size, location, weight, position tolerances will drive the structural design of the telescope.

Impact on Other Tasks

Documentation

A report will be written that describes the tradeoffs and the characteristics of the preferred solutions.

Schedule

6 months

Budget 

Fully supported by UCOI/Lick.

[19]  Develop Algorithms for TCWS control of primary,secondary, & guiding

Description

The Telescope Control Wavefront Sensor (TCWS) will provide information required for the active control of each primary-mirror segment’s tip, tilt, and piston degrees of freedom.  It will also provide low bandwidth information about the primary mirror as a whole, position and orientation of the secondary mirror, and the telescope guiding. We expect that a TCWS will be located at each instrument or each focus.

Responsible Person

Terry Mast

Other Participants

Jerry Nelson, Gary Chanan, Richard Dekany

Objectives

The equations describing all the optical consequences of these degrees of freedom will be derived.  The interaction of the degrees of freedom and the expected bandwidths for their control will be described.  A baseline control algorithm and process will be created.  The possible interaction of this control with the adaptive optics control system will be studied.

Inputs

Telescope optical design

Impact on Other Tasks

Possible impact on the design of the TCWS.

Documentation

A CELT report.

Schedule

This will begin once the telescope optical design is selected and be completed after the requirements for the TCWS have been defined.

Budget 

Fully supported by UCO/Lick Observatory, Caltech

 [20]  Design the Telescope Structure

Description

We will produce a conceptual design of the telescope which satisfies the constraints of primary mirror and final f-ratio.  The location of foci, size of science instruments, support of segments, handling of segments, support and handling of the secondary, rapid exchange of the secondary, cleaning of the mirrors, repair of key active components including replacement of actuators will also be considered in the design.  Methods for periodically CO2 cleaning the mirror will be described.  A method for aligning the segments in all 6 degrees of freedom will be addressed.

Responsible Person

Jerry Nelson

Other Participants

Steve Medwadowski

Objectives

Produce a design that is compatible with all the physical and geometric constraints.  The stiffness and natural frequencies will be determined, particularly the lowest modes that influence image location and quality.  The possible effects of wind loads will be included in the design choices.  The design will be compatible with plausible drive, bearing, and encoder systems.  The support and exchange of secondary mirrors will be described.

Inputs

Key inputs are the primary and final focal lengths, instrument needs, segment handling needs, 

Impact on Other Tasks

Documentation

A report will be written and conceptual drawings generated.  At least some of the drawings will be isometrics or other pictures suitable for describing the telescope to outsiders.

Schedule

9 months

Budget 

Contract for structural engineering of conceptual design $65K

[21] Generate strawman designs of the bearings, drives, encoders
Description

A conceptual design of the telescope elevation and azimuth bearings, the elevation and azimuth drives, and the elevation and azimuth encoders will be generated.  Attention will be given to meeting the requirements, and providing a cost effective design.  Design alternates will also be given, so options are understood.

Responsible Person

Jerry Nelson

Other Participants

consultants from RSI will probably be used.

Objectives

We will develop suitable designs for all 6 systems and describe their performance.  The influence of wind will be given.  Alternative designs will be sketched, to provide a start for a more detailed evaluation later in the project.

Inputs

The telescope structure will define the design requirements.

Impact on Other Tasks

Documentation

A CELT Report and drawings.

Schedule

6 months

Budget 

roughly $25K

[22]  Identify the candidate AO modes & define requirements for each mode

Description

Based on the science requirements and the potential technologies, systematically identify a set of candidate AO modes.  Define the system-level requirements for each mode.

Responsible Person

Richard Dekany

Other Participants

Jerry Nelson, Instrument Working Group chair, Science Working Group chair

Objectives

Task 22 personnel will participate in all Science Working Group (SWG) and Instrument Working Group (IWG) meetings and present drafts of the output report to these groups for input and review.

Inputs

Science requirements from Science Working Group

Impact on Other Tasks

This work will be done concurrent:with Tasks 1 and 2.

Documentation

Conceptual AO system requirements (MS Word), to include system-level AO requirements (Strehl level and uniformity, sky coverage, corrected field-of-view, etc., all as function of wavelength) for each of the potential AO modes for CELT

Schedule

4 months.

Budget 

Supported by CIT/ JPL

[23]  Develop first order error budgets for adaptive optics (AO) modes

Description

Enumerate, evaluate, and balance error budget terms for the wavefront control performance of CELT.  This includes participation in Task 1 error budgets for the entire observatory.  Describe error budgets in terms traceable to component-level specification (i.e. rms nm of wavefront error).

Responsible Person

Richard Dekany

Other Participants

Objectives

Inputs

Tasks 22, 24

Draft errors budgets developed by Dekany for Munich 2000 conference.  Assumptions about site characteristics (to be refined upon receipt of better site data).

Impact on Other Tasks

Task 1:
Task 22 personnel will iterate with Task 1 personnel via weekly teleconference to converge upon a consistent set of error budgets that include traceable rationale for various budget trade decisions.

Documentation

Spreadsheet:   Error budgets for each AO mode (MS Excel)

Report:
 Conceptual AO system error budgets (MS Word)

Schedule

Report 6 months. The error budget will continue to be refined throughout the following design phases.

Budget 

Supported by CIT/ JPL 

[24]  Develop conceptual AO system optical designs for each AO mode

Description

Develop a conceptual optical design for each AO mode for CELT.

Responsible Person

Richard Dekany,

Other Participants

Brian Bauman (LLNL) and Aden Meinel (under contract)

Objectives

Identify key optical technology drivers, as well as any drivers in the telescope structural or configurational design (i.e., number or type of foci and secondary mirrors).  Identify potential vendors and/or partners.  Evaluate the state-of-the-art of AO component fabrication.  Estimate the scope of any technology development programs necessary to realize the conceptual designs and estimate its cost.  Provide alternatives for different cost points and describe the technical tradeoffs between these alternatives in terms of error budgets.

Inputs

The conceptual design of the telescope will be crested during this period.  Thus, assumed telescope parameters must be used for these conceptual design studies.  Task 22 and 23.  Prior AO optical design work of Dekany and the Meinels, conceptual design from other ELT projects, as well as Gemini.

Impact on Other Tasks

Documentation

Zemax files:
Conceptual designs for each AO mode, including the telescope conceptual optical design(s).

CELT report(s) describing the conceptual optics design for each AO mode.

Schedule

Outputs provided 6 months after start of work.

Budget 

Supported by CIT/ JPL and LLNL

$50K for design development

[25]  Prepare for Conceptual Design Review

Description

All results of this phase will be collected and presented at a Conceptual Design Review (CoDR).  At this review, the conceptual design of the telescope, AO, and instrument subsystems should be presented, as well as an update on site selection.  A key component of the review will be to understand the level of effort necessary for the Preliminary Design phase, which will address many details not addressed by the Conceptual Design phase.

Responsible Person

Jerry Nelson

Other Participants

Terry Mast, CELT Working Group Chairs

Objectives

Inputs

All results from this phase

Impact on Other Tasks

Documentation

A CELT Report of the material presented at the CoDR.

Proposed Preliminary Design Phase activities, including budgets and schedules needed to resolve technical issues raised during the Conceptual Design Phase.

Schedule

This task will not begin until close to the end of this phase and will not be completed until after the CoDR.

Budget 

Document Preparation and Review
$10K

Travel




$  5K

[26]  Write the Preliminary Design development plan.

Description

We wish to develop the plan for the next phase of work, the preliminary design phase.  This will consist of a description of the key tasks, the method for carrying them out, the likely budget and the schedule.  Tasks will include more detailed descriptions than the conceptual design, resolution of issued raised in the conceptual design review, progress on key issues that were not undertaken in the conceptual design.

Responsible Person

All

Other Participants

Objectives

Develop a plan for proceeding with the preliminary design

Inputs

Conceptual design

Impact on Other Tasks

Documentation

report

Schedule

12 months

Budget 

Fully supported by UCO/Lick.

[27] Support the CELT Working Groups


Description

The CELT working groups need some funds to operate- funds for travel to meetings, small studies, etc.  This task provides those funds

Responsible Person

Jerry Nelson

Other Participants


CELT working groups, including

Steering Committee



Telescope



Science



Instruments



Adaptive optics



Site

Objectives

Ensure the working groups are adequately funded to carry out their work

Inputs


Budgets will be submitted by the chairs of each working group

Impact on Other Tasks

none

Documentation

none

Schedule

none

Budget 

Steering Committee
$  5K

Telescope

$  5K

Science

$  5K

Instruments

$15K

Adaptive optics
$15K

Site


$  5K


Total =

$50K

[28]  Manage the Conceptual Phase Development program

Description

The management of the phase 1 Development program will be begin with the definition of detailed tasks, schedules and milestones.  These schedules and milestones will be regularly tracked during the program and updated in response to changing requirements and to changes in the cost-risk assessments.  We will also define cost codes corresponding to all aspects of the program and track them against the approved budgets.  When required, consultants and suppliers will be contracted for portions of the program.  Budget and schedule summaries will be produced quarterly.

Responsible Person

David Cowley

Other Participants

Jerry Nelson

Objectives

Manage the conceptual design to a successful conclusion.  This means a sound design will be developed, budget will be met, and schedule will be met.  Also, preparation for the next phase will be completed.

Inputs

Regular meetings with task leaders

Impact on Other Tasks

Documentation

The conceptual design book will be produced

Schedule

12 months

Budget 

Supported by UCO/Lick

[29]  Manage the CELT Website

Description

The CELT website is both a description of the project to the world and an internal communications tool.

Responsible Person

Terry Mast

Other Participants

A graduate student

Objectives

We will upgrade and maintain the CELT website, so that it announces all project activities, provides an archive for reports describing the results of all tasks, and educates the public about the nature and status of the project.

Inputs

All reports and reviews

Impact on Other Tasks

Provides a common communication channel that is essential during this phase when often the development of one subsystem strongly influences many others.

Documentation

www.ucolick.org/~CELT

Schedule

Throughout this phase

Budget 


Supported by UCO/Lick

+ Salaries  (student):  $10K

[30]  Contingency Management
Description


The contingency is being held to support any unexpected cost overruns on tasks already being planned, or for new tasks that arise during the course of the conceptual design phase.

Responsible Person

Jerry Nelson

Other Participants

Steering committee, management team

Objectives

Ensure that the required work is accomplished in the desired time frame and within budget.  Many tasks have only poorly estimated costs, and some tasks have probably been overlooked.  This reserve will protect us against most of these unknowns

Inputs

A list of the requests against the reserve will be needed in order to wisely allocate it

Impact on Other Tasks

Will allow them to be carried out

Documentation

The amount of reserve will be presented to the steering committee and management regularly

Schedule

We anticipate that most requests against the reserve will occur in the last half of the design period

Budget 

Contingency:  $200K

Appendix 1. Some Candidate Tasks for the Preliminary Design Phase

[A]  Build wavefront sensing and correction models

Description

Develop detailed geometric optics computer models to evaluate critical design choices, such as the type, number, location, and strength of laser guide stars, and the number, type, and stroke of deformable mirrors.  Ultimately, when augmented with analytical and experimental verification, this model will be a tool fundamental to the detailed design of the AO modes for CELT.  This large task will continue refinement throughout the preliminary design phase of CELT.  For Phase 1, the goal is to establish a basic modeling capability for a closed-loop adaptive optics system and to answer the following questions:  

What is the uniformity of Strehl correction over the science field of view (FOV) for a given number and location of DM conjugates (Required for Task 33).

What is the sensitivity to system performance of low-noise wavefront sensing detectors, considering both visible and IR wavefront sensing bands?

What is the sensitivity to system performance upon the outer scale of turbulence?

Responsible Person

Richard Dekany

Other Participants

with support from CfAO (Rigout, Olivier, Veran, Nelson, and Nelson’s tomography project postdocs).

Objectives

Inputs

Evaluation of prior models (i.e. Rigout) as a basis for CELT tool

Impact on Other Tasks

Documentation

Software:  Computer model that provides a framework for more detailed analysis and simulations to be conducted during the preliminary design phase.

Reports:  AO system model documentation, describing the architecture and operation of the AO modeling capability.



All AO-related and many telescope-related tasks may be influenced by the results of simulations to be performed using this tool over coming years.  Personnel working on AO tasks should be briefed every 2 weeks (via telecon) on progress on Task 24.  To communicate these results throughout the entire project, every fourth such telecon should be project-wide, and should be accompanied by a written summary report.

[B]  Develop a global system feedback model for wavefront control

Description

Develop a global system feedback model for wavefront control that includes both analytical calculations and simulations.  The goal of this effort is, in Phase 2, to allocate subsystem-level requirements imposed by the control system (i.e. stroke, bandwidth, etc.)  The model should generalize input from disparate wavefront sensors (edge sensors, natural guide stars, etc.) and be mathematically rigorous.

Responsible Person

Richard Dekany, 

Other Participants

with extensive support by Chris Shelton (under contract)

Objectives

Inputs

Estimates of wind loading on the telescope structure (from Tasks 2, 19) and other input disturbances.  The control theory paper for Gemini Altair by Veran (Sonthofen, 1999).

Impact on Other Tasks

Tasks 24, 35

Documentation

A numerical model for the global control system for the CELT wavefront. Documentation for the numerical model developed within this Task.  A report describing the results of the control analysis for CELT.  

Schedule

3-4 months

Budget 

 [C]  Develop wavefront control algorithms 

Description

Develop detailed algorithms for the control of the CELT wavefront train (servo compensators, offload loops, etc.)  This should included detailed mechanisms to incorporate disparate wavefront sensing data with respect to synchronous/asynchronous control algoriths, Kalman filtering, etc.

Responsible Person

Richard Dekany,

Other Participants

with extensive support from Chris Shelton (under contract) and Gary Chanan.

Objectives

Inputs

Task A .  The control theory paper for Gemini Altair by Veran (Sonthofen, 1999).

Impact on Other Tasks

Documentation

These algorithms will be incorporated into the global wavefront control models developed in Task 24.  Report describing the algorithms developed, including traceable motivation for the benefits provided and the assumptions used.  This report should also highlight any technical challenges regarding compute speed that may be faced by a multi-conjugate adaptive optics (MCAO) system.

Schedule

2-3 months

Budget 

[D]  Design a Warping Harness for final segment figure control.

[E]  Study the practicality of high reflectivity coatings on optics

[F]  Study segment handing options

[G] Study handling of auxiliary optics

[H]  Study the emissivity effects on performance

[I]  Study the diffraction effects of the optics and structure

Appendix 2:  Tasks shown within the full CELT project

The Conceptual Design phase only includes activities required to address technology and cost risks.  Many other areas of the observatory design will need to be addressed in the Preliminary Design and Critical Design phases.

4.4 Telescope Design


Requirements

Observatory Requirements [2]

Error Budgets

Error Budgets [2]


Budgets for Adaptive Optics On and Off


Detailed primary mirror budget


External Design Drivers



Wind

Analyze and model wind data [3]


Determine likely wind power spectrum on telescope top end


Determine likely wind power spectrum on primary mirror


Determine likely response of telescope to wind


Assess impact on AO bandwidth and range requirements


Assess possible damping schemes (active and passive)


Assess dome-telescope coupling



Temperature



Seismic

Optical Design

Complete the optical design [4]

Define primary f-ratio, final f-ratio, back focal distance.

Primary Mirror

Segments

Geometry

Establish the segmentation geometry [5]

Establish segment size, thickness, prism geometry

Fabrication


Establish the segment material [6]



Weigh options and select material

Establish the segment fabrication vendor candidates [7]


Determine candidate firms


Visit firms to inform and obtain reliable cost estimates


Support studies as needed (internal or external)


Establish the segment fabrication cost [8]

What is the likely cost of segment fabrication

How does this cost depend on segment size

How does this cost depend on asphericity

Stressing fixture (design, fab, test) [9]


Build analytic model


Build FEA model for circular blank


Design stressing fixture


Build prototype stressing fixture


Design and built suitable test tools


Test prototype stressing fixture

Testing

Design the segment figure tests [10]


Define requirements (mechanical and optical)

Design profilometer for SMP in-process tests


Design optical test



Survey alternative options



Complete design of 3 best candidates

Passive Support

Design the segment passive support
 [11]


Define requirements


Build FEA model of segment


Determine optimal number and axial support locations


Design axial supports (including tolerances)


Design lateral support (including tolerances)


Build prototype axial and lateral support system 



Active Control Performance

Active control system algorithms

Develop algorithms to combine Displacement Sensor

 & Telescope-Control Wavefront Sensor readings [12]




Error propagation

Study the spatial frequency response of the primary mirror control [13]

Active Control Hardware




Sensors

Segment Displacement Sensors (design, fabricate, test) [14]


Define requirements 


Survey commercial sensors


Design and build prototypes 

Design and build test fixtures

Purchase and test candidate sensors

Design Telescope-Control Wavefront Sensor hardware [15]


Define requirements 

Design wavefront sensor




Actuators

Segment support actuators (design, select ,test) [16]


Define requirements (direct and levered)


Survey commercial actuators


Design and build test fixtures

Purchase and test candidate actuators


Document all of the above




Computing, electronics




Alignment Camera

Design camera to determine desired sensor readings [17]



Role in adaptive optics

Secondary Mirror

Design

Define secondary physical & performance parameters [18]

Fabrication

Testing

Support and motion control

Possible role in adaptive optics

Multiple secondaries?

Tertiary Mirror



Design



Fabrication



Testing



Support and motion control



Multiple tertiaries?

Global Optical Control

Installation and alignment

Interactive Control of Primary, Secondary, Tertiary, and Telescope Tracking

Develop Algorithms for TCWS control of pointing

 & secondary mirror [19]

Design wavefront sensor to measure C1±1, C20, C2±2, C3±1

Define algorithms to use wavefront data to control


primary tip, tilt, and focus mode,

secondary 5 degrees of freedom, telescope guiding

Handling and Maintenance of optics

Telescope Structure



Conceptual Design

Design the Telescope Structure [20]


Model different elevation axis location concepts

For each establish stiffness, mass, segment handling, Nasmyth platform design, and instrument support 

Bearings and Drives

Generate strawman designs of bearings, drives, encoders [21]
4.5 Adaptive Optics


Modes of operation



Near IR, Thermal IR, Other

Identify the candidate AO modes & define requirements for each mode [22]


Error budgets

Develop first order error budgets for AO components [23]


Design Concepts

Develop conceptual AO system optical designs for each AO mode [24]


Technology Issues


Baseline design
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