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Motivation

There are increasing demands in optical fabrication field for

1) Large high quality mirrors
- Discovery Channel Telescope
- Giant Magellan Telescope 1=
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4.2m Discovery Telescope
ULE Primary Mirror Blank
2) Off-axis (asymmetric) aspheres
- Large collimators
- Segmented mirrors (GMT)

3) Quick fabrication

1.8m Off-Axis Parabola - Low cost
for large collimators
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Competition for State of the Art

David Statue Large precision optics
Height: 517cm PV Figure Error: < 0.1 waves
Figure Error: undefined (target was only in his mind.) RMS Figure Error: < 1/30 waves

RMS surface roughness: <2 nm

Target: the finest form of art. Target: state of the art optics.
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We are still hungry.

We are already pretty good.
1) We have highly experienced opticians here.
2) Computer Controlled Polishing Process
- Stressed lap at the SOML
3) We have fabricated nice optics.

We want to be better.
1) More repeatable process.
2) Faster fabrication time.
3) More predictable removal.

We will deliver the Discovery Channel
Telescope Primary with the best surface.




Discovery Channel Telescope

Ritchey-
Parameter Prime Focus Chrétien
Focus
Clear Aperture 4.2 meters 4.2 meters
Effective f/ratio 2.3 6.1
Areal Central Obscuration 10% 10%
Linear Field of View 2 30" unvignetted

Pictures from DCT webpage



Finally, competition begins...

V.S.

Michelangelo Computer Controlled Polishing Machine



Three rounds

His hand V.S. CCPM

His tool (Chisel) V.S. Hybrid Tool

His brain V.S. Optimization



Round 1: His hand V.S. CCPM

- Actual work was done in Michelangelo’s hands.
- He was able to control his hands as he want.
If his hands brought his chisel to David’s foot
when he tried to carve David’s eye,
there is no David today |, but Golum.



Round 1: His hand V.S. CCPM

- Actual work was done in Michelangelo’s hands.
- He was able to control his hands as he want.
If his hands brought his chisel to David’s foot
when he tried to carve David’s eye,
there is no David today, but Golum.

- 7 axis Computer Controlled Polishing Machine will
work on the optical surfaces.
- It will have
high positioning accuracy
large (~2m) mirror capacity
stable turn table



Two Computer Controlled Polishing Machines

Linear/Tilt Stage & Tool Ass’y

Trombone\ /

o
\ o — \
Off-set Adjustmen/ N—
(Conventional)
Machine Base
Turn Table
5m scale CCPM Designed by Dr. Chang-Jin Oh

for the Discovery Channel Telescope
(Feb 2007)



Two Computer Controlled Polishing Machines

_ Designed by Dr. Chang-Jin Oh
2m scale 7-axis CCPM (Summer 2007) PhD in Mechanical Engineering



Round 2: His chisel V.S. Hybrid tool w/ orbital mot  ion

- Michelangelo owned really good chisels.

- The chisels should remove expected amount of stone
all the time. If the chisel worn out too quickly or
removed material randomly or un-predictable way,
he might still carving the David today.

- Hybrid tool w/ orbital motion will be used for the
final figuring and polishing of optical surfaces.

- It will have
stable removal rate and Tool Influence Function
global conformability over the tool size
local stiffness for smoothing



Hybrid tool with orbital motion

Orbital Motion

- Orbit radius: 30~70% of the tool radius
- RPM: 10 ~ 80

- Tool Pressure: 0.2 ~ 0.5 psi

Hybrid tool
- Poly-urethane and silicon
based tool structure
- Locally stiff (Smoothing)
- Globally flexible (Fits to aspheric surface)

Orbital Motion Generator
by Steward Observatory Mirror Lab.



Repeatable Tool Influence Function

Polishing Condition

- Tool diameter: 4 inch

- Tool pressure: 0.4 psi

- Orbital motion RPM: 60
- Dwell time: 20 minutes

1) Globally flexible tool

- fit to the surface all the time
(same TIF shape from surface to surface)

2) Predictable TIF

- well matched with the theoretical model
based on Preston’s equation

3) Gaussian like TIF

- less high frequency terms in PSD

- Easy to de-convolve a given error map



Surface Roughness of the Optical Surfaces

Using Veeco NT 9800

Polishing condition
- Tool pressure: 0.28 psi
- Tool speed: 9.6 m/min

The final surface roughness: ~2nm rms _Dwell time: 30 min



Stable tool removal rate

Tool Removal Rate History
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Removal Rate (mm/[psi(mm/min)mi
*
*

Tool Age (min)
Experiments by Dae-wook Kim & Bill Anderson
Extremely stable removal rate

- about 15 hours conditioning time
- 3% standard deviation (after tool conditioning time)
- repeatable removal rate from one to another Hybrid tool



Round 3: His brain V.S. Optimization Software

- Michelangelo worked under the premise that
the image of David was already in the block of
stone he was working on. He had a target in his mind.

- His brain planed the sculpturing process.

Remove large volume first, face, eye, and hair...

- The target is determined by the purpose of the optics.
- Optimization software will plan the polishing runs.

Matlab based code
FFT - Power Spectrum Density based merit function

De-convolution of 3-D error map (FFT or Searching)




Searching Optimization Algorithms

Initial surface /
Start
error map /

End

It de-convolve the given error map using the Tool Influence Function.
TIF(x,y) ** Dwell_time_map(x,y) = Removal_map(x,y)

Core optimization routine

v
Tool_size(i) =

Replacing initial
surface error map with

Yes final surface error map

A

Target spec
Is achieved?

No

I

Select & record the optimal

polishing parameters with
minimum figure of merit

\d,/T/’,

\4

Tool _size(i-1)- Tool_size
v

Tool _pressure(x,y), tool RPM(X,y),
dwell_time(x,y) are calculated

based on the error_height(x,y)

v
Polish the error surface

(get the final surface error map )
v

Compute & record the figure of merit

y

Tool_size(i) =
min Tool_size




300mm Tool Diameter Only (Un-optimized)

Without optimization

- Throughput : High (total polishing time 82 unit time)
- Local error improvement : Limits in removing errors smaller than tool size

- High frequency errors : Good (small generation of high frequency errors)



100mm Tool Diameter Only (Un-optimized)

Without optimization

- Throughput : Low (total polishing time :774 unit time)
- Local error improvement : Small tool removes most of the local errors

- High frequency errors : Severe generation of high frequency errors



Optimized 100~ 300mm Tool Diameters

With optimization

- Throughput : High (total polishing time :100 unit time)

- Local error improvement : Small tool removes local errors
Large tool removes most of error volume
- High frequency errors : Very good



Comparison

CASE-1 (300mm only)

CASE-2 (100mm only)

CASE-3: (100~300mm optimized)

Initial Surface Spec

Final Surface Spec

Case Surface | Slope Error Error Surface Slope Error Error Pc;ll-i(;tr?ilng
No. RMS RMS Volume RMS RMS Volume Time
(nm) (arcsec) (cm”3) (nm) (arcsec) (cm”3) (unit time)
36 0.100 0.072 82
701 0.522 1.310 31 0.277 0.006 774
10 0.057 0.005 100




Conclusion

Optimization software can plan
the whole polishing process for
the state of art final optical surface.

Computer Controlled Polishing
Machine will perform the actual run
as planned accurately and precisely.

There will be no accident because
we have highly stable and
predictable Hybrid tool.



Conclusion

It seems like
Michelangelo’s ability = CCPM'’s ability However,

we can manufacture many of these state of the art 0 ptical surfaces
as long as we have computer, CCPM, and tool.
It does not degrades or die as time goes.
(proper maintenance is required)
Instead, we can up-grade it!

Most of all, we can build CCPMs as much as we want.

Using a simple math
Michelangelo’s ability = CCPM'’s ability
Michelangelo’s ability < N CCPM’s ability

(where N is the number of CCPMSs)

| am sorry Michelangelo. We win.



The Optical Fabrication and Engineering Facility at the College of Optical Sciences is
developing two Computer Controlled Polishing Machin es for the 4.2m Discovery Channel
Telescope and ~2m optics (including off-axis aspher es). Three sub-topics for a successful
Computer Controlled Polishing Machine will be prese nted:

1. Polishing process optimization software: | will present the most recent optimization result
using FFT-PSD based Matlab optimization code.

2. Computer Controlled Polishing Machine: Brief int roduction and design of the Computer
controlled polishing machine will be presented.

3. Hybrid tool: Currently developing Hybrid tool, | ocally stiff but globally flexible, will be
introduced. Experimental results showing the stable removal rate and Tool Influence
Function will be presented.



Challenges

1. Normal tool has a limitation to remove materials at the edge
because it cannot exceed the edge of the optics.
‘Edge tool’ which can compensate the residual edge e rrors
will be developed.

Normal TIF Residual Error at the edge

2. The smoothing effect of the Hybrid tool is partially investigated, yet.
More experiments are required.

3. PVT (Pressure, Velocity, Dwell time) V.S. tool removal rate table needs
to be completed. More than 100 data points are required.



