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1.  Introduction

The final figure of the Keck primary mirror segments is achieved using a set of thirty springs on the back of each segment.  Each segment surface is measured in the telescope using a bright star and a Hartmann-Shack camera.  These measurements are used to determine the desired reading on a strain gauge bonded to each leaf spring.   The design of the system and its use are described in Keck Observatory Report Nos. 163, 179, 181 and ten Keck Observatory Technical Notes listed in the References section below.

Each leaf spring applies a moment about one of the flexured degrees of freedom of the segment axial support structure (three whiffletrees supporting the mirror at a total of 36 points).  The moments applied to the whiffletrees provide a significant improvement of the low order Zernikes.  Reduction of the lower order aberrations necessarily introduces some higher spatial frequency aberrations.  A measure of the power of the technique is the ratio of residual rms surface error divided by the initial rms surface error.

In this note we describe a study of the efficacy of a similar system for the CELT segments.  We assume a regular hexagonal segment with the baseline segment size, sidelength = a = 0.5 meters.  We assume the segment axial support in a set of 3 whiffletrees that support the segment at 6 points each for a total of 18 points. 

2.  Finite Element Analysis of Segment Support

This axial support system has been designed and analyzed using ANSYS by Steve Gunnels.(CELT Report No. 16, "Concept Design Report-Mirror Segment Support System-California Extremely Large Telescope", March 2001.  Figure 1 shows schematically the layout and labeling of the support points and the pivots.  Steve's analyses include finite-element studies of error sensitivities and performance characteristics.  Included in Steve's studies are three runs 
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Figure 1.  Layout and labeling of the support points and the pivots.

to calculate the surface deformations, dz, induced by a 1.0 N-m moment about a single pivot (1 , 2, and 3).  Each yields a surface deformation of z heights at 2299 x,y points; upper surface node z-translations (nanometers) in the model.  These nodes approximately, but not exactly, sample the surface in equal areas.  The mean, range, and rms about the mean of each surface is as follows.


pivot

   mean
   range
   rms about mean




(nm)   

   (nm)


(nm)


1

 0.0

   157.6

28.5


2

-0.2

     99.6

20.0


3

-0.6

   114.7

24.0

We used a reflection about the x-axis to create deformation surfaces for moments 4 and 5 from 2 and 3.  We used rotations by 120 and 240 degrees to create surfaces for moments 6 through 15.  A set of 15 basis surfaces, one for each pivot moment and each with 2299 x,y,z, coordinates, was created using the FORTRAN code "warp_mom_fill.com."  Each surface is induced by 1.0 N-m about a single pivot.  Contour maps of these surface deformations show the symmetries expected from the symmetries in Figure 1.

3.  Surface Fitting

We then wrote a warping harness least-squares fitting program that fits any surface to a linear sum of the 15 basis surfaces.  We tested this code using each basis surface one-by-one as input.  The code returned a zero residual with only the selected basis surface giving a 1.0 N-m moment and all others with zero N-m moment.  Runs with azimuthal-symmetric input resulted in azimuthal-symmetric moments ( moments 1, 6,11 = 0.0).

We then fit input surfaces that were single low-order Zernike polynomials of amplitude = 1.0 nm.  Each row in the table below gives the moment (N-m) for each of the 15 moments labeled in Figure 1.


C2-2
C20
C22
C3-3
C3-1
C31
C33

1
-0.01420
0.00000
0.00000
0.01807
-0.02759
0.00000
0.00000

2
0.00397
-0.00335
0.00094
0.00788
0.01074
-0.01257
0.00619

3
0.01786
-0.00429
-0.01088
0.01367
0.03212
-0.00233
-0.00267

4
0.00397
0.00335
-0.00094
0.00788
0.01074
0.01257
-0.00619

5
0.01786
0.00430
0.01088
0.01367
0.03212
0.00233
0.00267

6
0.00710
0.00000
-0.01230
0.01806
0.01381
0.02390
0.00000

7
-0.00280
-0.00335
0.00297
0.00787
-0.01626
-0.00302
0.00619

8
0.00049
-0.00431
0.02091
0.01368
-0.01810
-0.02665
-0.00268

9
-0.00117
0.00335
0.00390
0.00787
0.00551
-0.01559
-0.00619

10
-0.01835
0.00429
0.01003
0.01368
-0.01405
-0.02899
0.00267

11
0.00710
0.00000
0.01230
0.01806
0.01381
-0.02390
0.00000

12
-0.00117
-0.00335
-0.00390
0.00787
0.00551
0.01559
0.00619

13
-0.01835
-0.00429
-0.01003
0.01368
-0.01405
0.02899
-0.00267

14
-0.00280
0.00335
-0.00297
0.00787
-0.01626
0.00302
-0.00619

15
0.00049
0.00431
-0.02091
0.01368
-0.01810
0.02665
0.00268

Inspection of the symmetry of the moments in Figure 1 and the values here shows the expected symmetries.

4.  Results and Conclusions

Table 1 below shows for each low order Zernike, the input surface rms, and the residual to the fit, and the "reduction factor" (final / input rms surface height).

Table 1.  Fitting a single Zernike deformation to the 15 basis surfaces.




CELT



Keck
(KOR 163)
















input
rms
reduction

input
rms
reduction


polar
cartesian
rms
res
factor

rms
res
factor

C2-2
2 sin 2
2xy
0.352
0.107
0.304

0.342
0.003
0.009

C20
2 2 -1
2x2+2y2 - 1
0.526
0.176
0.334

0.516
0.024
0.047

C22
2 cos 2
x2-y2
0.352
0.107
0.304

0.342
0.003
0.009

C3-3
3 sin 3
3x2y - y3
0.249
0.021
0.083

0.303
0.012
0.040

C3-1
(3 3-2 ) sin
32y+3y3-2y
0.319
0.212
0.664

0.317
0.034
0.107

C31
(3 3-2 ) cos
3x3+3xy2-2x
0.319
0.212
0.664

0.317
0.034
0.107

C33
3 cos 3
x3-3xy2
0.317
0.041
0.131

0.237
0.000
0.000

The "input rms" values for CELT and Keck difference is due to 1) the orientation for the Keck calculations was rotated 30 degrees from that for CELT and 2) the node distribution for the CELT input is not uniformly distributed.

The "reduction factors" for CELT are much closer to 1.0 and thus the CELT design is much less effective.

Table 2  shows the comparable quantities for the Keck warping harnesses taken from Keck Observatory Report No. 163.  A comparison of the CELT and Keck segment and support parameters are shown below:






CELT


Keck

segment radius = a  (meters)

0.50


0.90

segment thickness = h  (meters)
0.045


0.075

a4 / h 2




31


117

support points



18


36

pivot moments



15


30

We conclude from Table 1 that the smaller number of moments greatly reduces the efficacy of this warping harness design.  
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