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1. Project summary

The second Magellan primary mirror was cast, generated and polished by the Steward Ob-
servatory Mirror Lab durlng the period Month 1998 - March 2001. The casting procedure is de-
scribed by Olbert et al.! Generating and polishing proceduxes were similar to those used for the
MMT primary mirror? and the first Magellan primary mirror. 3 This report documents the quality
of the finished mirror in terms of mechanical geometry, surface finish, figure accuracy and in-
ferred image quality.

The mirror promises excellent performance. The structure is sound and has the superb me-
chanical and thermal characteristics of the honeycomb sandwich. The mirror is diffraction-limited
(Strehl ratio = 0.79 ) at A = 500 nm, and focuses 80% of the light into a diameter of 0.08”.

The procedures used for generating, loose-abrasive grinding and polishing of the rear sur-
face, and loose-abrasive grinding of the front surface were essentially identical to those used for
the first Magellan mirror.®> Measurements during loose-abrasive grinding and the early polishing
stages were made with the same 10.6 micron interferometer and null lens used for the first mirror.

We polished the front surface using, at different times, laps with bare pitch and thin plastic
pads on pitch. We used bare pitch with rouge as the polishing compound for the final several
months, since this combination gave the best surface finish (microroughness).

We made the first measurements at visible wavelength in August 2000. We used a new
"Twyman-Green interferometer with a 633 nm helium-neon laser (described in Section 4.1) for all
visible measurements. This interferometer eliminated some problems associated with wavelength
instability in the original Fizeau interferometer with its 531 nm frequency-doubled YAG laser.
The null lens used for the first mirror was re-spaced to account for the change in laser wavelength,
and its accuracy was verified with a new computer-generated hologram designed for the new
wavelength. The mirror was figured to match a template defined by this hologram. _

~ We used the stressed lap to remove both axisymmetric and asymmetric large-scale figure
errors and to obtain passive smoothing on scales less than about 20 cm. We also ran axisymmetric
strokes with passive laps of 8-25 cm diameter to remove narrow.high zones, and performed asym-
metric manual polishing with passive laps of 8-15 cm diameter to reduce irregular small-scale
structure. We reached the final accuracy in March 2000.

Shortly after the final polishing run, we realized that the measurements contained high-
spatial-frequency noise due to scattered light in the interferometer, and that the mirror figure was
significantly better on scales of 1-2 pixels than the measurements had indicated. The effect was
greatest for subaperture measurements made with twice the spatial resolution as the full-aperture
measurements. We then covered some metal surfaces in the interferometer with absorbing materi-
al and cleaned the optics, reducing the noise by a factor of 2. The final subaperture measurements
shown in Section 5.3 are still somewhat limited by interferometer noise, and we have quantified
the effect and made a correction for it. We present the data with and without this correction.




2. Specifications

2.1 Prescription

The optical prescription is a paraboloid. For purposes of tolerance analysis, we treat itasa
conic section defined by the radius of curvature R and conic constant k. The surface height z as a
function of distance r from the axis of symmetry is

1‘2
R+ R = (k+1)r2

The values and tolerances of the radius of curvature and conic constant are given by the Technical
Specifications and Requirements4:

2(r) = o)

R = 162563 mm, (2)
k = —1.0000£0.0002, (3)

and the errors in R and &k must satisfy

AR + (3.2x10° mm)Ak| < 40 mm. @

The last condition constrains the conic error to roughly +0.00012.

2.2 Figure error

The figure specification is given by a wavefront structure function 52(r) , the mean square
wavefront difference between points in the aperture as a function of separation r. It is the structure
function produced by the standard model of atmospheric seeing, with two modifications. Thé
standard atmospheric structure function is

o

where 1 is the Fried parameter, related to image FWHM 6 as

0 = 0.980@;). ©)

The first modification tightens the specification at large separations by removing that part of the
atmospheric structure function corresponding to mean wavefront tilt. (This is done because au-
toguiding will remove mean tilt, or image motion, in the telescope, and the laboratory figure mea-
surements are insensitive to it.) Hufnagel5 gives an approximate expression for this correction,
which depends only on telescope diameter D. The second modification is a relaxation at small
separations corresponding to scattering a fraction L of the light outside of the seeing disk. The
scattering loss is related to the small-scale rms phase error G as



~C

L=1-¢°. )

The full specification is then

82 = (%)2{6.88(%)5/3[1 - 0.975(%)1/3] 4 202}. 8)

The two parameters that fix its amplitude are
ro = 1.18 m, (9)

L = 0.015, (10)
both defined at A = 500 nm. This specification is plotted along with the measured structure func-
tions in Figures 7 and 12. '

2.3 Clear aperture
The clear aperture is defined as the annular region with
ID = 923 mm, (11)

OD = 6478 mm. (12)

The structure function is evaluated over this clear aperture, which extends to within about 11 mm

of each edge of the polished surface.

2.4 Mechanical dimensions
Mechanical dimensions are given by drawing 1168, Rev. C. The following tolerances are
listed in the Technical Specifications and Requirements4.

1. centration of optical axis with respect to mechanical center: 1 mm
2. vertex thickness: 385.1 £0.5 mm

3. wedge angle: 30”

2.5 Micro-roughness

The polished surface must have a roughness less than 20 Angstroms on scales << 1 cm.

2.6 Scratches, digs and bubbles

Limits on the numbers and sizes of scratches, digs and bubbles in the optical surface are
listed in the Technical Specifications and Requirements™.



3. Conventions and notation

3.1 Orientation of coordinates

All figure maps show the optical surface as viewed face-on with the mirror horizon-point-
ing. Rotation angles quoted throughout this report use the same view. The x and y axes are in the
usual sense, x increasing to the right and y increasing upward. Angles increase counter-clockwise
from 0 in the positive x direction. This convention holds for descriptions of the back plate as well
as the optical surface, i. e. one views the back plate through the mirror.

3.2 Zernike polyhomial coefficients

We use Zernike polynomial coefficients to describe the aberrations of focus, astigmatism,
coma and spherical aberration. Throughout this report, amplitudes of these aberrations are given
in terms of the Zernike coefficient of surface error. The symbols used for coefficients and the asso-
ciated polynomials are given in Table 1. Some of the symbols are different than those used in Ref-
erence 3, as those conflict with established usage. The polynomials are expressed as functions of
the dimensionless radius p normalized to 1 at the edge of the mirror.

Table 1. Zernike polynomial coefficients

aberration coefficient polynomial
focus F 2pz -1
astigmatism (0°) Ay p’cos(20)
astigmatism (45°) ' Ays p2 sin(20)
coma (0°) o (3p° —2p)cosh :
coma (90°) Cop (3p° = 2p)sind
spherical aberration S 6p4 - 6p2 +1

We sometimes describe astigmatism by the combined Zernike coefficient

2 2 172
A = LAY + (445)°] (13)
and the rotation angle
1 Ags
0, = iatan(Ao) (14)

at which the high occurs.

Spherical aberration is equivalent to a change in conic constant; the relation between
Zernike coefficient § and conic change Ak is



Ak = 6144f3l—S5 , (15)

where f = 1.25 is the focal ratio and D = 6.5 m is the diameter. If Ak is expressed in parts per
million,

Ak S
Topm 1.846[——1 nm). | (16)

Positive spherical aberration corresponds to a less negative conic constant.

3.3 Uncertainties

All uncertainties quoted in this report represent our best estimate of two standard devia-
tions. In other words, a value quoted as x = Ax means that we estimate that the value lies within
that range with 95% probability. This interpretation is valid only for anticipated sources of error.



4. Procedure for figure measurements and analysis

4.1 Measurement system

Optical tests were performed from the center of curvature with the mirror mounted on its
polishing support cell. The measurement system comprises a Twyman-Green interferometer with
a helium-neon laser at 633 nm, a pair of lenses that image the mirror onto a CCD camera, and an
Offner-type refractive null corrector. Two separate sets of imaging optics are used; one images the
full mirror onto the CCD while the other magnifies the image by a factor of 2 and is used for sub-
aperture measurements.

The measurement is made by phase-shifting interferometry, in which the phase variations
across the pupil are determined from a series of intensity patterns with phase shifts between them.
The interferometer’s flat reference mirror is translated with piezoelectric transducers to introduce
a phase shift, constant across the pupil, between successive intensity patterns. Intensity patterns
are recorded at a 110 Hz frame rate, and reduced to phase measurements using a commercial sys-
tem from Diffraction International. The CCD camera has square pixels and a resolution of 232
pixels across the mirror in the full-aperture measurement. This gives a pixel spacing of 28 mm and
represents an 18% improvement in resolution over the full-aperture measurements of the first Ma-
gellan mirror.

4.2 Measurement noise

Any single phasé map contains random errors due to local air turbulence and vibration.
They are reduced by taking many phase maps and averaging. The error in an individual full- -aper-
ture map, computed as the difference between that map and the average of all maps, is in the range
20-30 nm rms surface error after subtracting astigmatism. These errors average out as random
noise, with the possible exception of large-scale features which may persist for 10 s or more and
therefore correlate among two or more maps. Both full-aperture and subaperture maps presented
here are averages of 40 individual maps. We estimate that the contribution of turbulence and vi-
bration in the average map is less than 5 nm rms surface error, ignoring astigmatism. The contri-
bution to the structure function at the critical 5-10 cm separations is not significant.

We discovered near the end of the process that the interferometer was contributing a sub-
stantial amount of noise on small scales, especially to the subaperture measurements. We investi-
gated this noise by measuring the small reference sphere (glass ball) that can be inserted at the
focus formed by the interferometer, between the interferometer and the null lens. This ball is nor-
mally used to measure the nominally spherical wavefront produced by the interferometer and to

prov1de a mechanical reference for aligning the null lens to the interferometer. We measur ed the
~ ball using both imaging systemns, taking an average over many ball positions in order to eliminate
small errors in the surface of the ball. The initial measurements showed structure of roughly 7 nm
rms surface error with little correlation between adjacent pixels but strong correlation between
separate measurements. In addition there were many sets of small diffraction rings apparently due
to dust on optical surfaces. The net effect was that the measurements of the ball did not meet the
primary mirror specification using the 2X imaging system. -



We noticed that laser light was scattering off of several metal surfaces in the interferome-
ter, so we added flocking paper (black felt paper) to these surfaces. We also cleaned the lenses,
mirrors and beamsplitter in the interferometer, After several iterations, the noise was reduced by a
factor of 2. Figures 1 and 2 show the measurements of the ball taken after the improvements to the
interferometer. These are averages of 40 individual maps, with the ball rotated between measure-
ments. Figure 3 shows the structure functions, measured over the same image coordinates used for
the corresponding measurements of the primary mirror. The noise is now significant only in the
2X imaging system, This is partly because a 1-pixel separation corresponds to a smaller separa-
tion on the primary, where the specification is tighter, but also because the noise is higher in that
imaging system.

In Section 5 we present the structure functions of the primary mirror measurements, with
and without a correction for the interferometer noise. For the corrected data, we subtract the struc-
ture function (defined as mean square wavefront difference) of the ball from that of the primary
mirror. All data sets are averages of 40 individual maps.

4.3 Mirror sapport

The mirror is supported on passive hydraulic cylinders that match the telescope support
system in location and force. Differences between the support mechanisms in the polishing cell
and the telescope cell are expected to cause force differences on the order of 10 N. Uncontrolied
- force variations in the polishing support, probably related to friction in the supports, cause signif-
icant changes in astigmatism and smaller changes in other flexible bending modes. Most of their
effects will be removed through the empirical optimization of support forces in the telescope cell.

Plastic skirts used to collect polishing slurry at the inner and outer edges of the mirror
were removed for all measurements reported here, so the only mechanical contact with the mirror

was through the 104 supports and the 3 tangent rods that provide a kinematic constraint against
translation and rotation. 3

4.4 Thermal equilibration

All figure measurements reported here were made about 3 weeks after the final polishing
run. We relied on passive equilibration rather than ventilation to make the mirror isothermal. We
did not routinely measure the temperature distribution in the mirror, but experience with the first .
- Magellan mirror indicated that the mirror was isothermal within 0.2 K or better in these condi-
tions.

The final figure measurements show significant amounts of certain low-order aberrations
that were not present during the last few cycles of in-process measurements, These include trefoil
and fifth-order astigmatism, which are relatively flexible bending modes and could change due to
small changes in support forces, and fifth-order spherical aberration, a much stiffer mode that is
more likely to change due to temperature gradients.

Because of air turbulence, we generally had to turn the lab’s air handiers off for about 45
minutes before measuring the mirror. (For the first Magellan mirror, we were able to measure al- -
most immediately after turning the air handlers off, and we do not understand the difference.)
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Figure 3. Square root of the wavefront structure function for the maps of the reference sphere shown in
Figures 1 and 2. The measured aperture includes the same pixels used to calculate the primary mirror’s
structure function. The curve is the specification.

During this time the average air temperature in the vicinity of the mirror rose by about 0.1 K, and
rose an additional 0.15 K during the hour or so needed to obtain 40 good maps. While this proce-
dure was followed for all measurements during and after the last few months of polishing, ore
change that occurred before the final measurements is that the protective outer walls and the pan-
els at the bottom of the cell were removed. Thus the mirror was more exposed to ambient air.

There is some evidence that the fifth-order spherical aberration increases during the time
required to take 40 measurements, If so, the aberration in the data presented here overestimates
the amount in an isothermal mirror. Even with this and other questionable low-order aberrations,
the mirror figure clearly meets the specification. We plan to analyze the figure measurements in
more detail to better estimate the figure in equilibrium.

4.5 Removal of test optics errors

We determine the errors in the test optics by measuring a computer-generated hologram
that mimics the ideal primary mirror. The principles and procedure are described in Section 7.3.
We subtract a Zernike polynomial representation of the hologram map from all full-aperture maps
of the primary mirror. The map of the hologram contains spherical aberration § = -35 nm,
equivalent to an error in conic constant of —70 parts per million. This is within the expected un-

10



certainty of the null lens. An additional spherical aberration correction is made for the small error
in the primary radius of curvature as described in Section 6.4.

4.6 Treatment of tilt, defocus and coma

The test optics are mounted in a stiff frame that is positioned relative to the mirror with re-
motely controlled translation and rotation stages. These stages are used to align the test optics in
five degrees of freedom: horizontal and vertical translations and tilt in both directions. This align-
ment is adjusted to minimize tilt, defocus and coma in the reflected wavefront as judged by visual
inspection of the interference pattern. Residual aberrations of these forms are subtracted from the
measured phase map. The aberrations of tilt, defocus and coma are constrained by measured lim-
its on wedge, radius of curvature and centration of the optical axis, respectively. These quantities
are measured separately as described in Section 6. :

4.7 Treatment of astigmatism and spherical aberration

We measured varying amounts of third-order astigmatism throughout the fabrication pro-
cess, including the final figure measurements. We believe the variations are related to support '
forces. The astigmatism varied in magnitude from about 100 to 450 nm among figure measure-
ments made on different days after polishing was completed. These variations did not come from
noise in the data, for the variations among maps measured on a given day were much smaller. We
estimated the support forces necessary (o cause this much astigmatism from a modal analysis of
the BCV finite-clement calculations.®” Astigmatism with A = 400 nm would be caused by an
optimized set of forces whose extreme values are £4 N, or by random force errors on the order of
14 N rms. In the telescope, astigmatism will be determined entirely by support forces rather than
the relaxed mirror’s figure.

Third-order spherical aberration varied by about 10 nm among measurements made after
polishing was completed. The variation is probably caused by small temperature gradients. The fi-
nal full-aperture map has less than 10 nm of third-order spherical aberration. Spherical aberration
is treated as an error in conic constant rather than mirror figure.

We present full-aperture maps and structure functions with and without astigmatism and
spherical aberration. The synthetic images are made from the maps with astigmatism and spheri-
cal aberration subtracted.

4.8 Distortion and measured aperture

The mapping from mirror to image is determined by placing fiducial markers at known lo-
cations on the mirror surface, and measuring their locations in the image. The conversion from
image coordinates to object (mirror) coordinates is modeled as a polynomial in x and y. We fit
polynomials through fourth order in x and y (third order for the subaperture maps) to the measured
image coordinates and known object coordinates.

The fiducials are small annular markers at 42 positions roughly equally spaced over the
mirror. Twelve of these appear in each subaperture quadrant. We used a large number of fiducials
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because there is a significant distortion in the image, causing parts of it to be shifted by as much as
130 mm relative to an undistorted image. Distortion has been corrected in the maps displayed in
Section 5. The structure functions are calculated using only data in the clear aperture.

4.9 Subaperture measurements

We measured four quadrants at twice the resolution of the full-aperture maps. For off-axis
subaperture measurements, we cannot distinguish between alignment errors (tilt, focus and coma)
and other low-order aberrations such as astigmatism and trefoil. We therefore subtract tilt, focus,
coma, astigmatism and trefoil from each subaperture map. We do not subtract the map of the ho-
Jogram to correct for errors in the interferometer and null lens. This may cause an incomplete re-
moval of test-optic errors and/or an artificial reduction in large-scale aberrations, but it should
have virtually no effect on the structure function at separations below about 10 cm.

4.10 Calculation of structure function

The wavefront structure function is defined as the mean square difference in wavefront er-
ror between randomly selected points as a function of their separation in the aperture. For compar-
ison with the specification, we plot the square root of this quantity, the rms wavefront difference,
along with the corresponding curve for the specification.

We compute the rms wavefront difference for discrete separations. Each point on the plot
represents a bin of separation values. The bins are centered at separations of 1, 2, 4, 8, 16, 32, 64
and 128 pixels, and the bin width is 0.5 pixel. Each point on the plot gives the rms wavefront error
over pairs of pixels whose separation lies in the corresponding bin.

The structure function calculation usés only discrete pixel values. There is no interpolation
of values at fractional pixel coordinates. We first throw out all pixels that lie outside the clear ap-
erture. In order to determine whether a pixel lies in the clear aperture, we convert its image coOr-
dinates to object coordinates using the mapping function determined from the fiducials. We then
select a 50 % 50 square grid of pixels over the image. These form the set of first points of pairs
used to calculate the rms difference. For each separation bin, and for each first point, we find all
the pixels whose separation from the first point lies in the separation bin. We compute the rms
wavefront difference over all pairs selected in this way. .

12



5. Figure measurements

5.1 Yull-aperture maps and structure functions

Figures 4-6 are gray-scale contour maps and synthetic interference patterns made from the
full-aperture measurements. All measurements have been corrected for errors in the null lens as
determined by the hologram, and for image distortion as determined by the fiducials. The three
cases are: the original map including third-order astigmatism and spherical aberration; the map
with third-order astigmatism and spherical subtracted; and the map with an additional 3 aberra-
tions corresponding to flexible bending modes (trefoil, quatrefoil and fifth-order astigmatism)
subtracted. Third-order spherical aberration is negligible. The interference patterns are calculated
for a wavelength of 633 nm and contain 10 waves of tilt. Table 2 gives statistics of the maps. Fig-
ure 7 shows the wavefront structure function, calculated over the clear aperture, for all three cases.

Table 2. Statistics of full-aperture maps

rms surface

map error A g, S
original 150 nm 370 nm —64° -3 nm
asti gmatism and spherical 20 nm

aberration subtracted

additional 3 flexible 16 nm
modes subtracted ’

5.2 Synthetic images
:

We calculated synthetic images from the map of Figure 5,-with astigmatism and spherical
aberration subtracted, using the clear aperture. The calculation covers a 3.6 arcsecond field, using
the full-aperture map with 232 pixels across the mirror. Figure 8 shows the point-spread functions
of the actual and perfect mirrors. Figure 9 shows encircled energy diagrams for the actual mirror
and a perfect mirror, in perfect seeing and.0.25 arcsecond seeing. Seeing is included by convolv-
ing the mirror’s PSF with that of the seeing, calculated from its structure function.

5.3 Subaperture maps and structure functions

Figures 10 and 11 show the subaperture maps obtained with 14 mm pixels, twice the reso-
lution of the full-aperture map. Focus, coma, astigmatism, spherical aberration and trefoil have
been subtracted. Table 3 gives the rms surface errors, and Figure 12 shows the structure functions.

13
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Figure 7. Square root of the wavefront structure function for the maps shown in Figures 4-6, Top: no
correction for interferometer noise. Bottom: with structure function for interferometer noise subtracted. The
curve is the specification.



Figure 8. Synthetic images at 0.5 micron for the actual mirror of Figure 5 (left) and a perfect mirror (right).

‘The images are separated by 0.5 arcsecond.

Table 3. Statistics of subaperture maps

vadrant rms surface
q error
1 13 nm
2 11 nm
3 11 nm
4 12 om
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Figure 9. Encircled energy diagram with no seeing for the mirror of Figure 5 and a perfect mirror. Top: in
perfect seeing. Bottom: in 0.25 arcsecond (FWHM) seeing.
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Figure 10. Gray-scale maps of 4 subapertures measured at twice the resolution of the full-aperture map. The
gray scale covers £100 nm of surface. The subaperture images are inverted left-right relative to the full-
aperture images. The figures show the full measured wavefront and include some spurious pixels outside the
polished surface. The fiducial markers were left on the mirror during the measurcments, and their locations
have been masked out of the images, as they were for the structure function calculation.
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Figure 11. Synthetic interference patterns, calculated at 633 nm, for the 4 subapertures.
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Figure 12. Square root of the wavefront structure function for the subaperture maps shown in Figure 10. Top:

no correction for interferometer noise. Bottom: with structure function of interferometer noise subtracted.

The carve is the specification.
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6. Other measurements

6.1 Mechanical dimensions

We generated the mirror according to drawing 1168, Rev. C. Table 4 gives the finished di-
mensions, in inches to match the drawing. The inner and outer diameters, and bevel widths, match
the drawing within the specified tolerances. The edge thickness given in drawing 1168, Rev. C
fails to take account of the bevel. The correct value is 27.95 inches as listed in Table 4.

Table 4. Mechanical dimensions in inches

dimension f f é ;’ r;:ifl%: measured uncertainty
front plate OD 256.40 256.43 0.01
back plate OD 256.40 250.44 0.01
front plate ID 35.00 34.98 0.005
back plate ID 37.00 36.97 0.005
polished surface OD 255.90 255.83 0.015
polished surface ID 35.50 35.51 0.01
edge thickness 27.950 27.970 0.005
wedge 0.0 0,015 0.002

The vertex thickness is calculated from the measured thickness and radius of curvature. Its
value is 385.6 £ 0.1 mm, at the upper edge of the tolerance. The wedge angle is 12+ 27, wéll
within the tolerance.

6.2 Faceplate thicknesses

We measured faceplate thicknesses with an ultrasonic gauge at 60 uniformly spaced cells.
Table 5 gives the mean thickness, wedge, and radial variation for both faceplates. A positive radial
variation means the outer edge is thicker. Both faceplates were measured after polishing was com-
pleted.

Table 5. Faceplate thicknesses in mm

mean wedge (p-v) rotation angle radial
£ P of maximum | variation (p-v)
front plate 28.9 0.5 -162° 0.8
back plate 254 0.1 -73° ~-0.6
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6.3 Radius of curvature

We measured the vertex radius of curvature with a steel tape certified by NIST. The vertex
radius of curvature is defined as the distance from the paraxial center of curvature to the vertex of
the primary mitror. Since neither the vertex nor the center of curvature present a mechanical refer-
ence, we measure their separation indirectly by summing distances between intermediate surfac-
es.

The computer-generated hologram used to measure the null lens (see Section 7.3) is de-
signed to return a null wavefront when it is placed at the paraxial center of curvature. We align the
null lens at best focus of the primary mirror, as in the measurement of the primary mirror, and in-
stall the hologram mounted on a 5-axis stage. We adjust the stage to align the hologram to the null
lens, thereby placing the hologram at the center of curvature. The lower reference is a two-ball lo-
cating jig that rests on the primary mirror surface near the edge of the center hole. We use the tape
to measure from the 5-axis stage to the locating jig. The radius of curvature is the sum of this dis-
tance, the distance from the stage to the hologram, and the distance from the locating jig to the
vertex, which is calculated from the approximate radius of curvature.

The final radius measurement was made on March 16, 2001. The result is

R = 162553 £ 0.5 mm. 17)

6.4 Conic constant
The conic constant of the best-fit conic section is a sum of three terms:

1. spherical aberration in the final surface map;
2. correction for null lens error, based on the hologram;

3. correction for conic error caused by an error in radius of curvature. -
The conic constant is sensitive to an error in the primary’s radius of curvature because (a) the null
lens and interferometer are positioned at best focus above the mirror, and (b) the test wavefront

becomes more spherical as it propagates. The error in conic constant is related to the error in radi-
us by

Ak _ AR

k=~ R (18)

Table 6 gives the measured values and uncertainties for these terms. The uncertainty in the
hologram correction is discussed in Section 7.3. From Table 6, the conic constant is

k = - 1.00001 +£0.00008. (19}

6.5 Centration of the optical axis

We determined the displacement of the optical axis relative to the mechanical axis (de-
fined by the machined cylindrical surfaces at the outer edge of the mirror) by measuring the
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Table 6. Measurement of conic constant

term S (nm) Ak (ppm)

uncorrected final map -15%£10 -30%20
hologram correction 35+40 70170
radius correction -25+15 ~40130
net error -5440 -10£80

change in coma when the mirror is rotated around its mechanical axis. If the optical and mechani-
cal axes were coincident, rotating the mirror would introduce no coma. If they are not, rotating the
mirror 180° changes coma by an amount equal to twice the coma corresponding to the displace-
ment of the two axes.

We align the interferometer to the mirror at the standard rotation angle (0°) and measure
the mirror, yielding coma coefficients Cj o and Cyg 0 We then move the mirror to the turntable,

rotate it 180°, and return it to the test tower. We monitor radial and vertical displacement with
dial indicators to insure that the mechanical axis repeats within 0.1 mm. We tilt the mirror to ob-
tain a tit-free interference pattern, but do not translate it, and the interferometer is not moved. We

then measure the mirror, yielding coma coefficients Cy 50 and Cy, 80" Finally, we rotate the

mitror back to 0° and repeat the first measurement; this result is averaged with the first, and their
difference gives an indication of the uncertainty in the measutements. The coma that would be
seen in the mirror, if the interferometer were aligned with the mechanical axis and the mirror at
0°, is half the difference of the coma measured at 0° and 180° rotations:

CO _CO
Col,, = iz—llso ’ 20)

Co0ly o0l

C90|Hl - 2 (21)
These coefficients are related to the displacement of the optical axis by®
A
Col = __x3 , (22)
Mmoo 3g4f
A
Coo| = — 3 (23)
384 f

where fis the focal ratio. A positive coefficient implies that the optical axis is displaced in the pos-
itive direction.
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We made the final centration measurement on November 11, 2000. Further polishing after
that date removed too little glass to affect centration significantly. Table 7 gives the measurements
and inferred displacement of the optical axis. Values are given for the x and y components of coma

and displacement, with uncertainty determined by repeating the procedure of rotating the mirror

and measuring.

Table 7. Measurement of decenter coma

value uncertainty
parameter units x y X ¥
COIO, C9010 pLm 0.01 | -0.06 0.3 0.3
Colu;o’ C90|180 LLm 0.06 | -1.84 0.3 0.3
C0|m, Cgolm \wm -0.03 0.89 0.2 0.2
Ax, Ay mm -0.02 0.67 0.15 0.15
Ar mm 0.67 0.15
0 degrees 92°

6.6 Microroughness

We measured the microroughness at-three locations on the mirror by making RTV replica-

tions and having them measured with a WYKO phase-shifting microscope interferometer. Five

measurements were made at different positions on each 60 min replication. The results are listed
in Table 8. All results are under the specified roughness of 20 Angstroms. The average roughness

is 9 Angstroms.

Table 8. Microroughness measurements

cell radius average standard deviation
(m) {Angstroms) (Angstroms)
D2 0.77 7.7 0.3
D8 1.92 9.1 0.3
D13 2.88 9.3 0.6
average 8.7
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6.7 Scratches, digs and bubbles

6.8 Internal flaws
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