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1 Introduction

1.1 Purpose of this Document

This document is meant to define the error budgets for the fabrication and collimation
of the optics for the converted MMT. Important background information can be found
in a number of publications and technical memoranda; these are listed in section 10
below. In the case of a conflict between the references and the present specifications,
the latter shall prevail.

1.2 The 6.5m MMT

The Smithsonian Institution and the University of Arizona are undertaking the con-
version of the Multiple Mirror Telescope (MMT) to a telescope with a single 6.5 meter
diameter primary mirror. All of the MMT optics will be replaced in the conversion,
and the converted telescope will have a classical Cassegrain optical design with a
parabolic primary and hyperbolic secondary. Three secondary mirrors will be pro-
vided for the converted MMT, yielding nominal focal ratios of £/5, f/9 and f/15. A
refractive corrector can be installed at the f/5 focus to produce a very wide field, the
f/9 focus will accommodate the current instruments and the f/15 will be used for the
IR and for adaptive optics. These foci in combination will give the converted MMT
an unsurpassed versatility.

1.3 Outline

We begin with optical and mechanical specifications for the telescope optics in sections
2 and 3. Then we define the criteria used to evaluate the optical performance of the
system. In section 5 we present the error budgets for the various configurations of
the telescope. The following two sections give the specifications for fabrication and
collimation that are required to meet the error budgets. We conclude with a discussion
of thermal and wind effects in section 8.



2 Optical Prescriptions

2.1 Introduction to the Optics

Here we list the optical prescriptions for the various configurations of the telescope.
Figure 1 shows the layout of the optics.

The Primary

Diameter Radius of Curvature Conic Constant
Spec 6502 mm 16256+2.5 mm —1.000040.00025
As built 16255.340.3 mm ~1.000015-0004

The Bare Cassegrain Foci

f/ Scale Back Focal Foc Surf Secondary Secondary
Distance ~ Rad Curv Conic Vert Rad
(mm /arcsec) (mm) (mm) (mm)
5.16 0.162 1851419 2163 —2.6946 5151.0
9.00 0.284 1778443 1273 —~1.7492 2805.8
15.00* 0.463 22864104 849 -1.4091 1794.5

* £/15 secondary is undersized from an f/14.6 parent.

The Wide-Field Cassegrain Foci
(with refractive corrector)

f/ Purpose ADC? Scale Distortion Focal Surface Focal Surface

(mm/arcsec) Radius (mm) Conic
5.29 Spectroscopy, 1° FOV Yes 0.167 1.8% 3404 —665
5.36  Imaging, 0.5° FOV No 0.169 1% Flat

Field Diameters vs. Image Quality
(on appropriately curved focal surfaces)

f/ 0.25 arcsec 0.5 arcsec 1.0 arcsec  Unvignetted
(RMS dia) (RMS dia) (RMS dia) Field
5.16  bare 2/ 5 9 >60
9.00 bare 7 13 23/ 12
15.00 bare 13 20 29 6’
5.29  cor. 18 60’ 67’ >60
5.36  cor. 34 39 44’ >30




2.2 f/5 Bare

The f/5 secondary design was driven by the requirements of the wide field correc-
tor, subject to the constraint that the bare system (without corrector) has classical
Cassegrain optics. The back focal distance of the bare system is 43 mm larger than
that of the corrected system. The clear apertures are derived by requiring a 1° diam-
eter unvignetted field with the corrector in place (spectroscopy configuration).

Secondary Secondary Secondary
Vertex Radius Conic Clear Aperture
-5150.974 mm  —2.6946 1692 mm

—202.7943 in 66.61 in

In the following table, the back focal distance and primary-secondary separation are
chosen to produce a perfect on-axis image. With these parameters fixed, the focal
surface radius of curvature that provides the best off-axis images is determined.

Back Focal Primary—Secondary Focal Surface
Distance Separation Radius of Curvature

1851.28 mm 6178.00 mm —2163 mm
72.885 in 243.228 in —85.16 in




Vertex height(mm)

8128 Prime Focus
7307.470 . /15 Secondary
6919.952 — f/9 Secondary

6184.961 spectroscopic

6184.418 imaging
6177.999 bare [ fl/5Secondary

0.00 primary vertex
-29.38 first corrector surface

Primary mirror

=

=~ T Wide field corrector (imaging)

-1466.85 (mounting)

-1778.00 f/9
-1794.93 /5 spectroscopy
-1812.54 /5 imaging Instrument mounting surface

-1851.28 f/5 bare : T = Filterffield flattener

-2286.00 f/15 ~— Focal plane

Figure 1: Layout of the optics, including all three secondaries and the imaging con-
figuration of the wide-field corrector.



2.3 f/5 With Wide Field Refractive Corrector

2.3.1 Spectroscopic configuration

File : spect_final.ZMX
Title: MMT Spectroscopic Corrector - As Built
Date : FRI SEP 17 1999

Surf Type Radius Thickness Glass Diameter  Conic Vertex Height
OBJ STANDARD Infinity Infinity 0 0

STO STANDARD -16256 -6184.961 MIRROR 6502.4 -1 0.000

2 STANDARD -5150.974 6184.961 MIRROR  1683.504 -2.6946 -6184.961

3 STANDARD Infinity 29.382 818.3793 0 0.000

4 STANDARD 604.737 73.288 SIL5C 831.44 0 29.382

5 STANDARD 694.826 80.085 831.44 0 102.670

6 STANDARD 1012.496 46.741 SIL5C 797.03 0 182.755

7 STANDARD 577.816 171.25 797.03 0 229.496

8 STANDARD -5983.1 49.108 SIL5C 767.41 0 400.746

9 STANDARD -2104.29 53.828 767.41 0 449.854

10 COORDBRK - 0 - - - 503.682

11 FZERNSAG Infinity 25.4 SFSL5Y_5C 748.92 0 503.682

12 FZERNSAG Infinity 0.127 CAF2P20 748.92 0 529.082

13  FZERNSAG Infinity 15.24  PBL6Y_5C 748.92 0 529.209

14  STANDARD Infinity 25.705 748.72 0 544.449

15 COORDBRK - 0 - - - 570.154

16 FZERNSAG Infinity 15.24 PBL6Y_5C 748.92 0 570.154

17  FZERNSAG Infinity 0.127 CAF2P20 748.92 0 585.394

18 FZERNSAG Infinity 25.4 SFSL5Y_5C 748.92 0 585.521

19 STANDARD Infinity 699.754 748.92 0 610.921

20 COORDBRK - 0 - - - 1310.675

21  STANDARD Infinity 12.7 SIL5C  648.5093 0 1310.675

22 STANDARD Infinity 471.551 647.8104 0 1323.375

IMA  STANDARD -3404 611.1694 -665 1794.926
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2.3.2 Imaging configuration

File : image_final. ZMX
Title: MMT Imaging Corrector - As Built
Date : FRI SEP 17 1999

Surf Type Radius Thickness Glass Diameter  Conic Vertex height
OBJ STANDARD Infinity Infinity 0 0

STO STANDARD -16256  -6184.419 MIRROR 6502.4 -1 0.000

2 STANDARD -5150.974 6184.419 MIRROR 1714.5 -2.6946 -6184.419

3 STANDARD Infinity 29.382 621.7533 0 0.000

4 STANDARD 604.737 73.288 SIL5C 831.44 0 29.382

5 STANDARD 694.826 80.085 831.44 0 102.670

6 STANDARD 1012.496 46.741 SIL5C 797.03 0 182.755

7 STANDARD 577.816 325.001 797.03 0 229.496

8 STANDARD -8055.3 66.097 SIL5C 523.95 0 554.497

9 STANDARD -2020.77 1044.671 523.95 0 620.594

10 STANDARD Infinity 8.467 S-TIL1  365.1734 0 1665.265

11 STANDARD Infinity 38.1 364.3608 0 1673.732

12 STANDARD -1134.801 48.26 SIL5C  360.8682 0 1711.832

13 STANDARD -4097.612 52.445 360.8158 0 1760.092

IMA STANDARD Infinity 358.5954 0 1812.537

2.4 f/9

Here we require a 12" unvignetted field.

Secondary Secondary Secondary Minimum Secondary Design
Vertex Radius Conic Clear Aperture Clear Aperture
—2805.788 mm  -1.749220 997.20 mm 1006.7 mm
—110.464100 in 39.259 in 39.64 in

Back Focal = Primary—Secondary Focal Surface
Distance Separation Radius of Curvature
1778.000 mm 6919.952 mm ~1273 mm
70.000 in 272.4391 in -50.12 in
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2.5 f/15

Here the secondary is undersized from a f/14.6 parent so that the aperture stop is
at the secondary mirror. See section 9.1 below for a discussion of infrared per-
formance. The /15 issues are also discussed in detail in John Hill’'s LBT Technical
Memo “Infrared Secondaries: The Meaning of F/15”, dated September 29, 1993. The
prescription was updated in November 1994 by John Hill, Matt Johns and George
Rieke. The secondary diameter given below should be regarded as preliminary.

Secondary Secondary Secondary
Vertex Radius Conic Diameter
-1794.5486mm  —1.40911 642.05 mm
—70.6515in 25.278 in
Back Focal Primary—Secondary Focal Surface
Distance Separation Radius of Curvature
2286.0 mm 7307.470 mm —864 mm
90.000 in 287.6956 in -34.0 in

12



3 Mechanical Description of the Optical Elements

3.1 Optical Materials

We use six different optical materials for the MMT Conversion: (1) Ohara E6 (a
borosilicate glass) for the primary, (2) Schott Tempax (a borosilicate glass) for the
f/9 secondary, (3) Zerodur for the /5 secondary, (4) fused silica for the wide-field cor-
rector, (5) Ohara FSL5Y and (6) Ohara PBL6Y; FSL5Y and PB6LY are used for the
ADC prisms in the wide-field corrector. Some representative mechanical properties
near 25 °C are given in the following table.

Material Density  Young’s Poisson’s Coefficient of Thermal
Modulus Ratio Thermal Expan.*  Conductivity
(g/cc)  (MPa) (per °C) (watts/m?-°C)
Ohara E6 2.18 57,500 0.195 2.9x107° 0.96
Tempax borosilicate — 2.23 63,000 0.2 3.2x107¢ 1.16
Zerodur 2.53 90,600 0.24 2-4x1078 1.65
fused silica 2.202 73,000 0.17 5.2x1077 1.38
Ohara FSL5Y 2.46 62,300 0.227 9.0x10°¢ 1.01
Ohara PBL6Y 2.46 60,500 0.205 8.3x10° 1.02

* The tabulated CTE’s are averaged over different temperature ranges. For the Ohara
materials, the range is -30 to +70 °C. For Zerodur the range is 0 to 50 °C, and refers
to measurements of samples from the f/5 secondary. For fused silica the range is 5 to

35 °C.
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3.2 Primary and Secondary Dimensions

Element Drawing Clear Overall  Edge Center Weight
Number Diameter Diameter Thick. Thick
(mm) (mm)  (mm) (mm) (kg)
Primary S0 1168 6502 6512 711 391 7735
f/5 Secondary SAO MMTC-001 1692 1715 133 206 288
f/9 Secondary  Hextek 10/15/90 1007 1022 152 152 7
f/15 Secondary
3.3 Wide Field Corrector Element Dimensions
Element Drawing Clear Overall Center Weight
Number Diameter Diameter Thick
(m)  (mm)  (mm)  (kg)
Lens 1 SAO MMTC-1000 806 mm 831 mm 73 73
Lens 2 SAO MMTC-1001 772 mm 797 mm 47 93
Lens 3 SAO MMTC-1002 728 mm 767 mm 49 39
Lens 4 SAO MMTC-1003 484 mm 524 mm 66 28
Top ADC Assembly SAO MMTC-500 724 mm 749 mm 41 45
Bottom ADC Assembly SAO MMTC-501 724 mm 749 mm 41 45
Element Drawing Clear Overall Min. Max.
Number Diameter Diameter Thick. Thick
(mm)  (mm)  (mm) (mm)
ADC Prism 1 SAO MMTC-1004 724 mm 749 mm 18.2 32.6
ADC Prism 2 SAO MMTC-1005 724 mm 749 mm 8.7 21.8
ADC Prism 3 SAO MMTC-1006 724 mm 749 mm 8.4 22.1
ADC Prism 4 SAO MMTC-1007 724 mm 749 mm 17.9 32.9

3.4 Wide Field Corrector Assembly

Configuration Drawing Weight
Number (kg)
Spectroscopic Mode SAO MMTC-504 606
Imaging Mode SAO MMTC-505 467

14



4 Evaluation Criteria for Optical Performance

4.1 The Structure Function

Angel (1987) has outlined the error budget strategy we adopt for the converted MMT.
Since our goal is to build a telescope which degrades the incoming image as little as
possible, it seems appropriate to specify the errors in the telescope so they correspond
to the distortions already induced by the atmosphere. The root mean square wave-
front difference introduced by the atmosphere between points on the wavefront with
spatial separation x is:

0 = 0.4175 % (2/19)*/ (1)

where the error is expressed as phase difference, d¢, in waves. No matter what value
of ry we use, the errors are always proportional to 2°/% as long as the atmosphere
retains a Kolmogorov spectrum. This allows us to relax the tolerance on the telescope
optics and alignment at large scales since the atmosphere has already distorted the
wavefront. We have adopted the “structure function” to describe the error in the
incoming wavefront as a function of separation. Thus, by selecting a particular value
of ry, we may specify the permissible wavefront distortion introduced by a mirror or
a telescope. Converting from phase error to a linear dimension, we find the structure

function: ;
5%(z) = (%) 6.88 <£>5/3 2)

™ To

Tilt Compensation Since any tilt present in the primary or secondary optics can
be removed simply by tilting the element, we do not include tilt in the structure
function. Removing the mean tilt from the wavefront rolls off the structure function
at large spatial scales:

2\ 2 2\ 5/3 r\1/3
§*(x)=|-—) 6.88 (—) 1 —0.975 (—) 3
0= (5) o5 (2 : )
where D is the telescope aperture diameter.
Scattering Effects Diffraction effects allow us to relax the specifications at small

spatial scales. Ruze (1966) gives the fractional loss due to scattering from small errors
on scales much less than ry as:

loss = (MTUY (4)

where o is the rms deviation from the mean wavefront. We want to specify the small
scale (1 cm) surface roughness so that no more than 3% of the light is scattered outside

15



the seeing disk at 350 nm from either the primary or secondary. To achieve this level
of performance, ¢ = 9.6 nm, which implies a 13.6 nm rms wavefront difference or a
7 nm rms surface error. The overall wavefront error budget can then be specified as
the structure function:

m To

§%(z) = 202 + (%)2 6.88 <£>5/3 (5)

d(z) is the rms wavefront difference between points separated by .

Zenith Angle When the telescope is looking away from the zenith, we may expect
the images to degrade. The seeing degrades according to (cos 2)3/°, so an ry = 45 cm
atmosphere will be only rp = 30 cm at a zenith angle, z, of 60°. We will allow the
error budget for the primary mirror to relax in this same fashion. In principle, we
could allow the error budget for the entire optical system relax in this manner, but
there seems to be no compelling reason to do so.

4.2 Encircled Energy

We can also characterize the performance of the optical system based on the size of
the image produced.

For a 2D Gaussian image, defined by:

o)

the power within a radius r in cylindrical coordinates is given by:

1 - exp l—0.5 <£>2] , (7)

and we obtain the following equivalent measures of image size:

e 1.00" FWHM
e 1.00” 50% encircled energy diameter
e 1.28" 68% encircled energy diameter (2D RMS image diameter)

1.52" 80% encircled energy diameter

1.82" 90% encircled energy diameter
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e 10.1 cm rg (0.5um) wavefront

In the general case images are non Gaussian, so a single number such as FWHM or
RMS image diameter is not an adequate characterization. In most cases below we
will specify the image quality in terms of the 90% encircled diameter. For historical
reasons, some of the specifications are given in terms of another quantity. In those
cases will use the above relations as an approximate conversion.

4.3 Differential Distortion

For wide-field imaging and spectroscopy another limitation is imposed on the optical
system. The distortion pattern must be circularly symmetric about the center of the
focal plane so that images remain at a fixed radius in the focal plane as the instrument
rotator tracks. In the presence of misalignments in the system this is not guaranteed.
We define the “differential distortion” as follows. Let A be the spherical field angle
that produces an image, a, with its centroid on the optical axis of the instrument
rotator. Let B be the locus of all field angles such that |B — A| is constant. The
centroid of B is located at position b in the focal plane. The differential distortion is
defined as max(b — a) — min(b — a). We will discuss below the specific tolerances on
the differential distortion.

4.4 Optical Axis Deviation

In a perfectly aligned system, an object on the optical axis of the primary will be
imaged to the center of the focal plane. (By the center of the focal plane we mean on
the axis of the instrument rotator.) In a misaligned system this will not necessarily be
the case. If the pointing direction of the telescope were defined in terms of the primary
mirror axis, this would lead to guiding errors as the instrument rotator rotated about
one axis and the telescope tracked about another. It is straightfoward, and standard
practice, to add offsets to the pointing direction so that it coincides with the rotator
axis. In fact, it is not obvious that one could easily determine where the axis of any
element of the telescope, other than the rotator, intersects the focal plane. In our
analysis of encircled energy, for reasons of simplicity, we do measure all field angles
with respect to the primary axis. Unless the axis deviations are substantial compared
with the maximum field angle, this should not cause any complications. In no case
does the offset become large before the image quality deteriorates unacceptably. Thus,
the tolerances on the offset of the axis of any element is dictated only by image quality
and differential distortion.

17



5 Optical Performance Goals

The performance goals vary by focus; performance appropriate for the bare Cassegrain
foci will be unachievable over a 1° field with the wide field corrector. In much of
what follows in this section, we follow the lead of John Hill, who has developed the
specifications for the LBT. We refer the reader to his memos for the unexpurgated
version. A major difference between John’s LBT specifications and the current MMT
specifications is that we have emphasized the requirements of the wide field, which
drive some of the optical specifications.

5.1 Goals for the Bare Cassegrain Foci

For the bare Cassegrain foci, the optical error budget for the converted MMT is
specified to match the wavefront produced by the atmosphere in the very best seeing
conditions. Specifically, the goal is to have the telescope produce a wavefront structure
function equivalent to an ry = 45 cm atmosphere at a wavelength of 5000 A, or images
of ~0.23" FWHM. The telescope and atmosphere (during superlative seeing) should
deliver a wavefront to the focal plane equivalent to an ro = 32 cm atmosphere or a
detected image of 0.32” FWHM.

5.2 Telescope Error Budget—Bare Cassegrain Foci

Error Source Image FWHM Equivalent rg
(arcseconds) (cm)
Tracking and Drives 0.070 ~144
Secondary Alignment and Focus 0.090 ~112
Primary Mirror Surface 0.170 ~59
Primary Conic/Radius 0.056 ~180
Secondary Mirror Surface 0.040 ~253
Secondary Conic/Radius 0.028 ~361
Telescope Seeing (5% ) 0.060 ~168
Best Atmospheric Seeing 0.225 ~45
Best Final Image (total) 0.319 ~32

18



5.3 Specifications for the F/5 Wide Field
5.3.1 Introduction to the Wide Field Specifications

The wide field specifications must consider several additional error terms: (1) the
design optical performance of the corrector, (2) corrector fabrication errors and (3)
corrector collimation. For the wide field we adopt geometrical optics specifications
for the encircled energy diameters. supplemented by a lateral color specification.
Fortunately, the lateral color is unaffected by collimation errors and so we defer the
lateral color specifications to the section on corrector fabrication tolerances.

In addition to the image quality specifications, we need to specify: differential image
distortion (which will cause positioning errors and light loss with optical fibers), and
surface roughness (which will cause light loss due to scattering).

5.3.2 Performance of Perfect Corrector Optics

We first describe the performance of the wide field system with a perfect primary and
secondary mirror and “as-designed” corrector optics.

19



Performance with Perfect Optics

Spectroscopic Configuration—-Run 121796AV

Lateral Color Shifts in ym

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A  3300-10000A
0’ 0 0 0 0 0 0 0

15/ -36 27 -12 0 12 20 56

24/ -24 -17 -7 0 4 5 29

30’ 10 10 7 0 -16 -26 -37

Diameter to Encircle 50% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 47754 6772A  10000A

0’ 8 7 6 8 9 11

15’ 36 36 39 41 41 44

24/ 34 35 36 39 41 45

30’ 83 80 74 72 66 67
Diameter to Encircle 80% of the Energy (in pum)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

0’ 38 32 21 11 13 15

15’ 51 53 57 62 64 68

24! 53 54 57 61 66 71

30/ 105 101 93 91 89 90
Diameter to Encircle 90% of the Energy (in pum)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

0’ 49 42 30 21 15 16

15’ 57 58 64 69 74 79

24! 64 64 67 69 74 79

30/ 120 115 108 105 107 112

20



Performance with Perfect Optics

Imaging Configuration—Run 121896AR

Lateral Color Shifts in ym

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A  3300-10000A
0’ 0 0 0 0 0 0 0

8.75' -12 -9 -4 0 3 4 16

14/ -7 -4 -1 0 -1 -4 -7

17.5' 6 6 4 0 -8 -16 -22

Diameter to Encircle 50% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 47754 6772A  10000A

0’ 6 2 6 10 15 15

8.75' 15 11 7 7 8 10

14/ 13 11 9 9 14 18

17.5' 15 14 12 12 17 20
Diameter to Encircle 80% of the Energy (in pum)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

0’ 16 8 9 14 19 20

8.75' 23 19 13 10 11 14

14/ 21 18 14 16 22 28

17.5' 23 22 20 19 22 29
Diameter to Encircle 90% of the Energy (in pum)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

0’ 23 15 9 15 20 22

8.75' 41 32 19 14 13 16

14/ 41 31 20 20 25 32

17.5' 28 26 25 23 25 33
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5.3.3 Wide Field Error Budget

For the purpose of the specifications, it is helpful to condense the tables above to a
few representative numbers. We do this by averaging the performance over the field
angles and colors in the tables above.

Performance of Perfect Corrector
Averaged Over Field Angle and Color

Configuration 50% EE  80% EE  90% EE
Diameter Diameter Diameter

(pm) (pm) (pm)
Imaging 12 18 24
Spectroscopy 40 59 69

We can now construct an error budget for the imaging configuration based on the
bare Cassegrain error budget:

Error Budget for Wide Field Imaging

Error Source 50% EE Dia. Equivalent ry 90% EE
(arcseconds) (cm) pm
Tracking and Drives 0.070 ~144 21
Secondary Alignment and Focus 0.090 ~112 28
Primary Mirror Surface 0.170 ~59 52
Primary Conic/Radius 0.075 ~135 23
Secondary Mirror Surface 0.040 ~253 12
Secondary Conic/Radius 0.028 ~361 9
Telescope Seeing (5% ) 0.060 ~168 18
Best Atmospheric Seeing 0.225 ~45 68
Corrector Optical Design 0.065 ~156 20
Corrector Fabrication 0.065 ~156 20
Primary Alignment 0.036 ~280 11
Corrector Alignment 0.018 ~560 5
Best Final Image* (total) 0.338 ~30 103

*Averaged over field angle and color.
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The error budget for the spectroscopic configuration:

Error Budget for Wide Field Spectroscopy

Error Source 50% EE Dia. Equivalent ry 90% EE
(arcseconds) (cm) pm
Tracking and Drives 0.070 ~144 21
Secondary Alignment and Focus 0.090 ~112 28
Primary Mirror Surface 0.170 ~59 52
Primary Conic/Radius 0.075 ~135 23
Secondary Mirror Surface 0.040 ~253 12
Secondary Conic/Radius 0.028 ~361 9
Telescope Seeing (5% ) 0.060 ~168 18
Best Atmospheric Seeing 0.225 ~45 68
Corrector Optical Design 0.235 ~43 72
Corrector Fabrication 0.220 ~46 67
Primary Alignment 0.070 ~144 21
Corrector Alignment 0.070 ~144 21
Best Final Image* (total) 0.467 ~22 143

*Averaged over field angle and color.

5.3.4 Differential Image Distortion Specifications

Differential image distortion is most serious for wide field spectroscopic applications,
where differential distortion will result in light loss at the slit or optical fiber. The
pattern of distortion will in general change with time as the instrument rotates or the
telescope collimation changes. We set as a limit 0.15 arcseconds for the movement
of the image centroid from the mean position at the edge of the spectroscopic field
due to differential distortion. This corresponds to 0.30 arcseconds (50 pm) for the
maximum differences in radial position for two points 30 arcminutes off axis. We
assume that, in general, differential distortion arising from different misalignments
will add in quadrature, but this assumption will fail at times.
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Wide Field Differential Distortion Error Budget

Differential Distortion Source Offset (um)
Primary Collimation )
Primary Mechanical/Optical Fab. 4
Secondary Collimation 1
Corrector Collimation 35
Corrector Fabrication 35
Total 20

The second table entry refers to the accuracy to which the optical axis of the primary
mirror coincides with the mechanical reference surfaces on the mirror. These issues
are discussed further in section 7.

5.3.5 Surface Roughness Specifications

Given the number of surfaces in the refractive corrector (ten in the spectroscopic
configuration, and six in the imaging configuration) scattering losses are important.
The best available antireflection coatings will produce losses of ~1% per surface; if
we were to allow the same 3% scattering losses produced by the reflective optics, we
would be giving away close to half the light! Fortunately, scattering losses from the
surface roughness of refractive surfaces are reduced by a factor of (n-1)/2 as compared
with reflective surfaces. Furthermore, the optics are smaller and tighter specifications
are possible at reasonable cost. If we specify 3 nm rms surface roughness at small
scales (1 cm at the primary scales to 0.2 mm at the corrector), we obtain a scattering
loss of ~0.1% at 3500 A.
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6 Optical Fabrication and Support Tolerances

6.1 Primary Fabrication and Support Tolerances
6.1.1 Error Allocation

John Hill has proposed an error budget for the primary mirror surfaces which we
adopt here. Unlike the telescope error budget discussed in section 5.2, where the
errors are propagated as a RSS (root sum square) of image FWHM, John has chosen
to propagate the structure functions. In this case, neglecting scattering:

8 (z) o ri/ (8)

and we must propagate errors as Yro 57, In this case, the RSS of the image FWHM
will not yield the same answer.

Error Source Image FWHM ro Image FWHM ro
at zenith at zenith at 30° elevation at 30° elevation
(arcsec) (cm) (arcsec) (cm)
Polishing/Testing 0.093 109 0.093 109
Primary Support! 0.072 141 0.130 78
Wind Forces 0.050 214 0.083 122
Ventilation Errors 0.050 214 0.050 214
Material Homogeneity 0.050 214 0.050 214
Reflective Coating 0.025 400 0.025 400
Total Primary 0.1702 60 0.2202 45

! Includes design and operation
2 1y error propagation

6.1.2 Primary Figure Errors—Bare Cassegrain

John Hill suggests that we allow a 0.056 arcsecond FWHM (50% encircled energy
diameter = 0.056 arcseconds, ry = 180 c¢m) term for primary mirror aspheric errors.
If we keep the focal plane position fixed, we find that varying the primary conic by
+0.0001 or the primary radius of curvature by £8 mm uses this entire error budget.
If we allow the focal surface to shift, we find that very substantial conic errors can
be accommodated with a negligible loss of image quality. Each 0.00025 change in the
primary conic shifts the focal plane by ~10 mm, and the position of the secondary
by ~0.5 mm.
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Similarly, changes in the primary radius of curvature can be accommodated with a
negligible loss of image quality if the focal surface can be shifted. Each 20 mm change
in the primary radius of curvature shifts the focal plane position by 10 mm and the
secondary position by 10 mm. However, the corrected f/5 foci are less tolerant of
errors in the primary radius and conic.

6.1.3 Primary Figure Errors—Wide Field

The Run 121796AV and Run 121896AR corrector/secondary prescriptions have been
changed to allow at least 10 mm of shim space between the corrector cell and its
mounting surface and the f/5 instruments and the instrument rotator. These shims
allow us to correct the spherical aberration introduced by small errors in the primary
conic. Beginning with version 6 of these specifications we allow a +0.00025 error in the
primary conic rather than the originally specified #0.0001. This change accomodates
the maximum expected error due to primary metrology.

We have introduced corrective shims because we wish to complete fabrication of the
corrector before the primary and secondaries are tested in the telescope to avoid
excessive delays. The precise primary conic will not be known until some time after
the converted telescope is assembled.

The lateral color is unaffected by small changes in the primary figure.

Primary Conic -1.00025 (-0.00025 from Nominal)
Imaging Configuration-Run 121896AR
Corrector and Focal Plane Shifted ~+10 mm

Diameter to Encircle 90% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

o’ 21 12 10 16 21 23
8.75 42 35 22 17 15 18
14/ 42 33 22 20 23 30
17.5' 28 27 23 22 22 29
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Primary Conic -0.99975 (+0.00025 from Nominal)
Imaging Configuration—Run 121896AR
Corrector and Focal Plane Shifted ~-10 mm

Diameter to Encircle 90% of the Energy (in pum)

Field Angle 3300A

3500A  4000A 4775A

6772A  10000A

o 23
8.87 37
14/ 34
17.5' 25

14
30
26
25

10
18
19
25

15
13
23
25

20 22
14 17
28 35
30 39

The 90% encircled energy diameter averaged over field angle and color is 24 um for a
primary conic of -1.00025 and 23 um for a primary conic of -0.99975. If we compare
these numbers to the 24 um contributed by the “perfect” corrector, we find that there
is no loss of image quality, and the limit is set by the shim allowance in the instrument
and corrector mounting (now 10 mm).
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Primary Radius -16236 mm (420 mm from Nominal)
Imaging Configuration—Run 121896AR
Corrector and Focal Plane Shifted ~+10 mm

Diameter to Encircle 90% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 47754 6772A  10000A

o’ 22 13 10 15 21 23
8.87 41 31 20 15 15 16
14/ 38 30 19 19 25 32
17.5' 27 25 23 23 25 34

Primary Radius -16276 mm (-20 mm from Nominal)
Imaging Configuration-Run 121896AR
Corrector and Focal Plane Shifted ~-10 mm

Diameter to Encircle 90% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

o’ 22 13 10 15 21 23
8.87 41 31 20 15 15 16
14/ 38 30 19 19 25 32
17.5' 27 25 23 23 25 34

The 90% encircled energy diameter averaged over field angle and color is 23 pm for
a primary radius of -16236 mm and 23 pm for a primary radius of -16276 mm. Here
again the limit is set by the shim allowance rather than the image quality. Because
the primary conic is harder to measure than the primary radius, we set a tighter spec
on the primary conic.

6.1.4 Summary of Primary Figure Error Budget

The spectroscopic corrector configuration behaves in the same fashion as the imaging
configuration. We find that the currrent allowance of +0.00025 in the conic and £2.5
mm in the radius will be satisfactory.
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6.2 Secondary Fabrication and Support Tolerances
6.2.1 Error Allocation

The secondary error budget is constructed in a similar fashion except that the pupil
size is considerably smaller at the secondary mirrors. The pupil demagnifications
at the various secondaries (for the bare Cassegrain systems) are shown in the table
below.

Secondary Pupil Demagnification

f/5 113
£/9 6.69
£/15 9.93

The performance of the secondary, which we have specified as ry = 253 cm, can then
be scaled to wavefront errors at the secondary by the factors in the table above. For
example, at f/5 we must achieve ry = 61 cm, as measured at the secondary. This
is very close to the primary specification, so the physical wavefront errors at the
secondary expressed in ry can be the same as for the primary. However, the scaling
to image FWHM will be much more favorable. 4

XKk

The specifications for the f/9 secondary are also shown. They were derived by mod-
ifying the /5 specifications by the ratio of the beam demagnifications between the
two secondaries. The effect produces identical contributions to the image size. See
West (1997) for the detailed polishing specifications for the f/9 mirror. 0

Secondary Error Budget

Error Source Image FWHM  r ro
f/5  £/9
(arcsec) (cm) (cm)

Polishing/Testing 0.022 109 69
Secondary Support! 0.017 141 89
Wind Forces 0.011 214 135
Ventilation Errors 0.011 214 135
Material Homogeneity 0.011 214 135
Reflective Coating 0.006 400 253
Total Secondary 0.0402 60 38

!'Includes design and operation
2 1y error propagation
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6.2.2 Secondary Figure Errors—Bare Cassegrain

We can establish the specifications for the bare Cassegrain foci to use the entire 0.028
arcsecond 50% encircled energy diameter.

Errors that Degrade the 50% EE Diameter to 0.028"

Secondary Conic Error Radius Error

f/5 0.0005 1.0 mm
/9 0.0005 1.6 mm
f/15 0.0007 2.5 mm

We note that the wide field focus sets more stringent requirements for the f/5 focus
(see below). The /9 and f/15 specifications can be set by dividing the conic and
radius errors by v/2 to allocate equal portions to conic and radius errors. We defer
the secondary figure error budget to section 6.2.4 below.

30



6.2.3 Secondary Figure Errors—Wide Field

Here, we assume that the primary conic error budget has used up the entire shim
allowance. We therefore do not allow additional shifts of the corrector and focal
surface to compensate for secondary conic errors. The lateral color is unaffected by
small changes in the secondary figure.

Secondary Conic -2.697825 (-0.001 from Nominal)
Imaging Configuration-Run 121896AR

Diameter to Encircle 90% of the Energy (in pum)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

o 35 28 16 20 21 21
8.87 55 47 31 22 19 19
14/ 47 42 32 31 36 39
17.5' 38 35 32 28 28 34

Secondary Conic -2.695825 (40.001 from Nominal)
Imaging Configuration-Run 121896AR

Diameter to Encircle 90% of the Energy (in pum)

Field Angle 3300A 3500A 4000A 4775A 6772A  10000A

o’ 17 15 14 21 30 33
8.87 35 30 24 21 23 27
14/ 33 29 25 24 29 36
17.5' 26 23 23 26 31 38

The 90% encircled energy diameter averaged over field angle and color is 27 pm for
a secondary conic of -2.695825 and 32 um for a secondary conic of -2.697825. If
we remove the 24 pum contributed by the “perfect” corrector, we find a maximum
contribution of 21 pum from a secondary conic error of £0.001, or 0.124 arcseconds.
The secondary conic/radius error budget is 0.051 arcseconds (90% EE), so we conclude
that a conic error of 0.0004 would use the entire error budget. If we allocate equal
portions to the conic and radius errors, we arrive at a budget of 0.0003 for the conic
error.
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Secondary Radius -5153.074 mm (-2.1 mm from Nominal)
Imaging Configuration—Run 121896AR

Diameter to Encircle 90% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 47754 6772A  10000A
0’ 17 15 14 21 30 33

8.87 35 29 24 21 23 26

14/ 33 29 25 24 29 36

17.5' 26 24 23 26 31 37

Secondary Radius -5148.874 mm (+42.1 mm from Nominal)
Imaging Configuration—Run 121896AR

Diameter to Encircle 90% of the Energy (in pm)

Field Angle 3300A 3500A 4000A 47754 6772A  10000A
0’ 34 28 16 20 21 21

8.87 55 44 31 22 19 19

14/ 47 42 32 31 36 39

17.5' 38 35 31 28 28 34

The 90% encircled energy diameter averaged over field angle and color is 31 pm for a
secondary radius of -5148.874 mm and 26 pm for a secondary radius of -5153.074 mm.
If we remove the 24 um contributed by the “perfect” corrector, we find a maximum
contribution of 20 pym from the radius error, or 0.118 arcseconds. The secondary
conic/radius error budget is 0.051 arcseconds (90% EE), so we conclude that a radius
error of 0.91 mm would use the entire error budget. If we allocate equal portions to
the conic and radius errors, we arrive at a budget of 0.64 mm for the radius error.

32



6.2.4 Summary of the Secondary Figure Error Budget

The error budget for the f/5 secondary is driven by the wide field focus; we summarize
the error budgets in the table below.

Secondary Figure Error Budget

Secondary Conic Error Radius Error

f/5 0.0003 0.6 mm
/9 0.0004 1.1 mm
f/15 0.0005 1.8 mm
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6.3 Corrector Fabrication Tolerances

The following section is a summary of the specifications given in “Fabrication Speci-
fications for the SAO Wide-Field Corrector Elements”, Fabricant (1995).

6.3.1 Encircled Energy and Lateral Color Specifications

The error budget requires a contribution to the 90% encircled energy of less than
20pm (imaging) and 67um (spectroscopy) from fabrication errors in the corrector.
This can be met by requiring that the 90% encircled energy diameters (predicted
by ZEMAX-EE from measurements of the as-fabricated elements) are no more than
10% (or 8um, whichever is greater) larger than the values tabulated for the perfect
corrector (section 5.3.2). In addition, the maximum lateral color at the 50%, 80% and
full field angles (predicted by ZEMAX-EE from measurements of the as-fabricated
elements) must be no more than 5 ym larger than the values tabulated in Section 5.
These specifications for encircled energy and lateral color must be held for both the
Run 121896 AR and Run 121796AV configurations. We summarize these specifications
for both configurations below.

Manufacturing Specifications for Run 121796 AV Optics
Diameter to Encircle 90% of the Energy (in pm)

Field Angle 33004 35004 40004 47754 67724 100004

o’ 57 50 38 29 23 24
15/ 63 66 72 7 82 87
24/ 72 72 75 7 82 87
30/ 132 127 119 116 118 123

Manufacturing Specifications for Run 121896 AR Optics
Diameter to Encircle 90% of the Energy (in pm)

Field Angle 33004 35004 40004 47754 67724 100004

o’ 31 23 17 23 28 30
8.87' 49 40 27 22 21 24
14/ 49 39 28 28 33 40
17.5' 36 34 33 31 33 41
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Run 121796AV Lateral Color Specifications
Maximum Image Centroid Spread Between 3300 and 10000 A

Field Angle Shift (um)

o’ 5
15’ 61
24/ 34
30/ 42

Run 121896 AR Lateral Color Specifications
Maximum Image Centroid Spread Between 3300 and 10000 A

Field Angle Shift (um)

o’ )
8.87 21
14/ 12
17.5' 27

These specifications give 90% encircled energy diameters, averaged over field angle
and color, of 78 pym and 32 pm respectively. If we remove the 69 ym and 24 um
contributed by the “perfect” corrector, we obtain fabrication errors of 36 um and 21
pum, respectively. These correspond to 90% encircled energy diameters of 0.22 and
0.12 arcseconds, which meet the error budget.

6.3.2 Differential Image Distortion Specifications

The assembled corrector shall have less than 35 pum of differential distortion at the
field edges of each of the two configurations as specified in section 5.3.4.

6.3.3 Optical Axis Offset Specifications

The assembled corrector shall have less than 50 pum of image displacement at the
focal surface from the geometrical axis defined by the corrector cell, as predicted by
ZEMAX. We assume for this specification that the corrector elements will be mounted
into the cell by reference to their machined edges with no additional error. Note that
for Run 121796AV, this specification includes the contribution of the ADC prism
fabrication errors.
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6.3.4 Small Scale Surface Errors and Roughness Specifications

Here, we speci