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� Introduction

��� Purpose of this Document

This document is meant to de
ne 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 �	
below� In the case of a con�ict between the references and the present speci
cations�
the latter shall prevail�

��� The ���m 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 ��� 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 f��� f�� and f���� A
refractive corrector can be installed at the f�� focus to produce a very wide 
eld� the
f�� focus will accommodate the current instruments and the f��� will be used for the
IR and for adaptive optics� These foci in combination will give the converted MMT
an unsurpassed versatility�

��� Outline

We begin with optical and mechanical speci
cations for the telescope optics in sections
� and �� Then we de
ne the criteria used to evaluate the optical performance of the
system� In section � we present the error budgets for the various con
gurations of
the telescope� The following two sections give the speci
cations for fabrication and
collimation that are required to meet the error budgets� We conclude with a discussion
of thermal and wind e�ects in section 
�

�



� Optical Prescriptions

��� Introduction to the Optics

Here we list the optical prescriptions for the various con
gurations of the telescope�
Figure � shows the layout of the optics�

The Primary

Diameter Radius of Curvature Conic Constant
Spec ��	� mm ��������� mm ���				�	�			��
As built ��������	�� mm ���				��������������

The Bare Cassegrain Foci

f� Scale Back Focal Foc Surf Secondary Secondary
Distance Rad Curv Conic Vert Rad

�mm�arcsec� �mm� �mm� �mm�
���� 	���� �
���� ���� ������� ������
��		 	��
� ���
��� ���� ������� �
	��

���		� 	���� ��
���	� 
�� ����	�� ������

� f��� secondary is undersized from an f����� parent�

The Wide�Field Cassegrain Foci
�with refractive corrector�

f� Purpose ADC� Scale Distortion Focal Surface Focal Surface
�mm�arcsec� Radius �mm� Conic

���� Spectroscopy� 	� FOV Yes 
�	�� 	�
� ��
� ����
���� Imaging� 
��� FOV No 
�	�� 	� Flat

Field Diameters vs� Image Quality
�on appropriately curved focal surfaces�

f� 	��� arcsec 	�� arcsec ��	 arcsec Unvignetted
�RMS dia� �RMS dia� �RMS dia� Field

���� bare �� �� �� ��	�

��		 bare �� ��� ��� ���

���		 bare ��� �	� ��� ��

���� cor� �
� �	� ��� ��	�

���� cor� ��� ��� ��� ��	�

�



Prime Focus

f/15 Secondary

 f/9 Secondary

f/5 Secondary

8128
Vertex height(mm)

7307.470

6919.952

6184.418 imaging
6177.999 bare

    0.00  primary vertex
-29.38  first corrector surface

-1466.85 (mounting)

-1778.00 f/9
-1794.93 f/5 spectroscopy
-1812.54 f/5 imaging
-1849.67 f/5 bare
-2286.00 f/15

Instrument mounting surface
Filter/field flattener
Focal plane

}
Primary mirror

Wide field corrector (imaging)

6184.961 spectroscopic

Figure �� Layout of the optics� including all three secondaries and the imaging con�

guration of the wide�
eld corrector�






Figure �� Allowable ranges on f�� secondary conic and radius� set by allowing a
��mm range on the back focal distance�

��� f�� Bare

The f�� secondary design was driven by the requirements of the wide 
eld 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 several cm larger
than that of the corrected system� The clear apertures are derived by requiring a ��

diameter unvignetted 
eld with the corrector in place �spectroscopy con
guration��
The conic�radius error speci
cation is shown in Figure �� Details of the f�� secondary
speci
cations are described by Fabricant �������

Secondary Secondary Secondary
Vertex Radius Conic Clear Aperture
��������� mm ������� ��

 mm
��	��
	
	 in ����� 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 
xed� the focal
surface radius of curvature that provides the best o��axis images is determined�

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

�
����� mm ���
�		 mm ����� mm
���
�� in ������
 in �
���� in

�



��� f�� With Wide Field Refractive Corrector

����� Spectroscopic con�guration

File � spect �nal�ZMX
Title� MMT Spectroscopic Corrector � As Built
Date � FRI SEP �� ����

Surf Type Radius Thickness Glass Diameter Conic Vertex Height
OBJ STANDARD In
nity In
nity 	 	
STO STANDARD ������ ���
����� MIRROR ��	��� �� 	�			

� STANDARD ����	���� ��
����� MIRROR ��
���	� ������� ���
�����
� STANDARD In
nity ����
� 
�
����� 	 	�			
� STANDARD �	����� ����

 SIL�C 
����� 	 ����
�
� STANDARD ����
�� 
	�	
� 
����� 	 �	����	
� STANDARD �	������ ������ SIL�C ����	� 	 �
�����
� STANDARD ����
�� ������ ����	� 	 �������

 STANDARD ���
��� ����	
 SIL�C ������ 	 �		����
� STANDARD ���	���� ���
�
 ������ 	 ����
��
�	 COORDBRK � 	 � � � �	���
�
�� FZERNSAG In
nity ���� SFSL�Y �C ��
��� 	 �	���
�
�� FZERNSAG In
nity 	���� CAF�P�	 ��
��� 	 ����	
�
�� FZERNSAG In
nity ����� PBL�Y �C ��
��� 	 �����	�
�� STANDARD In
nity ����	� ��
��� 	 �������
�� COORDBRK � 	 � � � ��	����
�� FZERNSAG In
nity ����� PBL�Y �C ��
��� 	 ��	����
�� FZERNSAG In
nity 	���� CAF�P�	 ��
��� 	 �
�����
�
 FZERNSAG In
nity ���� SFSL�Y �C ��
��� 	 �
�����
�� STANDARD In
nity ������� ��
��� 	 ��	����
�	 COORDBRK � 	 � � � ���	����
�� STANDARD In
nity ���� SIL�C ��
��	�� 	 ���	����
�� STANDARD In
nity ������� ����
�	� 	 ��������

IMA STANDARD ���	� �������� ���� ��������

�	



����� Imaging con�guration

File � image �nal�ZMX
Title� MMT Imaging Corrector � As Built
Date � FRI SEP �� ����

Surf Type Radius Thickness Glass Diameter Conic Vertex height
OBJ STANDARD In
nity In
nity 	 	
STO STANDARD ������ ���
����� MIRROR ��	��� �� 	�			

� STANDARD ����	���� ��
����� MIRROR ������ ������� ���
�����
� STANDARD In
nity ����
� �������� 	 	�			
� STANDARD �	����� ����

 SIL�C 
����� 	 ����
�
� STANDARD ����
�� 
	�	
� 
����� 	 �	����	
� STANDARD �	������ ������ SIL�C ����	� 	 �
�����
� STANDARD ����
�� ����		� ����	� 	 �������

 STANDARD �
	���� ���	�� SIL�C ������ 	 �������
� STANDARD ��	�	��� �	������ ������ 	 ��	����
�	 STANDARD In
nity 
���� S�TIL� �������� 	 ��������
�� STANDARD In
nity �
�� ������	
 	 ��������
�� STANDARD ������
	� �
��� SIL�C ��	�
�
� 	 �����
��
�� STANDARD ��	������ ������ ��	�
��
 	 ���	�	��

IMA STANDARD In
nity ��
����� 	 �
������

��� f�	

Here we require a ��� unvignetted 
eld�

Secondary Secondary Secondary Minimum Secondary Design
Vertex Radius Conic Clear Aperture Clear Aperture
��
	���

 mm ��������	 �����	 mm �		��� mm
���	�����		 in ������ in ����� in

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

���
�			 mm �������� mm ����� mm
�	�			 in �������� in ��	��� in

��



��� f���

Here the secondary is undersized from a f����� parent so that the aperture stop is
at the secondary mirror� See section ��� below for a discussion of infrared per�
formance� The f��� issues are also discussed in detail in John Hill�s LBT Technical
Memo �Infrared Secondaries� The Meaning of F����� dated September ��� ����� The
prescription was updated in November ���� 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
��������
�mm ����	��� ����	� mm
��	�����in �����
 in

Back Focal Primary�Secondary Focal Surface
Distance Separation Radius of Curvature
��
��	 mm ��	����	 mm �
�� mm
�	�			 in �
������ in ����	 in

��



� Mechanical Description of the Optical Elements

��� Optical Materials

We use six di�erent optical materials for the MMT Conversion� ��� Ohara E� �a
borosilicate glass� for the primary� ��� Schott Tempax �a borosilicate glass� for the
f�� secondary� ��� Zerodur for the f�� secondary� ��� fused silica for the wide�
eld cor�
rector� ��� Ohara FSL�Y and ��� Ohara PBL�Y� FSL�Y and PB�LY are used for the
ADC prisms in the wide�
eld corrector� Some representative mechanical properties
near �� �C are given in the following table�

Material Density Young�s Poisson�s Coe�cient of Thermal
Modulus Ratio Thermal Expan�� Conductivity

�g�cc� �MPa� �per �C� �watts�m���C�
Ohara E� ���
 ����		 	���� �����	�� 	���

Tempax borosilicate ���� ���			 	�� �����	�� ����
Zerodur ���� �	��		 	��� �����	�� ����
fused silica ���	� ���			 	��� �����	�� ���

Ohara FSL�Y ���� ����		 	���� ��	��	�� ��	�
Ohara PBL�Y ���� �	��		 	��	� 
����	�� ��	�

� The tabulated CTE�s are averaged over di�erent temperature ranges� For the Ohara
materials� the range is ��	 to ��	 �C� For Zerodur the range is 	 to �	 �C� and refers
to measurements of samples from the f�� secondary� For fused silica the range is � to
�� �C�

��



��� Primary and Secondary Dimensions

Element Drawing Clear Overall Edge Center Weight
Number Diameter Diameter Thick� Thick

�mm� �mm� �mm� �mm� �kg�
Primary S	 ���
 ��	� ���� ��� ��� ����

f�� Secondary SAO MMTC�		� ���� ���� ��� �	� �


f�� Secondary Hextek �	�����	 �		� �	�� ��� ��� ��
f��� Secondary

��� Wide Field Corrector Element Dimensions

Element Drawing Clear Overall Center Weight

Number Diameter Diameter Thick

�mm� �mm� �mm� �kg�

Lens � SAO MMTC����� ��� mm ��� mm �� ��

Lens 	 SAO MMTC����� ��	 mm �
� mm �� 
�

Lens � SAO MMTC����	 �	� mm ��� mm �
 �


Lens � SAO MMTC����� ��� mm �	� mm �� 	�

Top ADC Assembly SAO MMTC���� �	� mm ��
 mm �� ��

Bottom ADC Assembly SAO MMTC���� �	� mm ��
 mm �� ��

Element Drawing Clear Overall Min
 Max


Number Diameter Diameter Thick
 Thick

�mm� �mm� �mm� �mm�

ADC Prism � SAO MMTC����� �	� mm ��
 mm ��
	 �	
�

ADC Prism 	 SAO MMTC����� �	� mm ��
 mm �
� 	�
�

ADC Prism � SAO MMTC����� �	� mm ��
 mm �
� 		
�

ADC Prism � SAO MMTC����� �	� mm ��
 mm ��

 �	



��� Wide Field Corrector Assembly

Con
guration Drawing Weight
Number �kg�

Spectroscopic Mode SAO MMTC��	� �	�
Imaging Mode SAO MMTC��	� ���

��



� Evaluation Criteria for Optical Performance

��� The Structure Function

Angel ���
�� 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 di�erence introduced by the atmosphere between points on the wavefront with
spatial separation x is�

�� � 	����� � �x�r����� ���

where the error is expressed as phase di�erence� ��� in waves� No matter what value
of r� we use� the errors are always proportional to x��� 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 r�� we may specify the permissible wavefront distortion introduced by a mirror or
a telescope� Converting from phase error to a linear dimension� we 
nd the structure
function�

���x� �

�
�

��

��

��


�
x

r�

���	
���

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 o� the structure function
at large spatial scales�

���x� �

�
�

��

��

��


�
x

r�

���	 �
�� 	����

�
x

D

���	�
���

where D is the telescope aperture diameter�

Scattering E�ects Di�raction e�ects allow us to relax the speci
cations at small
spatial scales� Ruze ������ gives the fractional loss due to scattering from small errors
on scales much less than r� as�

loss �
�
���

�

��
���

where � is the rms deviation from the mean wavefront� We want to specify the small
scale �� cm� surface roughness so that no more than �� of the light is scattered outside

��



the seeing disk at ��	 nm from either the primary or secondary� To achieve this level
of performance� � � ��� nm� which implies a ���� nm rms wavefront di�erence or a
� nm rms surface error� The overall wavefront error budget can then be speci
ed as
the structure function�

���x� � ��� �

�
�

��

��

��


�
x

r�

���	
���

��x� is the rms wavefront di�erence between points separated by x�

Zenith Angle When the telescope is looking away from the zenith� we may expect
the images to degrade� The seeing degrades according to �cos z�	��� so an r� � �� cm
atmosphere will be only r� � �	 cm at a zenith angle� z� of �	�� 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�

��� Encircled Energy

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

For a �D Gaussian image� de
ned by�

�

����
exp

�
�	��

�
r

�

���
���

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

�� exp

�
�	��

�
r

�

���
� ���

and we obtain the following equivalent measures of image size�

� ��		�� FWHM
� ��		�� �	� encircled energy diameter

� ���
�� �
� encircled energy diameter ��D RMS image diameter�

� ������ 
	� encircled energy diameter

� ��
��� �	� encircled energy diameter

��



� �	�� cm r� �	��	m� 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 �	� encircled diameter� For historical
reasons� some of the speci
cations are given in terms of another quantity� In those
cases will use the above relations as an approximate conversion�

��� Di
erential Distortion

For wide�
eld 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 
xed radius in the focal plane as the instrument
rotator tracks� In the presence of misalignments in the system this is not guaranteed�
We de
ne the �di�erential distortion� as follows� Let A be the spherical 
eld angle
that produces an image� a� with its centroid on the optical axis of the instrument
rotator� Let B be the locus of all 
eld angles such that jB � Aj is constant� The
centroid of B is located at position b in the focal plane� The di�erential distortion is
de
ned as max�b� a��min�b� a�� We will discuss below the speci
c tolerances on
the di�erential distortion�

��� 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 de
ned 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 o�sets 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 
eld angles
with respect to the primary axis� Unless the axis deviations are substantial compared
with the maximum 
eld angle� this should not cause any complications� In no case
does the o�set become large before the image quality deteriorates unacceptably� Thus�
the tolerances on the o�set of the axis of any element is dictated only by image quality
and di�erential distortion�

��



� Optical Performance Goals

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

��� Goals for the Bare Cassegrain Foci

For the bare Cassegrain foci� the optical error budget for the converted MMT is
speci
ed to match the wavefront produced by the atmosphere in the very best seeing
conditions� Speci
cally� the goal is to have the telescope produce a wavefront structure
function equivalent to an r� � �� cm atmosphere at a wavelength of �			 �A� or images
of �	����� FWHM� The telescope and atmosphere �during superlative seeing� should
deliver a wavefront to the focal plane equivalent to an r� � �� cm atmosphere or a
detected image of 	����� FWHM�

��� Telescope Error Budget�Bare Cassegrain Foci

Error Source Image FWHM Equivalent r�
�arcseconds� �cm�

Tracking and Drives 	�	�	 ����
Secondary Alignment and Focus 	�	�	 ����
Primary Mirror Surface 	���	 ���
Primary Conic�Radius 	�	�� ��
	
Secondary Mirror Surface 	�	�	 ����
Secondary Conic�Radius 	�	�
 ����
Telescope Seeing ��� � 	�	�	 ���

Best Atmospheric Seeing 	���� ���
Best Final Image �total� 	���� ���

�




��� Speci�cations for the F�� Wide Field

	���� Introduction to the Wide Field Speci�cations

The wide 
eld speci
cations must consider several additional error terms� ��� the
design optical performance of the corrector� ��� corrector fabrication errors and ���
corrector collimation� For the wide 
eld we adopt geometrical optics speci
cations
for the encircled energy diameters� supplemented by a lateral color speci
cation�
Fortunately� the lateral color is una�ected by collimation errors and so we defer the
lateral color speci
cations to the section on corrector fabrication tolerances�

In addition to the image quality speci
cations� we need to specify� di�erential image
distortion �which will cause positioning errors and light loss with optical 
bers�� and
surface roughness �which will cause light loss due to scattering��

	���� Performance of Perfect Corrector Optics

We 
rst describe the performance of the wide 
eld system with a perfect primary and
secondary mirror and �as�designed� corrector optics�
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Performance with Perfect Optics

Spectroscopic Con�guration�Run ������AV

Lateral Color Shifts in �m

Field Angle �����A �����A �����A �����A ���	�A ������A �����������A

�� � � � � � � �

��� ��� �	� ��	 � �	 	� ��

	�� �	� ��� �� � � � 	


��� �� �� � � ��� �	� ���

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� � � � � 
 ��

��� �� �� �
 �� �� ��
	�� �� �� �� �
 �� ��

��� �� �� �� �	 �� ��

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �	 	� �� �� ��

��� �� �� �� �	 �� ��

	�� �� �� �� �� �� ��

��� ��� ��� 
� 
� �
 
�

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �
 �	 �� 	� �� ��

��� �� �� �� �
 �� �


	�� �� �� �� �
 �� �


��� �	� ��� ��� ��� ��� ��	

�	



Performance with Perfect Optics

Imaging Con�guration�Run ���
��AR

Lateral Color Shifts in �m

Field Angle �����A �����A �����A �����A ���	�A ������A �����������A

�� � � � � � � �

�
��� ��	 �
 �� � � � ��

��� �� �� �� � �� �� ��

��
�� � � � � �� ��� �		

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� � 	 � �� �� ��

�
��� �� �� � � � ��
��� �� �� 
 
 �� ��

��
�� �� �� �	 �	 �� 	�

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� � 
 �� �
 	�

�
��� 	� �
 �� �� �� ��

��� 	� �� �� �� 		 	�

��
�� 	� 		 	� �
 		 	


Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 	� �� 
 �� 	� 		

�
��� �� �	 �
 �� �� ��

��� �� �� 	� 	� 	� �	

��
�� 	� 	� 	� 	� 	� ��
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	���� Wide Field Error Budget

For the purpose of the speci
cations� it is helpful to condense the tables above to a
few representative numbers� We do this by averaging the performance over the 
eld
angles and colors in the tables above�

Performance of Perfect Corrector
Averaged Over Field Angle and Color

Con
guration �	� EE 
	� EE �	� EE
Diameter Diameter Diameter
�	m� �	m� �	m�

Imaging �� �
 ��
Spectroscopy �	 �� ��

We can now construct an error budget for the imaging con
guration based on the
bare Cassegrain error budget�

Error Budget for Wide Field Imaging

Error Source �	� EE Dia� Equivalent r� �	� EE
�arcseconds� �cm� 	m

Tracking and Drives 	�	�	 ���� ��
Secondary Alignment and Focus 	�	�	 ���� �

Primary Mirror Surface 	���	 ��� ��
Primary Conic�Radius 	�	�� ���� ��
Secondary Mirror Surface 	�	�	 ���� ��
Secondary Conic�Radius 	�	�
 ���� �
Telescope Seeing ��� � 	�	�	 ���
 �

Best Atmospheric Seeing 	���� ��� �

Corrector Optical Design 	�	�� ���� �	
Corrector Fabrication 	�	�� ���� �	
Primary Alignment 	�	�� ��
	 ��
Corrector Alignment 	�	�
 ���	 �
Best Final Image� �total� 	���
 ��	 �	�
�Averaged over 
eld angle and color�

��



The error budget for the spectroscopic con
guration�

Error Budget for Wide Field Spectroscopy

Error Source �	� EE Dia� Equivalent r� �	� EE
�arcseconds� �cm� 	m

Tracking and Drives 	�	�	 ���� ��
Secondary Alignment and Focus 	�	�	 ���� �

Primary Mirror Surface 	���	 ��� ��
Primary Conic�Radius 	�	�� ���� ��
Secondary Mirror Surface 	�	�	 ���� ��
Secondary Conic�Radius 	�	�
 ���� �
Telescope Seeing ��� � 	�	�	 ���
 �

Best Atmospheric Seeing 	���� ��� �

Corrector Optical Design 	���� ��� ��
Corrector Fabrication 	���	 ��� ��
Primary Alignment 	�	�	 ���� ��
Corrector Alignment 	�	�	 ���� ��
Best Final Image� �total� 	���� ��� ���
�Averaged over 
eld angle and color�

	���� Di�erential Image Distortion Speci�cations

Di�erential image distortion is most serious for wide 
eld spectroscopic applications�
where di�erential distortion will result in light loss at the slit or optical 
ber� The
pattern of distortion will in general change with time as the instrument rotates or the
telescope collimation changes� We set as a limit 	��� arcseconds for the movement
of the image centroid from the mean position at the edge of the spectroscopic 
eld
due to di�erential distortion� This corresponds to 	��	 arcseconds ��	 	m� for the
maximum di�erences in radial position for two points �	 arcminutes o� axis� We
assume that� in general� di�erential distortion arising from di�erent misalignments
will add in quadrature� but this assumption will fail at times�

��



Wide Field Di�erential Distortion Error Budget

Di�erential Distortion Source O�set �	m�
Primary Collimation �
Primary Mechanical�Optical Fab� �
Secondary Collimation �
Corrector Collimation ��
Corrector Fabrication ��
Total �	

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 ��

	���	 Surface Roughness Speci�cations

Given the number of surfaces in the refractive corrector �ten in the spectroscopic
con
guration� and six in the imaging con
guration� scattering losses are important�
The best available antire�ection coatings will produce losses of ��� per surface� if
we were to allow the same �� scattering losses produced by the re�ective 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����� as compared
with re�ective surfaces� Furthermore� the optics are smaller and tighter speci
cations
are possible at reasonable cost� If we specify � nm rms surface roughness at small
scales �� cm at the primary scales to 	�� mm at the corrector�� we obtain a scattering
loss of �	��� at ��		 �A�

��



� Optical Fabrication and Support Tolerances

��� Primary Fabrication and Support Tolerances

����� 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 ���� 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�

���x� � r
��	
� �
�

and we must propagate errors as  r�
������ In this case� the RSS of the image FWHM

will not yield the same answer�

Error Source Image FWHM r� Image FWHM r�
at zenith at zenith at �	� elevation at �	� elevation
�arcsec� �cm� �arcsec� �cm�

Polishing�Testing 	�	�� �	� 	�	�� �	�
Primary Support� 	�	�� ��� 	���	 �

Wind Forces 	�	�	 ��� 	�	
� ���
Ventilation Errors 	�	�	 ��� 	�	�	 ���
Material Homogeneity 	�	�	 ��� 	�	�	 ���
Re�ective Coating 	�	�� �		 	�	�� �		
Total Primary 	���	� �	 	���	� ��
� Includes design and operation
� r� error propagation

����� Primary Figure Errors�Bare Cassegrain

John Hill suggests that we allow a 	�	�� arcsecond FWHM ��	� encircled energy
diameter � 	�	�� arcseconds� r� � �
	 cm� term for primary mirror aspheric errors�
If we keep the focal plane position 
xed� we 
nd that varying the primary conic by
�	�			� or the primary radius of curvature by �
 mm uses this entire error budget�
If we allow the focal surface to shift� we 
nd that very substantial conic errors can
be accommodated with a negligible loss of image quality� Each 	�			�� change in the
primary conic shifts the focal plane by ��	 mm� and the position of the secondary
by �	�� mm�

��



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 �	 mm change
in the primary radius of curvature shifts the focal plane position by �	 mm and the
secondary position by �	 mm� However� the corrected f�� foci are less tolerant of
errors in the primary radius and conic�

����� Primary Figure Errors�Wide Field

The Run ������AV and Run ���
��AR corrector�secondary prescriptions have been
changed to allow at least �	 mm of shim space between the corrector cell and its
mounting surface and the f�� 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 � of these speci
cations we allow a�	�			�� error in the
primary conic rather than the originally speci
ed �	�			�� 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 una�ected by small changes in the primary 
gure�

Primary Conic ���


�	 ��
�


�	 from Nominal�
Imaging Con�guration�Run ���
��AR

Corrector and Focal Plane Shifted ���
 mm

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 	� �	 �� �� 	� 	�

�
��� �	 �� 		 �� �� ��

��� �	 �� 		 	� 	� ��

��
�� 	� 	� 	� 		 		 	


��



Primary Conic �
�����	 ��
�


�	 from Nominal�
Imaging Con�guration�Run ���
��AR

Corrector and Focal Plane Shifted ���
 mm

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 	� �� �� �� 	� 		

�
��� �� �� �� �� �� ��

��� �� 	� �
 	� 	� ��
��
�� 	� 	� 	� 	� �� �


The �	� encircled energy diameter averaged over 
eld angle and color is �� 	m for a
primary conic of ���			�� and �� 	m for a primary conic of �	������� If we compare
these numbers to the �� 	m contributed by the �perfect� corrector� we 
nd that there
is no loss of image quality� and the limit is set by the shim allowance in the instrument
and corrector mounting �now �	 mm��
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Primary Radius ������ mm ���
 mm from Nominal�
Imaging Con�guration�Run ���
��AR

Corrector and Focal Plane Shifted ���
 mm

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 		 �� �� �� 	� 	�

�
��� �� �� 	� �� �� ��

��� �� �� �
 �
 	� �	
��
�� 	� 	� 	� 	� 	� ��

Primary Radius ������ mm ���
 mm from Nominal�
Imaging Con�guration�Run ���
��AR

Corrector and Focal Plane Shifted ���
 mm

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 		 �� �� �� 	� 	�

�
��� �� �� 	� �� �� ��

��� �� �� �
 �
 	� �	

��
�� 	� 	� 	� 	� 	� ��

The �	� encircled energy diameter averaged over 
eld angle and color is �� 	m for
a primary radius of ������ mm and �� 	m for a primary radius of ������ 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�

����� Summary of Primary Figure Error Budget

The spectroscopic corrector con
guration behaves in the same fashion as the imaging
con
guration� We 
nd that the currrent allowance of �	�			�� in the conic and ����
mm in the radius will be satisfactory�
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��� Secondary Fabrication and Support Tolerances

����� 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 demagni
cations
at the various secondaries �for the bare Cassegrain systems� are shown in the table
below�

Secondary Pupil Demagni
cation
f�� ����
f�� ����
f��� ����

The performance of the secondary� which we have speci
ed as r� � ��� cm� can then
be scaled to wavefront errors at the secondary by the factors in the table above� For
example� at f�� we must achieve r� � �� cm� as measured at the secondary� This
is very close to the primary speci
cation� so the physical wavefront errors at the
secondary expressed in r� can be the same as for the primary� However� the scaling
to image FWHM will be much more favorable�

The speci
cations for the f�� secondary are also shown� They were derived by mod�
ifying the f�� speci
cations by the ratio of the beam demagni
cations between the
two secondaries� The e�ect produces identical contributions to the image size� See
West ������ for the detailed polishing speci
cations for the f�� mirror�

Secondary Error Budget

Error Source Image FWHM r� r�
f�� f��

�arcsec� �cm� �cm�
Polishing�Testing 	�	�� �	� ��
Secondary Support� 	�	�� ��� 
�
Wind Forces 	�	�� ��� ���
Ventilation Errors 	�	�� ��� ���
Material Homogeneity 	�	�� ��� ���
Re�ective Coating 	�		� �		 ���
Total Secondary 	�	�	� �	 �

� Includes design and operation
� r� error propagation

��



����� Secondary Figure Errors�Bare Cassegrain

We can establish the speci
cations for the bare Cassegrain foci to use the entire 	�	�

arcsecond �	� encircled energy diameter�

Errors that Degrade the 	
� EE Diameter to 
�
�
��

Secondary Conic Error Radius Error
f�� 	�			� ��	 mm
f�� 	�			� ��� mm
f��� 	�			� ��� mm

We note that the wide 
eld focus sets more stringent requirements for the f�� focus
�see below�� The f�� and f��� speci
cations can be set by dividing the conic and
radius errors by

p
� to allocate equal portions to conic and radius errors� We defer

the secondary 
gure error budget to section ����� below�

�	



����� 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 una�ected by
small changes in the secondary 
gure�

Secondary Conic ������
�	 ��
�

� from Nominal�
Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� 	� �� 	� 	� 	�

�
��� �� �� �� 		 �
 �


��� �� �	 �	 �� �� �


��
�� �� �� �	 	� 	� ��

Secondary Conic �����	
�	 ��
�

� from Nominal�
Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �� �� 	� �� ��

�
��� �� �� 	� 	� 	� 	�

��� �� 	
 	� 	� 	
 ��

��
�� 	� 	� 	� 	� �� ��

The �	� encircled energy diameter averaged over 
eld angle and color is �� 	m for
a secondary conic of ������
�� and �� 	m for a secondary conic of ������
��� If
we remove the �� 	m contributed by the �perfect� corrector� we 
nd a maximum
contribution of �� 	m from a secondary conic error of �	�		�� or 	���� arcseconds�
The secondary conic�radius error budget is 	�	�� arcseconds ��	� EE�� so we conclude
that a conic error of 	�			� would use the entire error budget� If we allocate equal
portions to the conic and radius errors� we arrive at a budget of 	�			� for the conic
error�

��



Secondary Radius �	�	��
�� mm ����� mm from Nominal�
Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �� �� 	� �� ��

�
��� �� 	
 	� 	� 	� 	�

��� �� 	
 	� 	� 	
 ��

��
�� 	� 	� 	� 	� �� ��

Secondary Radius �	��
�
�� mm ����� mm from Nominal�
Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� 	� �� 	� 	� 	�

�
��� �� �� �� 		 �
 �


��� �� �	 �	 �� �� �


��
�� �� �� �� 	� 	� ��

The �	� encircled energy diameter averaged over 
eld angle and color is �� 	m for a
secondary radius of ����
�
�� mm and �� 	m for a secondary radius of ������	�� mm�
If we remove the �� 	m contributed by the �perfect� corrector� we 
nd a maximum
contribution of �	 	m from the radius error� or 	���
 arcseconds� The secondary
conic�radius error budget is 	�	�� arcseconds ��	� EE�� so we conclude that a radius
error of 	��� mm would use the entire error budget� If we allocate equal portions to
the conic and radius errors� we arrive at a budget of 	��� mm for the radius error�

��



����� Summary of the Secondary Figure Error Budget

The error budget for the f�� secondary is driven by the wide 
eld focus� we summarize
the error budgets in the table below�

Secondary Figure Error Budget

Secondary Conic Error Radius Error
f�� 	�			� 	�� mm
f�� 	�			� ��� mm
f��� 	�			� ��
 mm

��



��� Corrector Fabrication Tolerances

The following section is a summary of the speci
cations given in �Fabrication Speci�

cations for the SAO Wide�Field Corrector Elements�� Fabricant �������

����� Encircled Energy and Lateral Color Speci�cations

The error budget requires a contribution to the �	� encircled energy of less than
�		m �imaging� and ��	m �spectroscopy� from fabrication errors in the corrector�
This can be met by requiring that the �	� encircled energy diameters �predicted
by ZEMAX�EE from measurements of the as�fabricated elements� are no more than
�	� �or 
	m� whichever is greater� larger than the values tabulated for the perfect
corrector �section ������� In addition� the maximum lateral color at the �	�� 
	� and
full 
eld angles �predicted by ZEMAX�EE from measurements of the as�fabricated
elements� must be no more than � 	m larger than the values tabulated in Section ��
These speci
cations for encircled energy and lateral color must be held for both the
Run ���
��AR and Run ������AV con
gurations� We summarize these speci
cations
for both con
gurations below�

Manufacturing Speci�cations for Run �	�
��AV Optics

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �� �� 	
 	� 	�

��� �� �� �	 �� �	 ��

	�� �	 �	 �� �� �	 ��

��� ��	 �	� ��
 ��� ��� �	�

Manufacturing Speci�cations for Run �	����AR Optics

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� 	� �� 	� 	� ��

�
��� �
 �� 	� 		 	� 	�

��� �
 �
 	� 	� �� ��

��
�� �� �� �� �� �� ��

��



Run �	�
��AV Lateral Color Speci�cations

Maximum Image Centroid Spread Between ���� and ����� 
A

Field Angle Shift ��m�

�� �

��� ��

	�� ��

��� �	

Run �	����AR Lateral Color Speci�cations

Maximum Image Centroid Spread Between ���� and ����� 
A

Field Angle Shift ��m�

�� �

�
��� 	�

��� �	

��
�� 	�

These speci
cations give �	� encircled energy diameters� averaged over 
eld angle
and color� of �
 	m and �� 	m respectively� If we remove the �� 	m and �� 	m
contributed by the �perfect� corrector� we obtain fabrication errors of �� 	m and ��
	m� respectively� These correspond to �	� encircled energy diameters of 	��� and
	��� arcseconds� which meet the error budget�

����� Di�erential Image Distortion Speci�cations

The assembled corrector shall have less than �� 	m of di�erential distortion at the

eld edges of each of the two con
gurations as speci
ed in section ������

����� Optical Axis O�set Speci�cations

The assembled corrector shall have less than �	 	m of image displacement at the
focal surface from the geometrical axis de
ned by the corrector cell� as predicted by
ZEMAX� We assume for this speci
cation that the corrector elements will be mounted
into the cell by reference to their machined edges with no additional error� Note that
for Run ������AV� this speci
cation includes the contribution of the ADC prism
fabrication errors�

��



����� Small Scale Surface Errors and Roughness Speci�cations

Here� we specify the maximum allowable surface errors at scales of � to �	 mm� We
adopt a speci
cation based on area�weighted slope errors� The maximum distance
from the optical elements to the focal plane is ��
		 mm� so a wavefront slope error
of �	�� radians would cause an image blur of �
 	m at the focal surface� We require
a total contribution of less than � 	m� and so specify that the area�weighted slope
errors on the element surfaces on scales of � to �	 mm be less than ���	�� radians�
The elements shall have a �	 �A RMS surface roughness at spatial scales smaller than
� mm�

The elements shall be 
nished to a Mil �	��	 scratch�dig speci
cation in the optical
clear aperture�

��



� Collimation Tolerances

��� Introduction

For most purposes we will de
ne the axis of the instrument rotator as the fundamental
axis of the telescope� This is a useful de
nition for several reasons� �� The rotator
axis must de
ne the pointing axis of the telescope to avoid having tracking errors� ��
It is the easiest axis to locate because it can be determined by turning the rotator�
�� The instrument rotator axis has no active control so it provides a 
xed reference�

We must then consider the e�ects of misalignments of the primary� secondary and
corrector with respect to the rotator axis� Because the aberrations due to misalign�
ments of the primary and the secondary are very strongly coupled to each other� we
will consider the following more independent set of misalignments� �� the secondary
with respect to the primary�corrector�rotator� �� the primary�secondary combina�
tion with respect to the corrector�rotator� and �� the corrector with respect to the
other three elements� We begin with a summary of the �exure of the telescope due to
gravity� Then we establish the sensitivities of image quality and di�erential distortion
due to the three modes of misalignment and construct an error budget�

��� SG
H Finite Element Predictions

As part of the design of the optics support structure �OSS� and cell of the converted
MMT� Simpson� Gumpertz and Heger �SG�H� created a 
nite element model of the
telescope� These 
nite element models predict de�ections of the secondaries� focal
point in the instrument and corrector mounting �ange with respect to the mounting
locations of the primary hardpoints in the primary cell� These de�ections should
probably be interpreted as lower limits since realistic secondary and primary supports
and instrument rotators must be added to the structural de�ections from the 
nite
element model�

These results were culled from the three J� Antebi memos listed in the references� The
de�ections have been calculated for gravity loads with the telescope zenith and horizon
pointing� as well as for wind loads of �� meters�second ��	 mph� with the telescope
zenith pointing and at an elevation of ���� In each case� a ���	 kg instrument load
located ���� m behind the primary mirror vertex was applied� The de�ections are
tabulated at the secondary vertices and at the �on�axis� focal point in the instrument�

In the following� the coordinate system is 
xed with respect to the primary mirror
and rotates with the primary� The X axis runs parallel to the elevation axis� the Y
axis points upwards when the telescope is horizon pointing and Z runs parallel to
the optical axis of the primary� The linear de�ections are in 	m� the rotations are in

��



arcseconds�

F�	 Secondary

Element De�ection Gravity Gravity Wind Wind
Horizon Zenith Zenith Elevation����

Secondary ! Y ���� ���� �� ��
Secondary ! Z ��� ���� �	�
� �	���
Secondary !
X ����� ���� ����� �����
Corrector ! Y �� ��	
Corrector ! Z ��� ����
Corrector !
X �����	 ���

Instrument ! Y ��� ��� ���� ����
Instrument ! Z ��� ���� ��� ���
Instrument !
X ����
 ��
� ����	 �����

F�� Secondary

Element De�ection Gravity Gravity Wind Wind
Horizon Zenith Zenith Elevation����

Secondary ! Y ���
 ���� �� ��
Secondary ! Z ��� ���	 �	�
� ���	�
Secondary !
X �	��� ���	 ����� �����
Instrument ! Y ��� ��� ���� ����
Instrument ! Z ��� ���� ��� ���
Instrument !
X ����� ��
� ����	 �����

F��	 Secondary

Element De�ection Gravity Gravity Wind Wind
Horizon Zenith Zenith Elevation����

Secondary ! Y ��
� ���� �� ��
Secondary ! Z ��� ���� �	�
� �	���
Secondary !
X ���
� ��
� ����	 �����
Instrument ! Y ��� ��� ���� ����
Instrument ! Z ��	 ���� ��� ���
Instrument !
X ����� ��
� ���	� �����

�




��� Instrument Rotator Tolerances

J�T� Williams has summarized the goals for the rotator performance� we restate those
goals relevant to the optical performance here� Some of the original goals from J�T��s
���� memo have been altered�

� The maximum slew speed of the rotator will be �� per second� the maximum
tracking speed will be ���� per second�

� The tracking performance of the rotator will add no more than 	�� arcsecond ���
	m� FWHM to the image diameter at the edge of the �� ����
 mm� diameter

eld�

� Tracking resolution corresponds to 
 	m at the edge of the �� diameter 
eld� or
an angular resolution of 	�� arcseconds�

� The rotation accuracy goal corresponds to 
� 	m at the edge of the �� diameter

eld or an angular accuracy of � arcseconds� Rotational o�sets as large as �	�

can be made to an angular accuracy of � arcsecond� with a repeatability of 	��
arcseconds�

We propose tightening the original speci
cation for the decentration of the rotator
axis �as the telescope elevation changes or the instrument rotates� by a factor of two
to �	 	m� We also propose tightening the original speci
cation for the maximum
di�erential defocus due to rotator tilt at the 
eld edges by the same factor of two to
�	 	m� and the maximum axial displacement to �	 	m�

The rotator defocus as a function of elevation will be removed by focussing the sec�
ondary�

Di�erential defocus across the wide 
eld will be introduced by tilts of the instrument
rotator with respect to the primary mirror� The major terms arise from the compli�
ance of the rotator bearing and the deformations of the cell� The rotator bearing will
introduce less than �	 	m of di�erential defocus across the rotator �ange diameter
of ��
�	 mm� corresponding to a tilt of ��� arcseconds� The SG�H 
nite element
results show that a maximum tilt of �� arcseconds is introduced by the cell moving
from zenith to horizon� giving a total tilt of ��� arcseconds� If we choose a compro�
mise focus� the maximum defocus at the 
eld edges �
eld radius is �	� mm� is �� 	m�
This corresponds to a maximum image spread at the 
eld edges of ���� 	m� or 	�	��
arcseconds� which may be neglected�

��



��� Secondary Collimation Tolerances

����� Secondary Collimation�Bare Cassegrain

Our error budget allows a ��� cm r� wavefront from decollimation� corresponding to
a �	� encircled energy diameter of 	�	� acseconds� �Image FWHM are di�cult to
extract from ray trace codes� so we use the �	� encircled energy criterion instead�
these are equivalent for a Gaussian image�� We 
rst derive sensitivities due to de�
focus� tilt� and decentration for each of the three secondaries� The 	�	�	 arcsecond
speci
cation corresponds to linear dimensions of �� 	m� �� 	m and �� 	m at f���
f�� and f���� respectively� The table below gives the decollimation sensitivities� The
numbers in parentheses in the table give the image displacements at the focal surface
in 	m�

Secondary Collimation Error
For 
�
� Arcsecond 	
� EE Diameter

Secondary Tilt Limit Decenter Limit Defocus Limit
�arcsec� �	m� �	m�

f�� 
�� ����� �� ����� � �	�
f�� ���� ��	�	� �� ����� � �	�
f��� �
�	 ������ �� ���	� � �	�

We must also calculate sensitivities to focal plane tilts and decenters� For the small

eld� bare Cassegrain applications� focal plane tilts can be safely neglected� Focal
plane decenters will be compensated by moving the telescope mount to restore the
image position� so they are equivalent to operating the telescope o� axis� By assigning
an equal fraction of the alignment error budget to each of the error terms for the
secondary� we arrive at the error budget below�

Bare Cassegrain
Secondary Collimation Error Budget

Secondary Tilt Limit Decenter Limit Defocus Limit
�arcsec� �	m� �	m�

f�� ��
 ����� �� ����� ��� �	�
f�� ��� ��		� �� ���	� ��� �	�
f��� �	�� ����� �� ����� ��� �	�

The 
nite element model predicts de�ections of the secondary an order of magnitude
larger� therefore active control of the secondary collimation is required�

�	



����� Secondary Collimation Sensitivities�Wide Field

Di�erential distortion due to secondary miscollimation is negligible ���	m in all cases
below�� Therefore� the tolerances can be set by image quality alone�


�� Arcsec Tilt of Secondary

Spectroscopic Con�guration�Run ������AV

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A
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�� Arcsec Tilt of Secondary

Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A
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�� 	m Decenter of Secondary

Spectroscopic Con�guration�Run ������AV

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A
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� 
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�� 	m Decenter of Secondary

Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A
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� 	m Defocus of Secondary

Spectroscopic Con�guration�Run ������AV

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� 	� 	� 	� �� ��

��� �� �� �� �� 
� 
�

	�� �� �� �
 �� �� ��

��� ��� �	� ��� ��� ��� ��


A negligible scale change is introduced by the defocus� corresponding to a 	�� 	m
shift �	� o��axis�

� 	m Defocus of Secondary

Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �� 		 �	 �	 ��

�
��� �
 �� �� 	� 	� ��
��� �� �� �
 �
 �� ��

��
�� �� 	� �
 	� �� ��

A negligible scale change is introduced by the axial shift� corresponding to a 	�� 	m
shift ��� o��axis�
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����� Secondary Collimation Error Budget�Wide Field

Our image quality error budget for decollimation is 	�	�	 arcseconds FWHM or 	����
arcseconds �	� encircled energy diameter� This corresponds to a linear dimension
of �
 	m� We begin by summarizing the sensitivities to decollimation� averaging
over 
eld angle and color� We have removed the e�ect of the �perfect� corrector in
quadrature�

�	� Encircled Energy Diameter �	m�
Collimation Error Spectroscopy Imaging


���� tilt �� ��
�� 	m decenter �� ��
� 	m defocus �� ��

We now derive a secondary collimation error budget based on image quality alone�
We allow equal contributions from each error source ��� 	m��

Wide Field Secondary Collimation Error Budget

Collimation Error Error Budget
tilt ��
��

decenter �� 	m
defocus ��� 	m

��



��� Telescope Axis Alignment Tolerances

Here we specify the allowable decenter and tilt of the primary�secondary mirror com�
bination with respect to the corrector�instrument rotator� At the bare Cassegrain
foci� a decenter will result only in a shift of the optical axis� which can be corrected by
repointing the telescope� so we need be concerned only with the interaction with the
wide�
eld corrector� A tilt of the primary results in a tilt of the focal plane� Therefore�
the physically large focal plane of the wide�
eld also drives the speci
cation�

��	�� Sensitivities

The sensitivities to tilt �applied at the vertex of the primary� and decenter of the
telescope with respect to the corrector and rotator are as follows�


��� Tilt of Telescope About Primary Vertex

Spectroscopic Con�guration�Run ������AV
Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A
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The di�erential distortion is ��	m at �	�� The average image degradation is �
	m�

Imaging Con�guration�Run ���
��AR
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The di�erential distortion is ��	m at ������ The average image degradation is ��	m�
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��
 mm Decenter of Telescope
Spectroscopic Con�guration�Run ������AV
Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A
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�� �� �� �
 �� �� ��

The di�erential distortion is ���	m at ������ The average image degradation is ��	m�

��	�� Error Budget

The expected deviations of the optical axis of the primary from the geometric axis
of the machined surfaces of the primary mirror are � mm in translation and ���� in
tilt� We assume that these di�erences between the geometrical and optical surfaces
dominate the error budget�

The image quality error budgets for primary alignment �see section ������ are ��	m
and ��	m in spectroscopic and imaging modes� respectively� The di�erential distor�
tion error budget is �	m in both modes �see section ������� The error budgets are
met in spectroscopic mode� In imaging mode we expect ����	m of image degrada�
tion �which slightly exceeds the error budget� and negligible amounts of di�erential
distortion�

If the o�set of the primary axis is as large as � mm� a test to determine the exact
location of the optical center of the mirror should be considered�

��



��� Primary Collimation Tolerances

Wind forces� among others� will cause the primary to move on its mount because the
hardpoints are not in
nitely sti�� To the extent that these motions are not corrected
by the mount or other active system� these motions will degrade the image quality
through image wander and through decollimation� However� as discussed in Section

� the image wander dominates� The e�ects of primary collimation errors on image
quality are easily derived from the secondary collimation tolerances in Section ����
noting that� ��� a primary decenter is equivalent to a secondary decenter and ��� a pri�
mary tilt is equivalent to a tilt and decenter of the secondary� The primary�secondary
separation is given in Section �� The wind error budget is discussed in Section 
� In
our previous discussion we have assumed that the primary mirror motions are spec�
i
ed completely by the SG�H 
nite element studies� with no contribution from the
hardpoints�
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��� Corrector Collimation Tolerances

����� Corrector De�ections WRT Instrument Rotator

We use the predictions of the SG�H 
nite element models to predict the relative
de�ections of the corrector and the instrument rotator� The SG�H tables give the
de�ections of the corrector and the instrument focal surface with respect to the pri�
mary hardpoint mounting positions� We approximate the relative de�ections of the
corrector and rotator axis by subtracting the corrector and instrument de�ections
and adding a term for the de�ection of the rotator bearing under gravity load�

De�ection Gravity Gravity
Horizon Zenith

Corrector�Instrument
! Y ��� 	m ��� 	m
! Z �� 	m �� 	m
!
X ��	���� �����

Rotator Bearing
! Y ��	 	m 	 	m
! Z 	 	m ��	 	m
!
X ������ 	��

Total Corrector wrt Rotator
! Y �
� 	m ��� 	m
! Z �� 	m �� 	m
!
�X ��	���� �����

Decollimation�

! Y ��� 	m
! Z �� 	m
!
 �����

�� To be conservative� we don�t assume a cancellation of rotations�
�� We can adjust the corrector position so that we experience half the total peak to
peak de�ection�
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����� Corrector Collimation Sensitivities

We begin by describing the sensitivity of the image quality to tilts� decenters and
axial movements of the optically perfect corrector�


�
�� Tilt of Corrector
About Leading Element Vertex

Spectroscopic Con�guration�Run ������AV
Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �� �� 	� �� ��
��� �
 �� �� �	 �� ��

	�� �
 �� �� �� �� �


��� ��� �	� ��� ��� ��� ���

���� �� �� �� �� �� ��

�	�� �
 �� �� �� �� ��

���� ��� ��� ��� ��	 ��� �	�

The di�erential image distortion is �� 	m �	� o��axis� the image displacement is � 	m
on�axis� No �average� scale change is introduced� The image degradation is ��	m�


�
�� Tilt of Corrector
About Leading Element Vertex

Imaging Con�guration�Run ���
��AR
Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 	� �� �� �� 	� 		

�
��� �� 	� �� �� �	 ��

��� �� 	� �� �� 	� 	�
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�� �	 �� �� 	
 	� �	

��
��� �� �� 	� �� �� �


���� �� �� 	� 	� �� ��

���
�� 	� 	� 	� �
 	� ��

The di�erential image distortion is �	 	m ����� o��axis� the image displacement is
� 	m on�axis� No �average� scale change is introduced� The image degradation is
negligible�

��




�� mm Decenter of Corrector

Spectroscopic Con�guration�Run ������AV

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �� �� �� 	� �� ��

��� �� �� �� �� �� �


	�� �� �� �� �
 �� �


��� ��� ��� ��� ��� ��� ���

���� �� �
 �� �
 �� �


�	�� �� �� �� �
 �� �


���� �		 ��� ��
 ��� ��� ���

The di�erential image distortion is �� 	m �	� o��axis� the image displacement is � 	m
on�axis� No �average� scale change is introduced� The image degradation is negligible�


�� mm Decenter of Corrector

Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 	� �� �� �� 	� 		

�
��� �� �� �� �� �� ��

��� �� 	
 	� 	� 	� ��
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���� �	 �	 	� �� 	� ��

���
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 	� 	� 	� 	� �	

The di�erential image distortion is 
 	m ����� o��axis� the image displacement is
� 	m on�axis� No �average� scale change is introduced� The image degradation is
negligible�
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��
 mm Axial Shift of Corrector

Spectroscopic Con�guration�Run ������AV

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� �	 �� �	 	� �	 ��

��� �� �� �� �� �� �


	�� �� �� �
 �
 �� ��

��� ��� �	� ��� ��
 ��� ���

A small scale change is introduced by the axial shift� corresponding to a �
 	m shift
�	� o��axis� About ��	m of image degradation is introduced�

��
 mm Axial Shift of Corrector

Imaging Con�guration�Run ���
��AR

Diameter to Encircle ��� of the Energy �in �m�

Field Angle �����A �����A �����A �����A ���	�A ������A

�� 	� �	 �	 �� 		 	�

�
��� �� �� �
 �� �� ��
��� �� �	 	� 	� 	� ��

��
�� 	� 	� 	� 		 	� ��

A very small scale change is introduced by the axial shift� corresponding to a � 	m
shift ����� o��axis� A negligible amount of image degradation is introduced�

��



����� Corrector Collimation Error Budget

Referring to sections ����� and ����� we recall that our error budget for image degra�
dation due to corrector alignment is �	m in the imaging mode and ��	m in the
spectroscopic mode� We allow ��	m of di�erential distortion�

Flexure The corrector collimation errors described above in section ����� �	�	��

tilt� 	�� mm decenter� and ��	 mm axial shift� have a relatively small e�ect on the
image quality� The tilt and decenter degrade the images on one side of the axis�
but improve the images on the opposite side� When we average over 
eld angle
and color� there is only a small change in the image quality� However� we must be
concerned with the di�erential distortion introduced by corrector miscollimation� We
summarize the e�ects of the collimation errors in the table below� The di�erential
distortion is tabulated for the spectroscopic con
guration which is much larger than
for the imaging con
guration� The scale change introduced by the �� 	m axial shift
is less than � 	m at the edge of the spectroscopy 
eld� and may be neglected�

Corrector Flexure Error Budget

Error Source Error Di�erential �	� Energy �	� Energy
Magnitude Distortion Imaging Spectroscopy

! Y ��� 	m �� 	m 		m �	m
! 
 ����� � 	m 		m �	m

These di�erential distortions will add� so we acquire a maximum of �� 	m of di�er�
ential distortion�

Initial Alignment The total di�erential distortion error budget for corrector align�
ment is ��	m� so if we remove in quadrature the ��	m expected from �exure� we are
left with �
	m for the initial alignment of the corrector� Dividing this equally between
translation and tilt we can allow ��		m of translation and ���� of tilt�

If we allow the initial axial positioning of the corrector to be good to � mm� we
introduce ��	m of image degradation in spectroscopic mode and a negligible amount
in imaging mode� The total image quality degradation from corrector �exure and
initial alignment error is negligible in imaging mode and �
	m in spectroscopic mode�
so the error budget in section ����� is met�
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��� Secondary Actuator Range and Resolution

We assume that the secondary will be actuated using a hexapod� i�e� that tilt� trans�
lation� and focus are all controlled by the same actuators� For all three secondaries�
the resolution is dictated by the focus speci
cation� For all three secondaries� the
focus tolerance is �	m� Thus� we suggest a focus resolution of �	m or smaller�

The focus range required by temperature changes is � mm over a �	�C temperature
range� Flexure of the secondaries relative to the primary are roughly 	��mm in trans�
lation and 	��mm in focus� Additionally the primary mirror axis may be displaced
by as much as ���mm from the mechanical center of the telescope at the location
of the secondary� We recommend at least �	mm full range of the secondary focus
motion� which will cover temperature and �exure and will also allow some latitude
in the location of instruments at the focal plane� The roughly �mm of extra motion
corresponds to a freedom in the focal plane location of �	mm� ���mm� and ��	mm
at f��� f�� and f���� respectively� �See section ������
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��	 Primary Hardpoints

����� Introduction

The primary mirror is located in its cell with a Stewart platform parallel manipulator
�Stewart ������ which we call the hardpoint platform� The platform can be described
as two planes �the cell backplate and the mirror backplate� whose orientation with
respect to each other is controlled with � adjustable struts �hardpoints� containing
�exures near each attachment� The hardpoints are grouped into � pairs with a near�
common connection at the cell backplate and separate connections at the mirror
backplate�

The platform provides precise positioning of the mirror within the cell� constrains
the six degrees of solid body motion of the mirror� and provides sti�ness to the
support system to oppose gravity and wind loading� However� the weight of the mirror
is not supported by the hardpoints�rather by �	� axial and �� lateral pneumatic
actuators� The forces on these actuators are derived in three parts� �� the force
distribution calculated from FE models that maintains surface 
gure under ideal
theoretical conditions �see BCV reports No� � ��
�� No� � ����� No� �� ����� and
No� � ������ �� real�world optimization of these forces� and �� the removal of rigid�
body forces and moments acting upon the mirror through a transformation that nulls
the forces on the six hardpoints �the outer�loop servo��

The mirror is protected from large forces in the event of a support failure as well
as from torques acting about the hardpoint connections� This protection is provided
by incorporating high�force tension and compression breakaways into the hardpoint
design� In the event that the hardpoints break away� the primary comes to rest on the
static supports� Since the weight of the hardpoints would otherwise put unwanted
moments into the mirror connection� each hardpoint has its own counterweight system
that counteracts gravity�

The the hardpoints are motorized and encoded to allow for remote control of their
lengths� This provides for solid�body motion of the primary mirror� which is to be
used for� ��� optical and mechanical alignments� ��� moving the mirror onto and
o� of the static supports and ��� to optionally compensate for cell de�ection for the
wide�
eld imaging and spectroscopic modes��

Below we describe the force� positioning� counterweighting� and sti�ness speci
cations
for the hardpoints required to meet the optical speci
cations of the telescope�
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����� Hardpoint Geometry� Sti�ness� Forces� and Torques

Force�Torque Matrix The six forces observed on the hardpoints �f������ can be
converted to the solid�body forces and torques acting on the mirror �Fx�y�z� Tx�y�z��
The solid body forces are given by the projections �direction cosines� of the hardpoint
vectors onto each axis which are given by vector dot products�

Fx �
�X

i
�

fi
� �hpi � "x�
j �hpij

�
�X

i
�

fi� "hpi � "x�

where "x is the unit vector along the x�axis� and "hpi is a unit vector oriented along
each hardpoint axis� Similar equations follow for the y and z�axes�

The solid�body mirror torque about the x�axis is given by�

Tx �
�X

i
�

fi�"x � ��ri � "hpi��

where �ri is a vector from the origin �vertex� to the upper workpoint� The upper
workpoint is the intersection of the hardpoint axis with the mirror backplate midplane�
Similar equations follow for the other axes� For our axisymmetric platform j�rij�������
mm�

For the MMT hardpoint geometry we obtain �see West ����b and West et al� ����
for more information��

Fx �	���	 �	���� 	���� �	���� 	���� 	���	 f�
Fy �	���� �	���� 	���� 	���� �	���� �	���� f�
Fz � �	�
	� �	�
	� �	�
	� �	�
	� �	�
	� �	�
	� f	
Tx ��
������ ��	���� �����	�� �����	�� ��	���� ��
������ f�
Ty ������� ������	� �������� ��������� �������	� �������� f�
TZ ���	��
� ����	���� ���	���� ����	���� ���	���� ����	���� f�

where the torques are measured in Nmm�

Stewart Platform Sti�nesses� Assuming an in
nitely rigid mirror and cell� we
can use the direction cosines given above to estimate the lateral and axial resonances
of the Stewart platform�

��




axial �
�

��

s
��
�� �	�Khp

m
� ��Hz

and


lateral �
�

��

s
����� �	�Khp

m
� ��Hz

where Khp � �� N�	m is the measured sti�ness of the hardpoint �the minimum
sti�ness speci
cation was set at 
	 N�	m in ������ and m is the mass of the mirror�

�		 kg� The factors multiplying Khp are the sum of the absolute values of the
direction cosines from each of the six hardpoints and a conversion from m to 	m�
These sti�nesses are su�cient to suppress unwanted image motion due to mirror
vibration in mean wind velocities exceding �	 m s�� �see section 
���� Including the
mirror and cell compliances will degrade the sti�ness estimates� but this calculation
is beyond the scope of this section�

����� Hardpoint Stray Force Limits

Incomplete force cancellation from the counterweight and servo systems will always
leave some residual forces on the hardpoints that will a�ect the mirror 
gure� The
softest bending mode of the mirror is astigmatism� The sensitivity of an 
�	�m f����
honeycomb mirror to this type of bending has been modeled through 
nite element
analysis by BCV ���
�� for the LBT project� BCV considered the load case with four
forces at the outer permimeter of the mirror �up at the N� S positions� and down at
E� W� and found that �� N of force applied at each location produces an image blur
of 	�	� arcseconds� Astigmatic forces scale as r�t�	 giving a scale factor of ��	� or
���� N for the ��� m primary �where r is the radius of the mirror and t the thickness��
The FEA modelling shows that� on average� about �x more lateral force than axial
force is required to produce a given astigmatism�

We can use this result to place very rough limits on the uncompensated stray forces
allowed at the hardpoint connection� Scaling �� N of edge force to the equivalent force
at the hardpoint connection radius �	�� radius� gives �
 N� Dividing by � hardpoints
gives � N axial and �	 N lateral allowable stray force�

However� a better approach is to extend the FEA results for the axial force sensitivity
of the distributed air support system �BCV ��

 and Hill ������ From this we 
nd
that to control astigmatism to the accuracy described above� the actuator forces must
be accurate to ����			 to control systematic e�ects and ���		 for random e�ects
�systematic e�ects result from actuator errors producing a spatial pattern�� Since

��



the e�ect of an error in a single hardpoint is somewhere between systematic error
produced by many support system actuators and a random error of a single actuator�
we can set a better limit on the uncompensated forces �near the hardpoint connection
to the mirror� as ����		 of the axial force of a force actuator�

� � � N axial force

� � �	 N lateral force

Larger stray forces are permitted at the hardpoint connection if they are repeatable
and can be sensed and removed� An estimate of these forces is di�cult to provide given
the complexity of the outer loop interaction between the hardpoints and actuators�
and apparently no speci
c FEA exists on the subject� It is probably reasonable to
assume such forces could be between ��� times the uncompensated forces�

����� Force Breakaway

One of the primary functions of the hardpoints is to provide the sti�ness of the support
system� They must remain sti� against changing gravity and wind loading� However�
somewhere between the allowable stray and dynamic wind forces and the forces that
begin to threaten the safety of the mirror� the hardpoints must break away�

Stresses in the mirror blank must not exceed 	�� MPa ��		 psi� for an extended period
of time �Hill ������

Glass Safety � Force and Moment Limits� The hardpoints do not attach di�
rectly to the mirror� but rather through an intermediate E� glass wedge� Scaling from
recent FEA models of the E� wedge�to�mirror connection �Cuerden ����� Table ���
we obtain the forces �applied at the hardpoint upper �exure� that produce �		 psi
stresses in the mirror blank�

Axis Force to produce Equiv� moment about the Force detected by
�		 psi backplate midplane Hardpoint load cell

�under wedge center�
N Nmm N

X� ����� �
��		 �		
Y� ����� ���
		 detected by other

hardpoints only
Z� ����� ����		 ��	
HP ���
 NA ���

HP� �
	 ����		 detected by other

hardpoints only

��



The second column gives the maximum mirror stress near the wedge attachment� The
exact location of the peak stress depends on the load vector� X�� Y�� and Z� are de
ned
in the coordinate system of the counterweights� X� is parallel to the hardpoint�s axis
projected in the xy plane� Y� is perpendicular to this axis but parallel to the xy
plane� and Z� is parallel to the optical axis� HP is directly along the hardpoint axis
and HP� is perpendicular to HP but in the plane of the hardpoint and the mirror
axis� Relatively high forces are allowed for designed loading of the Stewart platform
members �i�e� along HP�� but much smaller loading from hardpoint counterweight
malfunctions is permitted� Additionally� Ceurden �����b� has calculated a detailed
error budget for the counterweight system�

Wind Forces� The hardpoints must remain sti� under wind loading� The follow�
ing table gives estimates for the expected static and dynamic wind loading of the
unshielded primary mirror pointed directly into the wind �West and Martin ������
The dynamic wind is corrected for turbulence decorrelation across the mirror surface�
The forces are projected onto each hardpoint using the 
nal geometry �West ����b��
The outer loop compensates the static drag force and a portion of the dynamic force
�given by the frequency response of the servo�� The hardpoint breakaway force must
exceed the highest dynamic wind force detected by the hardpoint with the inner loop
servo running�

The following table shows that a � Hz outer�loop correction removes more than half
of the dynamic wind forces� As shown by the last column� the resulting load on the
hardpoints is far less than the breakaway force� The values in the table correspond
to the primary mirror pointed directly into the mean wind vector�

Mean wind Static wind Static force sensed RMS dynamic force RMS dynamic force
velocity force on mirror by each hardpoint produced by wind sensed by each hardpoint

�outer loop o��on� �outer loop o��on� �outer loop o��on�
m s�� N N N N
��� ��
 	��� �
 	

� �	 �
� 	�
�� �
�
 	��
� �
 	�

� ��
 ��
� 	�


Hardpoint Force Speci�cations�

� Hardpoints are required to maintain the sti�ness speci
cation of 
	 N�	m over
the range ��		 N�

� Uncompensated stray forces of � � N axial and � �	 N lateral are allowed�
Forces that are repeatable� detected and compensated may be ���x these values�

� Outer loop servo force resolution � 	�� N over ��		 N�

�




� Outer loop monitor force resolution� � N over ��			 N�
� Maximum breakaway force� ���	 N� The nominal pressure applied to the hard�
point breakaway pistons is � bar ��
 psi� which produces average tension and
compression breakaway forces of ��		 N and ��		 N� respectively� Tomelleri
������� At this pressure� the tension breakaway exceeds the �		 psi mirror
safety by about �	�� Although this is not a problem for transient breakaways�
it could be a problem during a protracted breakaway� Reducing the piston
pressure by �	���� is advisable�

� Maximum moment allowed on hardpoint body� ��		 Nmm �limited by clearance
of the vane �exure slots�� The �exures are rigid for larger moments resulting in
very large forces being applied to the mirror�

����	 Hardpoint Positioning

In addition to providing the sti�ness of the support system� the hardpoints allow
the precise positioning of the primary mirror within its cell� Here we describe how to
calculate the hardpoint length changes required to achieve general solid body motions
of the primary mirror�

Coordinate System� The coordinate system is de
ned with the origin at the mir�
ror vertex with the mirror in the nominal working position �i�e� mirror backplate is �
mm above the static supports and laterally centered�� The �Z axis is along the optic
axis and points toward the secondary� The �Y axis �called the lateral axis� is along
the elevation axis and points upward when the mirror is horizon pointing� The �X
axis �called the cross�lateral� is oriented along the elevation bearing axis� forming a
right�handed coordinate system�

Translation�Rotation Matrix� A method for determining the hardpoint length
changes corresponding to solid body motions of the mirror is outlined in West �����a�
and yields the following transformation for our geometry�

!l� ��	�� ����� 
	��� ���� ���� ��	 !X
!l� ����	 ����� 
	��� ��� ���� ���� !Y
!l	 � ������ ������ 
	��� ���� ���� ���� !Z
!l� ����� ������ 
	��� ��� ��� ���� !#
!l� ������ ����� 
	��� ���� ��� ���� !$
!l� ���	�� ����� 
	��� ��� ��� ��	 !%

��



where !li is the length change of the ith hardpoint in 	m� !X� !Y� and !Z are
mirror translations in mm� and !#� !$ and !% are angles in arcseconds� # is a
rotation about the Z�axis �yaw�� $ is about the intermediate y �pitch�� and % is
about the 
nal x� axis �bank or roll�� Positive angles are given by the right�hand
rule� The 
rst � columns of the positioning matrix have units 	m�mm and the last �
columns have units 	m�arcsecond� Although this matrix was derived with the Euler
rotation transformation� it can be seen that the 
rst � columns are proportional to
the direction cosines� and the last � columns are proportional to the torque vector
equation given above�

Positioning Accuracy� In order to maintain the imaging speci
cations for the
f���� wide 
eld modes� some of us anticipated that we would be required to actively
control the primary mirror axis with respect to the corrector and rotator axes as
a function of elevation� Fortunately this is not the case� In particular� we 
nd
acceptable di�erential defocus from tilt induced gravitation �exure �sections ��� and
���� and negligible di�erential distortion due to secondary miscollimation �section
������� The expected uncertainty between the optical and mechanical axes of the
primary mirror can be tolerated �section ���� as can the gravitational �exure of the
corrector cell �section �������

The initial alignment between the primary mirror� corrector� and rotator axes is
the only remaining criterion that sets the positioning resolution speci
cation for the
hardpoint members� Our budget allows � 	m of di�erential distortion �section ������
and �� 	m of image degradation�section ������ due to the mechanical alignment of
the primary mirror� Using the results of section ���� the image degradation budget is
consumed by the displacement between the mechanical and optical axes of the primary
mirror� Therefore� the hardpoint positioning resolution must allow the mirror to be
positioned to about �	� of this error� We can then remove a fraction of the error
either empirically based on wide 
eld imaging or by measuring the position of the
optical axis with respect to the mechanical center and compensating during the initial
alignment�

Hardpoint length changes corresponding to positioning the primary mirror to �	� of
the wide�
eld imaging speci
cations are�

Motion of Max� hardpoint Min� hardpoint
primary mirror length change length change

	m 	m
	�� mm decenter �� ��

� arcsec tilt �� �

�	



Collimation Speci�cation� Although active collimation is achieved by position�
ing the secondary relative to the primary mirror� it is instructive to calculate the
changes in hardpoint lengths that maintain the collimation speci
cation� For all op�
tical modes� � arcseconds of primary mirror tilt corresponds to the secondary tilts
�shown in section ������� The table below shows the maximum and minimum length
change for the six hardpoints for various motions of the primary mirror which corre�
spond to the collimation speci
cation� The azimuth of the applied motion determines
to which individual hardpoint the extensions correspond�

Primary mirror motion Max� hardpoint Min hardpoint
length change length change

� arcseconds tilt �� �
�� 	m decenter �� �
� 	m defocus ��
 ��


Positioning Envelope� The hardpoints must have the range required to actively
position the mirror throughout an envelope which is a rectangular solid of dimensions
� mm �cross�lateral� for optical alignment� x � mm �elevation� � mm alignment �
� mm gap in the static supports � � mm thermal expansion for �	� temperature
change over the cell radius � � mm compression of the static support rubber with
�g mirror loading� x �	 mm �optic axis� � mm rubber compression � � mm gap � �
mm alignment�� The positioning envelope has these nonintuitive dimensions because
it must accommodate controlled pick�up and put�down of the mirror along �z �for
zenith pointing� and �y for horizon pointing� But in the cross�lateral� �z� and �y
directions� the hardpoints need only accommodate optical alignment motion� This
requires a hardpoint stroke of ���� mm� Any motion of the mirror outside of this
envelope occurs only in a breakaway condition�

Hardpoint Positioning Speci�cations�

� Active control of the hardpoint lengths is only required for the initial optical
alignment of the telescope and wide 
eld corrector� But once positioned� the
hardpoints need not be adjusted as a function of elevation for any of the optical
modes�

� The hardpoints will accommodate controlled mirror pick�ups and let�downs at
any elevation including horizon pointing�

� Maximum range of hardpoint� ��� mm �limited by roller screw��

��



� Maximum positioning volume of the primary mirror is a rectangular solid � mm
�cross�lateral� x � mm �elevation� x �	 mm �optic axis� requiring a hardpoint
stroke of ���� mm� The nominal mirror operating position is NOT at the center
of this volume�

� Hardpoint resolution ��	m �

� Control bandwidth� � � Hz�

� Because we do not require active positioning during tracking� the velocity limit
is somewhat arbitrary� Consider that at a velocity of �	 	m s�� �the LBT
speci
cation�� the hardpoints will require just over � minutes to pick up or set
down the mirror�

��



� Thermal and Wind E�ects on Optical Perfor	

mance

��� Defocus due to Temperature Changes

The simplest of the topics in this section is thermally induced focus changes� McLeod
������ has worked out general analytic formulae to describe the e�ects� which we re�
produce here� Considering only the primary�secondary mirror separation� the angular
defocus caused by a temperature change� !T� is


 �

�
�

F �
p

�
�

F �

�
�!TL

D
� ���

where Fp and F are the primary and 
nal focal ratios� � is the coe�cient of thermal
expansion� L is the primary�secondary spacing and D is the telescope diameter� Since
L � FpL� and

�

F � � �

F �
p

� we obtain�


 � �!T

Fp

� ��	�

For the ��� meter� � � ����	�� per �C� Fp � ���� and we arrive at a defocus of
���	 arcseconds per �C� We have therefore created a very expensive� but sensitive
thermometer� We have company because everyone else who has built a telescope has
done the same thing� We have only the additional sensitivity due to our fast primary�

We derive a more general formula for the required secondary refocus due to four
terms� ��� expansion of the telescope structure� ��� expansion of the primary mirror�
��� expansion of the secondary mirror and ��� material between the primary mirror
vertex and the focal surface �back focal distance��

!Z � ��LL!TL � m�

m� � �
�pfp!Tp �

�m� ���
m� � �

�sfs!Ts � �

m� � �
�bb!Tb� ����

where fp and fs are the focal lengths of the primary and secondary mirrors� b is the
back focal distance� and m is the �transverse� magni
cation� A positive !Z corre�
sponds to moving the secondary away from the primary� An approximate summary
of secondary defocus terms can be obtained by setting �L � ����	�� per �C� �p �
��
��	�� per �C� �s � ��
��	�� per �C or �	� and �b � �	��	�� per �C� a weighted
average of the primary and cell� We obtain�
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Equivalent Secondary Defocus
!Z�!T �	m��C�

Source f�� f�� f���
Optics Support Structure ��� �
� �


Primary �� �� ��
Secondary 	 �� 	
Back Focus �� �	�� �	��
Total ��� ��� ���

These equivalent secondary movements are about �	 times larger for a � �C tem�
perature change than allowed by our image quality speci
cations� Monitoring the
temperature of the telescope at the level of 	�	��C is required to maintain good fo�
cus�

��



��� Thermal Control of the Primary and Secondaries


���� Introduction

This section will detail the thermal speci
cations for the primary and secondary
mirrors as they relate to optical performance of the telescope and provide a brief
explanation of their origins� The details of the thermal systems themselves are beyond
the scope of this document �see Miglietta ���� for a description of the primary mirror
thermal control system and Gray ���� for the f�� thermal system��


���� Background

Thermal Distortion of Mirrors If a mirror is 
gured at temperature T�� but
then operated at temperature T � every length of the mirror l� becomes l�

l � l��� � ��T � T��� ����

where � is the coe�cient of thermal expansion �CTE�� Under isothermal conditions�
the shape of the mirror is preserved but the focal length changes slightly� If� however�
there are variations in the CTE and�or temperature� then the shape changes such
that�

!l 	 &�T � T��!� � �!T ' ����

The 
rst term in the preceding equation describes the dimensional variation resulting
from a non�uniform CTE in the blank when the operating and polishing temperatures
are di�erent and isothermal� This term applies to Zerodur as well as E� blanks� The
second term describes the dimensional variation that occurs when the CTE is uniform
but temperature variations within the blank are present�

Mirror Seeing When a mirror is not at ambient temperature� it can create convection�
driven air turbulence� Light refraction at the boundaries of air currents of di�erent
temperatures produces mirror seeing� The worst mirror seeing is found over a zenith
pointing mirror that is warmer than ambient� Forcing air to �ow across the mirror
surface reduces the scale of turbulence at refractive boundaries� and improves mirror
seeing by making the turbulence more laminar� Such an air �ow can be produced by
tilting the mirror away from zenith and by opening the enclosure to allow adequate
circulation of ambient air�
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Many variables contribute to mirror seeing� Perhaps the only way to quantify the
mirror seeing is empirically� Raccine et al� ������ found that when the primary of
the ��� m CFHT is warmer than ambient and pointed near zenith� the contribution
to the FWHM image size� F � from mirror seeing is�

F � 	��	 �!T
�

�
m ����

where F is in arcseconds and !Tm is the di�erence between the mirror and ambient
temperatures� Other work corroborates these results �see e�g�� Lowne ����� Gilling�
ham ��
�� and Angel ��
���


���� Thermal Control Speci�cations

The use of thermal control to maintain excellent image quality relies on four elements�
�� insure that the mirror blank has a short thermal time constant so it can be forced
to follow ambient temperature variations precisely� �� open the telescope enclosure as
much as possible to ambient air� �� actively sense and eliminate temperature gradients
within the blank� and �� insure that the blank is manufactured from glass with the
lowest possible CTE variations�

The performance of the primary and secondary thermal ventilation systems is spec�
i
ed by an r����� cm structure function at each optical surface �see sections �����
and ������� In addition� each optic can scatter no more than �� of the light outside
the seeing disk at a ��	 nm wavelength �see section ����� We set �� scattering as the
contribution from thermal nonuniformities� Using equations ��� and ��� we then 
nd
that ��t��t � �		 nm m�� for the primary and secondary mirrors �where ��t� is the
value of the structure function at the scale of the mirror thickness t��

Additionally� the telescope seeing speci
cation is 	�	��� FWHM �section ���� implying
a contribution no larger than 	�	��� FWHM �combining by the ��� power� at the
entrance pupil for either mirror� This is equivalent to 	����� and 	����� FWHM at the
surface of the f�� and f�� secondaries� respectively��

Mirror Blank Temperature Variations As noted above� for a mirror substrate
with non�zero CTE� temperature variations within the blank cause mirror surface dis�
tortion� Setting the second term equal to the �entire� structure function speci
cation
gives�

!T � �

�
� ��t�

t
����

��



where � � �����	�� �C�� for E� glass� We don�t divide the structure function
into two terms because this is an order of magnitude estimation� This speci
cation
implies controlling temperature variations to within 	�� �C for both the primary and
secondary mirrors� Empirical work suggests the same conclusion �e�g�� Siegmund et�
al� ��
� and Pearson et al� ��
���

More recently though� 
nite element models of honeycomb mirrors for the LBT
project suggest that the thermal speci
cations for honeycomb borosilicate mirrors
are�

� radial temperature gradient less than 	��� �C�

� faceplate�to�honeycomb gradient less than 	��	 �C�

� random temperature variations less than 	��� �C P�V�

The Zerodur f�� secondary blank is insensitive to thermal gradients�

Mirror Blank CTE Variations The variation of CTE within a mirror blank limits
the di�erence between the polishing and operating temperatures� Since our mirrors
are polished near a temperature of �	 �C and the lowest temperature we expect to
run the telescope at is � ��	 �C� we encounter a span of �	 �C� From equation ����
we derive�

!� � �

�T� � T �
� ��t�

t
����

Thus� we require an RMS CTE variation of � ���	�� �C�� to meet the speci
ca�
tion over the full temperature range� The E� casting process achieves an P�V CTE
variation of � ���	�� �C��� The P�V variation of the f�� Zerodur blank was mea�
sured by Schott to be about ���	�� �C��� These numbers meet or nearly meet the
speci
cation�

Mirror Seeing and Tracking the Ambient Temperature Both the primary
and secondary mirrors must have time constants near �	 minutes in order to track
the ambient temperature cooling rates on mountaintops� The accuracy of the thermal
control servo is derived from equation ���� and the temperature changes observed at
the MMT site� Setting the image blur from local seeing at the primary and secondary
mirrors to be 	�	��� at the entrance aperture� we obtain the results shown in the table
below�
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Maximum Blank Thermal Gradients
and Deviations from Ambient Temperature

Mirror Max Image FWHM Di�� from Ambient Gradient
at optic ��C� ��C�

Primary 	�	� 	��� 	��
f�� 	��� 	��	 ���	
f�� 	��� 	��	 	��
f��� 	��	 ��		 TBD

The speci
cations relax when the mirrors are tilted away from zenith and when the
mirrors are cooler than ambient� The gradient in the Zerodur f�� secondary is set by
the allowable deviations from the ambient temperature�

The air mass per unit time� (ma� that must be delivered to a mirror to control its
temperature is �Cheng and Angel ��
����

��

(ma �
Mcg
�ca�

����

where M is the mass of the mirror� cg is the speci
c heat of the glass �� ��	 J kg��

C���� ca is the speci
c heat of air ��		� J kg
�� C���� � is the thermal time constant

and � is the coupling e�ciency between the forced air and the glass�

The table below summarizes the estimated thermal ventilation parameters for the
MMT optics� Air �ow rates were calculated for the altitude of Mt� Hopkins at �	 �C
where the air density is lowest and �ow rates are maximized� Calculations are for a
mirror time constant of �	 minutes� and the convective coupling e�ciency between
the air �ow and glass structures is assumed to be 	�� �from Cheng and Angel�� The
last column estimates the heat removed from the mirror only for maximum
slew rates expected near sunset �� �C hr���� In general� mountain top slew rates are
no greater than 	��� �C hr���

Required MMT Optics Ventilation

Mirror Mass cg Air Flow Air Volume Air Volume Heat Removal
Total Total per cell �� �C hr���

�kg� �J kg�� C��� �kg s��� �m� s��� CFM� �cells� l s��� �W�
Primary 
�

 ��
 ��
 ���� 	��

 	
�
� ��� ��



f�� �

 ��
 
��
 
���� ��� �
�� 
�
� 	
�
f�� �� ��
 
�
� 
�
�� 	�� 	�
� 
��� ��

�




We can now itemize the thermal speci
cations related to tracking of mirror temper�
ature to ambient �some additional speci
cations are gleaned from the LBT speci
�
cations � Hill ������ The jet�ejector ventilation system that achieves these goals is
described by Miglietta �������

� Temperature variations in glass of non�zero CTE shall not deviate from a best�
t
linear distribution across the mirror by more than 	�� �C P�V under conditions
where the ambient temperature is changing by up to 	��� �C hr���

� The mean temperature of the primary mirror shall not di�er from the ambient
temperature by more than 	��� �C under slew conditions of up to 	��� �C hr��

�see Table� for the secondaries��

� The cooling system shall have the capacity to slew the mirror by � �C hr�� but
is not required to maintain the uniformity speci
cation at that rate�

� Transient temporal variations over a �	 minute interval of in the air temperature
exiting the nozzles are allowable provided the following conditions are met�

In the telescope cell� three e�ects contribute to the temperature variations in
the mirror� and each must be controlled to �	�	� �C �assuming they add in
quadrature�� �� spatial gradients arising from time constant variations� �� ven�
tilation system errors� and �� coolant loop temperature variations �although
saw�tooth variations of up to � �C are tolerated for periods of � minutes �which
is much less than the time constant of the mirror��

� The maximum pressure di�erence between any two points on the mirror back�
plate must be less than �	 Pa� Temporal variations in pressure must be less
than ��	 Pa� The mean pressure on the backplate must not di�er by more
than �	 Pa from the mean local ambient pressure�

Temperature Measurement System The mirror cell computer monitors the
temperature of the mirror and cell interior via thermocouples distributed throughout
the mirror and cell� The speci
cations for this system are�

� Sensor� type T thermocouple �copper�constantan��
� Absolute accuracy and linearity� �	�	� �C�

� Di�erential accuracy� 	�	� �C�

� Resolution� 	�		� �C�

� Operating range� ��� to ��	 �C�
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��� Wind E
ects


���� Overview

The wind vibrates �and may distort� the optics on their support systems and vibrates
the optics support structure �OSS�� Here� we present the vibration error budget�
summarize the expected rigid�body response of the primary mirror on its support
system� and estimate the mirror 
gure distortion due to uncorrected dynamic wind
forces� In general� wavefront tilts and the resulting image motions degrade the image
quality well before decollimation becomes an issue� We discuss the implications of
the SG�H analysis of the OSS�s sensitivity to wind loads� The SG�H results are
summarized in Section ����

Due to the inherently sti� mechanical structure of the honeycombed primary mirror�
it naturally resists distortion in the presence of winds� The pneumatic force support
system isolates the mirror from the &relatively �exible' cell with a bandwidth of � Hz
�inner servo loop�� However� despace errors and wavefront tilt arise from uncorrected
solid�body vibration induced by wind turbulence� In addition� the uncompensated
dynamic wind force distorts the mirror against the sti� hardpoints�


���� Optical Vibration Error Budget

The error budget for the primary mirror is given in Section ���� it includes a term
for wind forces of magnitude 	�	�	�� FWHM� corresponding to an r� of ��� cm� The
wind error budget for the secondary mirror is given in Section ���� it also is r� �
��� cm� but as discussed in Section ���� the scaling to total image degradation is
more favorable by the pupil demagni
cation factor �see Section ��� for a detailed
discussion�� Thus� the resulting image degradation is a factor of ��� to ��� smaller
than the 	�	�	�� FWHM allotted for the primary� Note� however� that this term is not
discussed here� Motion of the OSS falls under the heading of secondary alignment and
focus �see Section ��� which has a total magnitude of 	�	�	�� FWHM� corresponding
to an r� of ��� cm�

Piston� tilt� and decenter vibrations must be considered� To 
rst order� piston vibra�
tions do not a�ect the di�raction performance of a telescope with a sti� single mirror
because the entire 
eld is de�phased coherently� Therefore� the piston tolerance is
given by image blur resulting from geometric despace errors�

Wavefront tilt is caused by tilting or decentering the optics� Following a re�ection at
the tilted primary mirror� the wavefront tilts by twice the surface tilt� independent of
the secondary� To produce the same wavefront tilt at the secondary� the secondary
tilt must be larger by the �tranverse� pupil demagni
cation �given in Section �����
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The amount of secondary or primary motion required to produce an image motion of
	�	��� is tabulated below�

Primary and Secondary Motions
for Image Motions of 
�
	��

Primary Tilt Primary Decenter Sec� Tilt Sec� Decenter
�arcsec� �microns� �arcsec� �microns�

f�� 	�	�� ��� 	��� ���
f�� 	�	�� ��� 	��� ���
f��� 	�	�� ��� 	��� ���

These motions� to the extent that they cannot be guided out� set a much tighter
limit than the collimation tolerances in Section ��� and ���� In Sections ��� and ���
we assume that the collimations changes are slow enough that image motion can be
guided out�


���� Atmospheric Image Motion

Before we derive an error budget it is interesting to calculate the image motions that
the atmosphere will induce� This calculation is for comparison only� our error budget
is based on other considerations� John Hill gives an equation relating ��D� RMS
image motion induced by the atmosphere� �
 �in arcsec�� the telescope diameter in
meters� D� and r� �at 	�� 	m� in meters�

�
 � 	�	��D����r
����
� arcsec ��
�

�

For a ��� m telescope and r� � �� cm� we expect 	�	��� image motion�


���� Primary Mirror Vibration and Figure Distortion

The approximate wind vibration response of the primary mirror resting on its support
system has been estimated �West � Martin ������ This section brie�y summarizes
that work� A realistic wind turbulence power spectral density �PSD� was obtained
from recent wind literature and was parameterized for conditions appropriate for Mt�
Hopkins� It was converted into a wind drag force PSD� SD�
�� The drag PSD is
related to the displacement response PSD Sx�
� by the square of the mechanical
admittance H�
� of the primary mirror on its support system� H�
� is given by the
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harmonic oscillator response to the Stewart platform hardpoint members combined
with the servo and damping response of the air support system� For a one�dimensional
wind turbulence� the RMS vibration response� XRMS� of the primary mirror over
bandwidth 
� � 
� is given by�

X�

RMS �
Z ��

��
H��
�SD�
�d
 ����

To estimate the e�ects of turbulence decorrelation and torque moments introduced by
pressure gradients over a ��� m aperture� a three dimensional analysis was performed�
The estimated RMS motions of the primary mirror for hardpoints with a sti�ness of

	 N 	m�� �the MMT hardpoints have since been determined to have a sti�ness of
�� N 	m��� and the observed damping of the Air Force ��� m support system �which
incorporates pneumatic supports similar to the ��� m MMT� are shown in the table
below� The vibrations shown are for the worst case with an unshielded primary mirror
pointing into the wind�

RMS Primary Mirror Motions
Versus Mean Wind Speed

Error Budget Wind Speed
Motion ��� m s�� �� m s��

Piston ���	m 	�	
� 	m ���� 	m
Decenter 	�
�	m 	��� 	m ��
 	m
Tilt 	�	���� 	�		��� 	�	�
��

The primary error budget allows an 	�	�	�� FWHM contribution to the image from
wind forces on the primary mirror� This translates into a 	�	���� RMS contribution�
The error budget �for tilt and decenter� shown for the primary mirror on its support
system is exceeded when the telescope points into a mean wind of �� m s�� �assuming
the vibration ampitudes scale as V��	�� The defocus resulting from the piston term is
a small fraction of the total collimation error budget �see Section �����

The correction of rigid�body forces and moments on the mirror �by the outer�loop
servo� removes mirror 
gure distortion arising from the mean wind static pressure�
However� the correction of the dynamic forces on the mirror is incomplete� This
results in 
gure distortion as the wind turbulence pushes the mirror into the sti�
hardpoints� Using an FEA model� this distortion was estimated by reacting the
uncorrected dynamic wind force on the mirror against the six hardpoints �Cuerden
���
� � The resulting surface�error structure function was compared to the wind error
budget �ro � ���cm�� The mirror 
gure meets speci
cation in mean wind velocities
up to �� m s���
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���	 Optics Support Structure �OSS�

SGH estimated the de�ections of the secondary mirror connection caused by wind
loading of the OSS� They looked only at the de�ection caused by a steady wind drag
with a velocity of �
 m s�� ��	 mph�� Wind turbulence vibrations were not calcu�
lated� The SG�H results are summarized in Section ���� If the telescope is initially
perfectly collimated� the resulting secondary de�ections remain within the secondary
collimation error budget in Section ���� but this error budget doesn�t include direct
image motion contributions� In order to maintain complete consistency� we should
revise Section ��� to include a term for direct image motion due to wind forces on the
OSS� Instead� we calculate what wind velocity will produce an 	�	��� FWHM contri�
bution to the image blur� When added in quadrature to the other collimation errors�
the wind term will increase the total decollimation image blur by ����

f�	 Secondary Mirror Motions from a �
 m s�� Wind on the OSS
�from section ����

Motion Error Budget Wind De�ections
Piston ���	m 	�
� 	m
Decenter ���	m �� 	m
Tilt 	����� ������

The error budget is derived �approximately� by equating the FWHM contribution to
image blur and the wind de�ection� We assume that OSS distortion is proportional
to the square of the wind velocity� Therefore� the tilt and decenter speci
cations
are exceeded for a � m s�� wind� The piston contribution to the defocus is small�
However� � m s�� is a conservative velocity limit� since in order to assess the true
impact of wavefront tilt on image quality� a power spectral analysis would have to be
performed on the wind�induced OSS vibrations and then related to the mechanical
admittances of the telescope mount and hexapod �i�e�� some of the image motion will
be removed with the mount servo��

��




 Re�ectivity and IR Performance

	�� Infrared Performance

The following was provided by George Rieke�

The overall concept for the MMT �and the Magellan and LBT� infrared con
gu�
rations is in accordance with the precepts for high performance infrared astronomy
developed at the University of Arizona �Low and Rieke ������ The design will pro�
vide an e�ective telescope emissivity of �� ��� for Magellan and the LBT� and agile
infrared secondary mirrors� In this concept� thermal backgrounds are rejected by a
cold Lyot stop that is slightly oversized relative to the secondary mirror� The sec�
ondary is undersized so that the extreme rays reaching the detector are from cold
sky rather than from warm telescope structure� Because the secondary is far from
the detector� Fresnel di�raction occurs o� its edges� resulting in stronger rejection
of o��axis backgrounds than can be achieved by the Lyot stop alone� Modulation is
carried out by chopping the secondary mirror over a small angle� The telescope has
a small central obscuration and low emissivity coatings to minimize its emission into
the beam�

The converted MMT� the Magellan telescope� and the LBT will be further optimized
for thermal infrared performance as described by Rieke ���
��� Good secondary
agility requires a small primary f�ratio� but di�raction limited imaging in the face of
the coma induced by tilting the secondary favors a large f�ratio� The selection of an
f����� primary represents a careful balancing of these two contradictory requirements�
the strehl ratio at �		m at maximum secondary tilt angle is ) 	���� Through raytrace
analysis of a number of possible instruments� it was determined that a Cassegrain
f�ratio of �� allows good imaging� as well as an agile secondary mirror�
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