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1
scope

This specification presents the requirements for the Optical Telescope Assembly (OTA), the main imaging element of the Supernova Acceleration Probe (SNAP).  This specification covers the telescope assembly, including optical baffles, telescope elements (Primary, Secondary, Fold, Tertiary mirrors), coatings, wavefront error budgets, mechanical tolerances, focusing mechanisms, gravity offloading systems, built in test equipments, focal plane interfaces, and thermal/mechanical/electrical interfaces to the observatory.

1.1
Background

Recent measurements carried out by Berkeley's Supernova Cosmology Project and elsewhere made the startling discovery that the expansion rate of the universe is accelerating.  Physical law requires that some mechanism must drive this expansion rate either through a new form of energy, a new vacuum energy density (cosmological constant), or a yet unknown property of gravity fundamental to the creation and formation of the universe.  The source of this acceleration is more powerful than the gravitation from all seen and unseen forms of matter and known energy.  The SNAP mission (http://snap.lbl.gov) is expected to provide an understanding of the mechanism driving the acceleration of the universe.  The satellite observatory is capable of measuring more than 2000 distant type Ia supernovae during the three-year mission lifetime.  These measurements will map out in detail the expansion rate of the universe at epochs varying from the present to 10 billion years in the past.  This is a fundamental test of the theory of inflation (the theory that describes the formation of the universe), and a direct measurement of the key cosmological parameters m and .  The “accelerating universe” has sparked significant current popular and theoretical interest and several excellent articles can be found in Science, Nature, and Scientific American (http://snap.lbl.gov/news.html).

The SNAP observatory will have a two meter aperture telescope of the three-mirror-anastigmat class, and a focal plane spanning a one degree field of view with diffraction-limited images at 1 micron wavelength. The imager will have over one half billion pixels, representing the largest imager ever fabricated. SNAP is expected to be launched by a Delta IV or Atlas V launch vehicle. In order to facilitate thermal management of the observatory and instruments, reduce light emissions from the earth’s limb, and minimize the cosmic ray fluence, the spacecraft is placed in high earth orbit above the radiation belts.  An artist’s conception of the spacecraft is shown here as Figure 1.
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Figure 1. A cutaway of the SNAP satellite, emphasizing the telescope.
2
Applicable Documents

When referenced, the documents mentioned in this section form a part of this specification.  Unless otherwise specified, the exact issue date or revision provided shall apply.  In the event of a conflict, the requirement specified in this document shall take precedence over requirements referenced in other specifications.

2.1
General

2.2.1
Specifications

	Document Number
	Date/Rev.
	Subject (Title)

	None
	
	


2.2.2
Standards

	Document Number
	Date/Rev.
	Subject (Title)

	FED STD 209E
	9/11/92
	Airborne Particulate Cleanliness Classes in Cleanrooms and Clean Zones

	MIL STD 1246C
	4/11/94
	Product Cleanliness Levels and Contamination Control

	ASTM F 1811-97
	
	Measurement of power spectral density function (PSD)


2.2.3
Other Publications

	Document Number
	Date/Rev.
	Subject (Title)

	None
	 
	 


2.3
Project-level Publications

The following system documents form a part of this specification to the extent referenced herein.  Request for copies of the documents below should be addressed to the SNAP Program office.

2.3.1
SNAP Documents

	Document Number
	Date/Rev
	Subject (Title)
	REF.

	00016-MW02
	2003-08-26 Rev A
	SNAP Observatory Coordinate System Definitions
	

	00008-MW02
	2003-10-17 Rev B
	SNAP Primary Mirror Specification
	


2.3.2
Drawings

	Document Number
	Date/Rev.
	Subject (Title)

	None
	
	


2.3.3
SNAP Descriptions, Technical Memoranda and Trade Studies

The documents listed below are applied in this document to the extent referenced.

	Document Number
	Date/Rev.
	Subject (Title)

	SPIE 5166 #12
	Aug-2003
	Snap Telescope, M. Lampton

	
	
	


The SNAP science mission is described at snap.lbl.gov.   Controlled documents are released only through ftp://sprite.ssl.berkeley.edu/pub/snap_cm/
3
Performance Requirements

3.1
Science Drivers

The aperture of the telescope is driven by the requirement to achieve a SNR of  30:1 on supernovae at peak brightness at a redshift Z=1.7, using exposure times short enough that the required overall science program can be accomplished during the mission lifetime and the supernova revisit rate can be sustained for purposes of discovery and sequential photometry.  Other factors include the presence of zodiacal light, which limits the SNR, and the diffraction-limited point spread function which depends upon aperture.   The nominal SNAP  aperture is 2.0 meters.

The wavelength range for which the SNAP OTA will be used is 0.35 to 1.7 microns.

Over this range, the minimum required  throughput will rise with increasing wavelength and shall not be less than 90% at 1.7 microns.  We anticipate that the mirror coatings will have to be some variant of protected silver to meet this requirement.   It is reconized that silver coatings, while highly efficient in the near infrared, are poor in the near UV.  Owing to the mission emphasis on the NIR, and the far greater flux from nearby SNe where NUV measurements are useful, we regard this tradeoff as acceptable.  

The image quality of the telescope is driven in part by the SNR requirement, and also by the potential systematic supernova spectrum contamination by unwanted light from the supernova host galaxy.   We have presently baselined a system Strehl ratio of 0.90 at one micron wavelength, corresponding to an RMS WFE of  50nm, or a Strehl = 0.77 at the commonly used test wavelength of 0.633 microns.

3.1
Optical Performance

Performance requirements for the observatory are listed in Table 3.1-1

3.2
Optical Performance Requirements

Table 3.1-1
OTA Optical Performance Requirements

	
	Attribute
	Specification

	3.1.1
	Aperture
	>2.0m

	3.1.2
	Wavelength Range
	0.35 to 1.7µm

	3.1.3
	Strehl Ratio
	>0.77 at 0.633µm at 6, 10, and 13mrad off axis 

	3.1.4
	WFE RMS
	<55nm rms

	3.1.5
	Encircled Energy
	xxx at 0.633µm

	3.1.6
	Throughput
	>10% at 0.35µm and >90% at 1µm <<<TBC

	
	
	


3.3
Environmental Requirements: non-operational/survival

The OTA shall be capable of surviving the following conditions without permanent performance degradation.

3.3.1
Survival temperature range

The OTA shall be capable of surviving (without performance degradation) -30°C to +60°C.

3.3.2
Thermal transients

The OTA shall be capable of experiencing dT/dt< 1°C/minute thermal transients.

3.3.3
Pressure

The OTA shall be designed for pressures in the range of: 15 psi to < 10-6 Torr.

3.3.4 
Pressure change

The OTA shall be capable of pressure changes over the range specified in section 3.3.3 over a 2 minute period

3.3.5 
Humidity

The OTA shall be designed for a 0 to 80% humidity range, non-condensing.

3.3.6
Gaseous immersion

The OTA shall be capable of being stored in gaseous Helium (GHe), air, or nitrogen.

3.4
Operational environments

3.4.1
Orbital environments

OTA shall meet performance requirements when exposed to operational environments (orbit) defined in document xxx.

3.4.2
 Ionizing radiation

OTA shall meet performance requirements when exposed to the radiation environment of High 
Earth Orbit.

3.5
Protoflight structural qualification requirements

3.5.1
Limit Loads

The OTA assembly shall be designed to 1.25 TBR times the limit load values listed in Table 7.3-1.

Pass/fail testing shall be done on the bipods and the bipod to the mirror bond at a level of 1.25 times the limit load. The latter test shall use a dummy load (surrogate mirror).  Loads may be applied by a static loads test, a centrifuge test, or a sine burst test. 
	Axis
	Limit load

	X
	8g

	Y
	8g

	Z
	12.5g


Table 7.3-1 PM limit loads

3.5.2
Random Vibration

The OTA assembly shall not be exposed to random vibration qualification testing.

3.5.3
Acoustic Testing

The OTA shall undergo acoustic testing at the observatory level.  Levels depend on the choice of launch vehicle (expected to be Delta-IV or Atlas V).

4
Optical Specification

4.1
Baseline Configuration

The basic optical configuration is shown in Figure 4.1-1.  The baseline telescope is a reflective three-mirror design (three aspheric mirrors).  Detailed mirror specifications and tolerances are given in Table xxx.
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Figure 4.1-1:TMA-63, SNAP optical configuration

4.2
Rationiale and system trades

4.2.1
Three Mirror Anistigmat (TMA)

The baseline optical configuration derives from a family of TMAs discovered by D.Korsch (Appl.Opt.19, 3640, 1980) that uses a tertiary mirror to correct and relay a real cassegrain image onto the final focal surface.  In this implementation, light is extracted from the primary axis by means of a 45deg mirror located just behind the first or  quasicassegrain focus.  This 45deg mirror allows the secondary light to illuminate the tertiary  while minimizing the size of the central blind spot thanks to the narrow waist in the tertiary beam when the tertiary mirror is employed in the inverting configuration as shown here.   This combination of design features gives an annular field whose ratio of outer to inner radii can exceed 2.0.  For TMA63, the field of view inner radius is 6 milliradians and the outer radius is 13 milliradians.   

Two alternative configurations exist which satisfy these optical constraints: one has the tertiary mirror on the primary axis, with a small 45deg mirror located near the center of the quasicassegrain field;  the other (adopted here) places a large 45deg flat mirror on the principal axis just behind the cassegrain focus, and places the tertiary mirror on a transverse axis.  The  45deg flat mirror spans the entire cassegrain field  and has a central perforation to allow the tertiary light to reach the detector.  These two layouts are optically equivalent, and both offer the ideal thermal environment for the detector array which must be located in close proximity to the passive radiator panel at the side of the OTA.  However they are not equivalent with regard to payload length --- the transverse axis permits the OTA to be shorter by about 0.4 meters, which is advantageous from the standpoints of stiffness, resonance frequency, and stray light given a fixed maximum outer baffle length.    These considerations have driven our baseline layout towards the transverse tertiary axis configuration shown in Figures 4.1-1 and 4.1-2.
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Figs 4.1-2 Schematic side view of the optical train for our current baseline layout

(filename TMA63) and a pictorial representation of the complete payload.
4.2.2
Vignetting and the fold mirror

Annular field three-mirror anastigmat layouts have to arrange for the cassegrain image light to be conveyed to the correcting tertiary mirror, which in turn has to be visible to the focal plane.   To this end, a folding mirror must be interposed between the cassegrain plane and tertiary, or between tertiary and final focus.   The  Korsch type annular field TMAs are successful because the tertiary light has a narrow waist.  The size of this waist determines the size of the blind spot in the center of the field.  The figure below illustrates the ray hits on the folding flat mirror for rays that are correctly conveyed to the final focal surface and that populate the desired annular field.  The dimensions of the central clear zone define the aperture in the folding mirror through which light reaches its final f/10.66 focus.  

[image: image12.png]



Fig 4: distribution of ray hits on the 45 deg flat mirror.  The central hole is not symmetrically located within the bounding ellipse, but is displaced towards the forward edge (closer to the primary mirror).    Dimensions are in meters.

For the current configuration of the fold mirror, the center of the ellipse is shifted to maximize light-gathering efficiency of the mirror, at the expense of mirror mass (outside perimeter is not optimal) (See Table 4.3.2-1).

4.3
Optical System

4.3.1
Global Coordinate System Definitions

The SNAP Global Coordinate System is defined in document 00016-MW02-A.doc, SNAP Observatory Coordinate System Definitions, H. Heetderks, 8-26-2003.  In figure 3, the origin is shown at the intersection of the primary and tertiary mirrors.  The Y axis is defined by the right hand rule, and directed into the page.
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Figure 3: TMA-63 Global Coordinate System.  Coordinate systems are generally oriented anti-photon.

4.3.2
Optical prescription and tolerances

Detailed specifications for the OTA optical assembly (TMA-63) are shown in Table 4.3.2-1 

	Parameter
	Primary
	Secondary
	Fold
	Tertiary

	Mechanical outer diameter (m)
	2.05
	0.50
	
	0.73

	Free optical outer diameter (m)
	2.00
	0.45
	0.66 x 0.45
	0.68

	Mechanical inner diameter (m)
	0.50
	N/A
	
	N/A

	Free optical inner diameter (m)
	0.80
	N/A
	0.19 x 0.12
	N/A

	Curvature (1/Radius of Curvature) (1/m)
	-0.2037466
	-0.9099607
	N/A (flat)
	-0.7112388

	Radius of curvature
	-4.9080573
	-1.0989486
	N/A
	1.4059975

	Radius of curvature tolerance
	0.5mm
	0.25mm
	N/A
	0.5mm

	Asphericity (conic constant K) (Fshape -1)
	-0.981128
	-1.847493
	N/A
	-0.59900

	Asphericity tolerance
	TBD
	TBD
	N/A
	TBD

	Surface geometry
	Ellipsoidal
	Hyperboic
	Flat
	Ellipsoidal

	Coating (see Section 4.4)
	Prot. Silver 
	Prot. Silver
	Prot. Silver
	Prot. Silver

	Surface roughness
	TBD
	TBD
	TBD
	TBD

	Zero-g surface figure (nm rms)
	10
	7.5
	6
	7.5

	Vertex location, m (Global Coordinates)
	X
	0.0
	0.0
	0.0*
	0.87

	
	Y
	0.0
	0.0
	0.0
	0.0

	
	Z
	0.91
	2.91
	0.0*
	0.0

	Vertex normal, m (Global Coordinates)
	X
	0.0
	0.0
	0.707107
	-1.0

	
	Y
	0.0
	0.0
	0.0
	0.0

	
	Z
	1.0
	-1.0
	0.707107
	0.0

	
	
	
	
	


Table 4.3.2-1: Detailed OTA specifications

*Note: hole in tertiary is shifted 4.25mm from center of substrate, and is not centered on the mirror vertex

4.3.3
Optics local coordinates

4.3.3.1
Primary Mirror Local Coordinate System

Details of the primary mirror may be found in 00034-MW02 (SNAP Primary Mirror Specification).  The local coordinate system for the primary mirror (PMLCS) is detailed in Figure 4.3.3.1-1.  The local Z coordinate is oriented in the anti-photon direction for light entering the telescope.
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Figure 4.3.3.1-1: Primary Mirror Local Coordinate System (PMLCS)

4.3.3.2
Secondary Mirror Local Coordinate System
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Figure 4.3.3.2-1 Secondary Mirror Local Coordinate System (SMLCS)

4.3.3.3
Fold Mirror Local Coordinate System
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Figure 4.3.3.3-1 Fold Mirror Local Coordinate System (SMLCS)

4.3.3.4
Tertiary Mirror Local Coordinate System
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Figure 4.3.3.4-1 Tertiary Mirror Local Coordinate System (SMLCS)

4.3.3.5
Focal Plane Local Coordinate System

The Focal Plane Local Coordinate System is described in the document 00016-MW02, SNAP Observatory Coordinate System Definitions.

4.4
Coatings

The mirror coatings will likely be a variant of protected silver (TBD).
4.5
Wavefront Error Budget

Table 4.5-1 details the current state of the OTA wavefront error budget.
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Table 4.5-1: Wavefront Error budget

Table 4.5-1 breaks down errors into components introduced at various phases of the fabrication, integration and test, launch, and on-orbit operations.  

4.5.1
Figure

Mirror shall have surface figures lower than levels shown in Table 4.5-1.  Figure errors include residual errors left behind by any gravity offloading system/analysis employed during figuring.  The effects of gravity reduced to levels described in the individual mirror specifications (TBD).

4.5.2
Mount

Mount errors include all localized effects caused by clamps, adhesive joints, fasteners, structural elements associated with clamping the mirrors.  Mount WFE allocations do not include effects of global gravitational sag of the mirror during 1-g testing.

4.5.3
Assembly

The OTA will be surveyed and aligned to initial tolerances detailed in Section 4.6.  Using a field generator, interferometric test, Hartmann test, or starfield on-orbit (TBR), the secondary mirror will be moved to minimize encircled energy diameters of point-sources located throughout the starfield.  Currently, an evenly spaced array of 12 theoretical point sources are optimized (using an algorithm described in Section 4.8) via five degree of freedom motion of the secondary mirror.  Assembly errors in Table 4.5-1 are allowable WFE contributions left behind after mechanical misalignments (detailed in Sectoin 4.6) are corrected by the secondary alignment algorithm.

4.5.4
Stability

The Stability field in Table 4.5-1 details allowable strehl degradation due to long and short-term thermal expansion of the mirrors and metering structure.  Long-term effects include stable temperature changes and changes to the geometry of the metering structure (due primarily to moisture loss from composite structures).  Long-term WFE effects are quantified after correction via the secondary mirror algorithm.  Short-term stability components define temperature limits within which the optical elements must be  maintained without secondary correction.

4.5.5
One G release

A gravity offloading system is expected to be employed on the primary mirror, metering structure, and possibly other optical components during 1-G testing and optical performance characterization.  The 1-G release column of the WFE budget refers to errors which result from the inability of the offloading system to reproduce completely 0-g conditions.

4.6
Mechanical Tolerances

Initial alignment of the observatory will be accomplished via theodolite or Coordinate Measurement Machine (CMM) surveying of fiducials.  Fiducials will be installed by the mirror finishers, and positions relative to as-polished optical vertices reported to accuracies specified by the individual optical component specifications.  Table 4.6-1 details mechanical misalignment budgets for the various optical elements, as well as their contributions to the wavefront error after correction via the secondary mirror optimization algorithm.
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Table 4.6-1 Mechanical misalignment allowances

4.7
Thermal Effects

After the OTA reaches equilibrium, thermal gradients are essentially static, and their effects are reduced via motion of the secondary mirror.  Short timescale thermal excursions must be reduced to levels described in this section by an active thermal control system.

4.7.1
Thermal 

Detailed thermal expansion (bulk and homogenous) are called out in 00034-MW02 (SNAP Primary Mirror Specification).

4.7.2
Thermal control system/CTE

Table 4.7.2-1 shows the correctable radius of curvature errors, and the uncorrectable thermal allowances for the three curved mirrors.  (ROC manufacturing requirements are defined in Table xxx, and repeated here for the purpose of comparison.)
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Table 4.7.2-1: Comparison between static (manufacturing) and instantaneous (thermal control system minimized) radius of curvature tolerances.

Table 4.7.2-2 shows the temperature range within which each optical element must be maintained in order to meet the instantaneous radius of curvature tolerances, for various mirror substrate materials.  Reasonable temperature ranges are marked in gray.
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Table 4.7.2-2: Thermal control system requirements for curved mirrors, various materials.

4.8
Focusing mechanism

A five degree of freedom (5-DOF) adjustment mechanism is required to align the OTA during testing, and on-orbit.  Phases of the program in which this capability are required are listed in Table 4.8-1.

	Program phase
	Operation
	Control

	Initial alignment
	Iinitial survey (dynamic range maximization)
	Theodolite

	Horizontal testing
	Remove gravity sag
	FEM/Interferometer

	On-orbit commissioning
	Initial focus
	Starfield centroids

	On-orbit optimization
	Remove effects of long-term creep
	Starfield centroids


Table 4.8-1: Mission phases in which 5-DOF hexapod is activated

A hexapod (Stewart Platform) is an ideal candidate for this mechanism.  A hexapod has six actuators, and therefore six degrees of freedom.  Rotation of the SM about its Z (local) axis is not specified by the optical prescription.  One actuator may fail, and 5-DOF adjustability is maintained..

Preliminary requirements on the linear actuators for the SNAP SM hexapod system are detailed in table 4.8-2.

	Parameter
	Requirement

	Stroke
	±1mm

	Accuracy
	100nm

	Physical envelope
	5cm diameter by 15cm length

	Survival load
	500N


Table 4.8-2: Preliminary requirements for hexapod actuators

4.9 Stray light design

Stray light design of the OTA assembly are detailed in document TBD.

4.10
Built in test equipment

Between acceptance testing at the telescope vendor, and launch, verification of OTA alignment will be performed repeatedly.  Integral built-in test equipment (BITE) mirrors, along with illumination sources, will be used to perform this test.  Details of the BITE system are described in document: SNAP OTA Built In Test Equipment (BITE).

4.11
Contamination control

The OTA shall be designed and fabricated to surface contamination levels listed in Table 4.11-1

	Attribute
	Note.
	Requirement

	OTA External Structure and Optics
	
	Level 500

	OTA Internal Structure and Optics
	
	Level 300


Table 4.11-1
Optical Cleanliness

5
VERIFICATION
Evaluation of the OTA shall be conducted to determine that the performance, design and operability characteristics conform to the requirements of section 3 of this specification. 

5.1
Responsibility for Quality Assurance

To the extent specified in the following Requirements Verification and Special Test and Examinations sections, the hardware item shall be examined to determine conformance with the requirements of this specification with respect to performance, dimensions, materials, workmanship, design interchangeability, finishes, markings, and applicable drawings.  The engineering drawings and related ancillary documents shall be inspected to verify compliance with the specified requirements and specifications.  Verification by inspection shall consist of visual and dimensional checks, normally requiring measurement devices, and/or fit and function checks, usually of a go/no go nature.

5.2

Requirements Verification

The requirements of section 3 will be verified by one or more of four methods:

a.
A - Analysis

b.
D - Demonstration

c.
I - Inspection

d.
T - Test


When a verification method is noted in the Requirements Verification Matrix, this method shall be used to verify that the Section 3 requirement has been fully met.  When two or more verification methods are noted against a requirement reference, part of the requirement may be shown compliant with one method and the remainder by the other method or methods noted.  The verification methods are defined in subsection 6.3.  A summary of the verification parameters are defined in Table 5.2-1.

Table 
5.2-1
Requirements Verification Matrix TBD

	Para.
	Section title
	ID
	M
	Level
	VR Para.
	VR Para name

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	


5.3
Verification Definitions

5.3.1
Analysis

A = Analysis: Analysis is the verification method used to verify requirements by determining qualitative and quantitative properties and performance by studying and examining engineering drawings, software, and hardware flow diagrams, software and hardware specifications, and other software and hardware documentation (e.g., COTS vendor documentation), or by performing modeling, simulation, and/or calculations and analyzing the results.  Analysis techniques include interpretation or interpolation or extrapolation of analytical or empirical data under defined conditions or reasoning to show compliance with requirements.  Similarity analysis is used in lieu of the test or demonstration methods when it can be shown that an item is similar to or identical in design to another item that has been previously certified to equivalent or more stringent criteria.  

Those ‘requirements’ for which verification is not required (e.g. verification is by roll-up or is not applicable, see Table I) are listed with the Analysis method in the Requirements Verification Matrix.  

5.3.2
Demonstration

D = Demonstration: Demonstration is the verification method used to verify requirements by exercising or operating the system or a part of the system in which instrumentation or special test equipment is not required beyond that inherently provided in the system being verified.  In the demonstration method, sufficient data for requirements verification can be obtained by observing functional operation of the system or a part of the system.  When this verification method generates data that is recorded by inherent instrumentation, inherent test equipment or operational procedures, any analysis that must be performed using the data collected during the demonstration is covered by the analysis method of verification.

5.3.3
Inspection

I = Inspection: Inspection is an activity such as measuring, examining, testing, or gauging of one or more characteristics of an entity, and comparing the results with specified requirements in order to establish whether conformity is achieved for each characteristic.

Such conformity to the specified requirements is confirmed through provision of objective evidence.

6.3.4
Test

T = Test:  Test is the verification method used to verify requirements by exercising or operating the system or a part of the system using instrumentation (hardware and/or software) or special test equipment that is not an integral part of the system being verified.  The test method by its nature generates data, which is recorded by the instrumentation, test equipment, or procedures.  Analysis or review is performed on the data derived from the testing.  This analysis, as described here, is an integral part of this method and should not be confused with the analysis method of verification. 
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Material and grade

		

				Mirror CTE and thermal expansion change to ROC

				Guaranteed		Primary		Secondary		Tertiary

				CTE (ppb/K)

		ULE Premium grade (*)		40		2.6		22.7		89.3		ΔT (K)

		ULE Mirror grade (*)		45		2.3		20.2		79.4		ΔT (K)

		Zerodur (class 0)		20		5.1		45.5		178.6		ΔT (K)

		Zerodur (class 1)		50		2.0		18.2		71.4		ΔT (K)

		Zerodur (class 2)		100		1.0		9.1		35.7		ΔT (K)

		Silicon Carbide		2770		0.0		0.3		1.3		ΔT (K)

		Beryllium		11400		0.0		0.1		0.3		ΔT (K)

						4.9		1.1		1.4		R (m)

						0.5		1		5		ΔR (µm)

				(*) For all grades, CTE shall be 0 ± 30 ppb/ºC over a temperature range of 5 to 35ºC, with a 95% confidence level.

				(*) Delta CTE = Variation of CTE measurements within a part as measured in the radial and axial direction.





clear aperture

		

				PM		Defined by FOV and baffle tolerance

				SM		Defined by PM, and max lateral SM shifts

				Iris		Defined by all of above, + max SM tilts

				FM outer		Same as above

				FM inner		Same as above

				Tertiary		Same as above

				FM hole		Same as above

				FP		Check worst-case aberrations





2ndary correction

				12 Stars

												Lambda						6.33E-07

						Diameter		2

						EFL		21.66

												1-σ spot size, μm												Strehl		WFEeff		WFE		WFE		Secondary Stroke to correct

				Misalignment		Axis		Misalignmnt				Uncorrected		Effective		Sensitivity		Corrected		Effective		Sensitivity		(effective)		(nm)		Sum		Budget		Xμm		Yμm		Zμm		Rx μrad		Ry μrad

				Airy pattern								3.0		3.0				3.0		3.0

				None (geometric limit)								2.0		2.0				2.0		2.0				1.00		0.0						0.0		0.0		-0.1		0.0		0.0

				Primary ROC manuf						500		463.2		463.2		0.926		2.0		0.4		8.007E-04		0.99		1.2						0.0		0.0		-242.0		0.0		0.0

				Primary ROC thermal				+0.5μm		0.5		2.1		0.5		1.072		2.1		0.5		1.081E+00		0.98		2.2						No correction for thermal expansion

				Secondary position		X				500		101.0		101.0		0.202		2.0		0.1		1.385E-04		1.00		0.0		0.1		1.0		-502.0		-5.0		0.0		-9.0		2.3

						Y				500		100.8		100.8		0.202		2.0		0.1		1.385E-04		1.00		0.0						-1.6		-502.0		0.0		3.9		2.2

						Z				100		191.8		191.8		1.918		2.0		0.1		6.927E-04		1.00		0.0						0.0		0.0		-100.0		0.0		0.0

				Secondary rotation		X		+500μrad		500		56.7		56.7		0.113		2.0		0.1		1.385E-04		1.00		0.0						-1.7		-2.3		0.0		-503.9		2.2

						Y		+500μrad		500		56.7		56.7		0.113		2.0		0.1		1.385E-04		1.00		0.0						-1.7		-5.3		-0.1		-9.2		-497.8

				SM ROC manuf						250		156.2		156.2		0.625		2.1		0.6		2.329E-03		0.97		2.6						-0.0		-0.0		81.5		-0.0		-0.0

				SM ROC thermal				+1.0μm		1		2.1		0.5		0.542		2.1		0.5		5.469E-01		0.98		2.3						No correction for thermal expansion

				Fold position		X		+100μm		100		6.2		5.9		0.059		2.1		0.7		7.056E-03		0.96		3.8		5.4		6.0		-1.0		-0.6		2.2		-0.5		-0.9

						Y		+500μm		500		2.0		0.0		0.000		2.0		0.1		1.385E-04		1.00		0.0						0.0		0.0		-0.1		0.0		0.0

						Z		+100μm		100		4.8		4.4		0.044		2.1		0.6		5.827E-03		0.97		2.6						-1.0		-0.6		2.2		-0.4		-0.9

				Fold rotation		X		+100μrad		100		2.3		1.1		0.011		2.1		0.5		5.207E-03		0.98		2.1						-1.6		-17.9		-0.1		-34.8		2.3

						Y		+50μrad		50		2.3		1.1		0.023		2.1		0.5		1.027E-02		0.98		2.0						11.5		-5.4		-0.1		-9.4		-23.9

						Z		+500μrad		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.00		0.0						0.0		0.0		-0.1		0.0		0.0

				Tertiary position		X		+500μm		500		42.6		42.6		0.085		2.1		0.8		1.541E-03		0.96		4.5		7.7		10.0		0.0		0.0		22.2		0.0		0.0

						Y		+100μm		100		2.1		0.7		0.007		2.1		0.7		7.249E-03		0.96		4.0						-0.4		-1.1		-0.1		0.6		-0.1

						Z		+100μm		100		2.1		0.7		0.007		2.1		0.7		6.672E-03		0.97		3.4						-4.7		-3.7		0.0		-6.7		9.1

				Tertiary rotation		X		+50μrad		50		2.1		0.6		0.011		2.1		0.6		1.117E-02		0.98		2.4						0.0		0.0		0.1		0.0		0.0

						Y		+50μrad		50		2.1		0.6		0.011		2.1		0.6		1.117E-02		0.98		2.4						0.0		0.0		0.1		0.0		0.0

				TM ROC manuf						500		41.0		41.0		0.082		2.1		0.6		1.224E-03		0.97		2.9						-0.0		-0.0		-21.4		-0.0		-0.0

				TM ROC thermal				+5.0μm		5		2.1		0.5		0.096		2.1		0.5		9.674E-02		0.98		1.8						No correction for thermal expansion

				Focal plane pos		X		+500μm		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.00		0.0		4.4		6.0		0.0		0.0		-0.1		0.0		0.0

						Y		+500μm		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.0		0.0						0.0		0.0		-0.1		0.0		0.0

						Z		+100μm		100		3.3		2.7		0.027		2.0		0.1		1.249E-03		1.0		0.1						-0.0		-0.0		-1.4		-0.0		-0.0

						Z		+25μm		25		2.1		0.7		0.029		2.1		0.7		2.920E-02		1.0		4.0						No correction (inter-CCD spec)

				Focal plane rot		X		+500μrad		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.0		0.0						0.0		0.0		-0.1		0.0		0.0

						Y		+100μrad		100		2.0		0.4		0.004		2.0		0.4		3.932E-03		1.0		1.2						0.0		0.0		-0.1		0.0		0.0

						Z		+100μrad		100		2.0		0.4		0.004		2.0		0.4		3.932E-03		1.0		1.2						0.0		0.0		-0.1		0.0		0.0





WFE budget

		

												Strehl								WFE budget, nm RMS OPD

												0.7766852902								50.6

												Lambda um												Margin

												0.633												15

						Figure		Strehl				Mount		Strehl						Positioning										1G-release

						31.5		0.907				15.1		0.978						22.0		0.954								25.2		0.939

																		Assembly		Strehl				Stability		Strehl

																		13.2		0.983				17.5		0.970

						Primary		Strehl				Primary		Strehl				Primary		Strehl				Primary		Strehl				Primary		Strehl

						20		0.961				8		0.994				1		1.000				10		0.990				20		0.961

						Secondary						Secondary						Secondary						Secondary						Secondary				est

						15		0.978				8		0.994				1		1.000				10		0.990				10		0.990		16

						Fold						Fold						Fold						Fold						Fold

						12		0.986				6		0.996				6		0.996				6		0.996				6		0.996

						Tertiary						Tertiary						Tertiary						Tertiary						Tertiary				est

						15		0.978				8		0.994				10		0.990				6		0.996				6		0.996		12.4 ULE, 6 SiC

																		FPA						FPA						Structure

																		6		0.996				6		0.996				8		0.994

						Marechal Relationship: Strehl=exp(-(2 pi/lambda)^2 phi^2)

						Secondary is adjustable in five DOF






_1128189984.xls
Material and grade

		

				Mirror CTE and thermal expansion change to ROC

				Guaranteed		Primary		Secondary		Tertiary

				CTE (ppb/K)

		ULE Premium grade (*)		10		10.2		90.9		357.1		ΔT (K)

		ULE Mirror grade (*)		15		6.8		60.6		238.1		ΔT (K)

		Zerodur (class 0)		20		5.1		45.5		178.6		ΔT (K)

		Zerodur (class 1)		50		2.0		18.2		71.4		ΔT (K)

		Zerodur (class 2)		100		1.0		9.1		35.7		ΔT (K)

		Silicon Carbide		2770		0.0		0.3		1.3		ΔT (K)

		Beryllium		11400		0.0		0.1		0.3		ΔT (K)

						4.9		1.1		1.4		R (m)

						0.5		1		5		ΔR (µm)

				(*) For all grades, CTE shall be 0 ± 30 ppb/ºC over a temperature range of 5 to 35ºC, with a 95% confidence level.

				(*) Delta CTE = Variation of CTE measurements within a part as measured in the radial and axial direction.





clear aperture

		

				PM		Defined by FOV and baffle tolerance

				SM		Defined by PM, and max lateral SM shifts

				Iris		Defined by all of above, + max SM tilts

				FM outer		Same as above

				FM inner		Same as above

				Tertiary		Same as above

				FM hole		Same as above

				FP		Check worst-case aberrations





2ndary correction

				12 Stars

												Lambda						6.33E-07

						Diameter		2

						EFL		21.66

												1-σ spot size, μm												Strehl		WFEeff		WFE		WFE		Secondary Stroke to correct

				Misalignment		Axis		Misalignmnt				Uncorrected		Effective		Sensitivity		Corrected		Effective		Sensitivity		(effective)		(nm)		Sum		Budget		Xμm		Yμm		Zμm		Rx μrad		Ry μrad

				Airy pattern								3.0		3.0				3.0		3.0

				None (geometric limit)								2.0		2.0				2.0		2.0				1.00		0.0						0.0		0.0		-0.1		0.0		0.0

				Primary ROC manuf						500		463.2		463.2		0.926		2.0		0.4		8.007E-04		0.99		1.2						0.0		0.0		-242.0		0.0		0.0

				Primary ROC thermal				+0.5μm		0.5		2.1		0.5		1.072		2.1		0.5		1.081E+00		0.98		2.2						No correction for thermal expansion

				Secondary position		X				500		101.0		101.0		0.202		2.0		0.1		1.385E-04		1.00		0.0		0.1		1.0		-502.0		-5.0		0.0		-9.0		2.3

						Y				500		100.8		100.8		0.202		2.0		0.1		1.385E-04		1.00		0.0						-1.6		-502.0		0.0		3.9		2.2

						Z				100		191.8		191.8		1.918		2.0		0.1		6.927E-04		1.00		0.0						0.0		0.0		-100.0		0.0		0.0

				Secondary rotation		X		+500μrad		500		56.7		56.7		0.113		2.0		0.1		1.385E-04		1.00		0.0						-1.7		-2.3		0.0		-503.9		2.2

						Y		+500μrad		500		56.7		56.7		0.113		2.0		0.1		1.385E-04		1.00		0.0						-1.7		-5.3		-0.1		-9.2		-497.8

				SM ROC manuf						250		156.2		156.2		0.625		2.1		0.6		2.329E-03		0.97		2.6						-0.0		-0.0		81.5		-0.0		-0.0

				SM ROC thermal				+1.0μm		1		2.1		0.5		0.542		2.1		0.5		5.469E-01		0.98		2.3						No correction for thermal expansion

				Fold position		X		+100μm		100		6.2		5.9		0.059		2.1		0.7		7.056E-03		0.96		3.8		5.4		6.0		-1.0		-0.6		2.2		-0.5		-0.9

						Y		+500μm		500		2.0		0.0		0.000		2.0		0.1		1.385E-04		1.00		0.0						0.0		0.0		-0.1		0.0		0.0

						Z		+100μm		100		4.8		4.4		0.044		2.1		0.6		5.827E-03		0.97		2.6						-1.0		-0.6		2.2		-0.4		-0.9

				Fold rotation		X		+100μrad		100		2.3		1.1		0.011		2.1		0.5		5.207E-03		0.98		2.1						-1.6		-17.9		-0.1		-34.8		2.3

						Y		+50μrad		50		2.3		1.1		0.023		2.1		0.5		1.027E-02		0.98		2.0						11.5		-5.4		-0.1		-9.4		-23.9

						Z		+500μrad		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.00		0.0						0.0		0.0		-0.1		0.0		0.0

				Tertiary position		X		+500μm		500		42.6		42.6		0.085		2.1		0.8		1.541E-03		0.96		4.5		7.7		10.0		0.0		0.0		22.2		0.0		0.0

						Y		+100μm		100		2.1		0.7		0.007		2.1		0.7		7.249E-03		0.96		4.0						-0.4		-1.1		-0.1		0.6		-0.1

						Z		+100μm		100		2.1		0.7		0.007		2.1		0.7		6.672E-03		0.97		3.4						-4.7		-3.7		0.0		-6.7		9.1

				Tertiary rotation		X		+50μrad		50		2.1		0.6		0.011		2.1		0.6		1.117E-02		0.98		2.4						0.0		0.0		0.1		0.0		0.0

						Y		+50μrad		50		2.1		0.6		0.011		2.1		0.6		1.117E-02		0.98		2.4						0.0		0.0		0.1		0.0		0.0

				TM ROC manuf						500		41.0		41.0		0.082		2.1		0.6		1.224E-03		0.97		2.9						-0.0		-0.0		-21.4		-0.0		-0.0

				TM ROC thermal				+5.0μm		5		2.1		0.5		0.096		2.1		0.5		9.674E-02		0.98		1.8						No correction for thermal expansion

				Focal plane pos		X		+500μm		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.00		0.0		4.4		6.0		0.0		0.0		-0.1		0.0		0.0

						Y		+500μm		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.0		0.0						0.0		0.0		-0.1		0.0		0.0

						Z		+100μm		100		3.3		2.7		0.027		2.0		0.1		1.249E-03		1.0		0.1						-0.0		-0.0		-1.4		-0.0		-0.0

						Z		+25μm		25		2.1		0.7		0.029		2.1		0.7		2.920E-02		1.0		4.0						No correction (inter-CCD spec)

				Focal plane rot		X		+500μrad		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.0		0.0						0.0		0.0		-0.1		0.0		0.0

						Y		+100μrad		100		2.0		0.4		0.004		2.0		0.4		3.932E-03		1.0		1.2						0.0		0.0		-0.1		0.0		0.0

						Z		+100μrad		100		2.0		0.4		0.004		2.0		0.4		3.932E-03		1.0		1.2						0.0		0.0		-0.1		0.0		0.0





WFE budget

		

												Strehl								WFE budget, nm RMS OPD

												0.7766852902								50.6

												Lambda um												Margin

												0.633												15

						Figure		Strehl				Mount		Strehl						Positioning										1G-release

						31.5		0.907				15.1		0.978						22.0		0.954								25.2		0.939

																		Assembly		Strehl				Stability		Strehl

																		13.2		0.983				17.5		0.970

						Primary		Strehl				Primary		Strehl				Primary		Strehl				Primary		Strehl				Primary		Strehl

						20		0.961				8		0.994				1		1.000				10		0.990				20		0.961

						Secondary						Secondary						Secondary						Secondary						Secondary				est

						15		0.978				8		0.994				1		1.000				10		0.990				10		0.990		16

						Fold						Fold						Fold						Fold						Fold

						12		0.986				6		0.996				6		0.996				6		0.996				6		0.996

						Tertiary						Tertiary						Tertiary						Tertiary						Tertiary				est

						15		0.978				8		0.994				10		0.990				6		0.996				6		0.996		12.4 ULE, 6 SiC

																		FPA						FPA						Structure

																		6		0.996				6		0.996				8		0.994

						Marechal Relationship: Strehl=exp(-(2 pi/lambda)^2 phi^2)

						Secondary is adjustable in five DOF






_1128189753.xls
Material and grade

		

				Mirror CTE and thermal expansion change to ROC

				Guaranteed		Primary		Secondary		Tertiary

				CTE (ppb/K)

		ULE Premium grade (*)		10		10.2		90.9		357.1		ΔT (K)

		ULE Mirror grade (*)		15		6.8		60.6		238.1		ΔT (K)

		Zerodur (class 0)		20		5.1		45.5		178.6		ΔT (K)

		Zerodur (class 1)		50		2.0		18.2		71.4		ΔT (K)

		Zerodur (class 2)		100		1.0		9.1		35.7		ΔT (K)

		Silicon Carbide		2770		0.0		0.3		1.3		ΔT (K)

		Beryllium		11400		0.0		0.1		0.3		ΔT (K)

						4.9		1.1		1.4		R (m)

						0.5		1		5		ΔR (µm)

				(*) For all grades, CTE shall be 0 ± 30 ppb/ºC over a temperature range of 5 to 35ºC, with a 95% confidence level.

				(*) Delta CTE = Variation of CTE measurements within a part as measured in the radial and axial direction.





clear aperture

		

				PM		Defined by FOV and baffle tolerance

				SM		Defined by PM, and max lateral SM shifts

				Iris		Defined by all of above, + max SM tilts

				FM outer		Same as above

				FM inner		Same as above

				Tertiary		Same as above

				FM hole		Same as above

				FP		Check worst-case aberrations





2ndary correction

				12 Stars

												Lambda						6.33E-07

						Diameter		2

						EFL		21.66

												1-σ spot size, μm												Strehl		WFEeff		WFE		WFE		Secondary Stroke to correct

				Misalignment		Axis		Misalignmnt				Uncorrected		Effective		Sensitivity		Corrected		Effective		Sensitivity		(effective)		(nm)		Sum		Budget		Xμm		Yμm		Zμm		Rx μrad		Ry μrad

				Airy pattern								3.0		3.0				3.0		3.0

				None (geometric limit)								2.0		2.0				2.0		2.0				1.00		0.0						0.0		0.0		-0.1		0.0		0.0

				Primary ROC manuf						500		463.2		463.2		0.926		2.0		0.4		8.007E-04		0.99		1.2						0.0		0.0		-242.0		0.0		0.0

				Primary ROC thermal				+0.5μm		0.5		2.1		0.5		1.072		2.1		0.5		1.081E+00		0.98		2.2						No correction for thermal expansion

				Secondary position		X				500		101.0		101.0		0.202		2.0		0.1		1.385E-04		1.00		0.0		0.1		1.0		-502.0		-5.0		0.0		-9.0		2.3

						Y				500		100.8		100.8		0.202		2.0		0.1		1.385E-04		1.00		0.0						-1.6		-502.0		0.0		3.9		2.2

						Z				100		191.8		191.8		1.918		2.0		0.1		6.927E-04		1.00		0.0						0.0		0.0		-100.0		0.0		0.0

				Secondary rotation		X		+500μrad		500		56.7		56.7		0.113		2.0		0.1		1.385E-04		1.00		0.0						-1.7		-2.3		0.0		-503.9		2.2

						Y		+500μrad		500		56.7		56.7		0.113		2.0		0.1		1.385E-04		1.00		0.0						-1.7		-5.3		-0.1		-9.2		-497.8

				SM ROC manuf						250		156.2		156.2		0.625		2.1		0.6		2.329E-03		0.97		2.6						-0.0		-0.0		81.5		-0.0		-0.0

				SM ROC thermal				+1.0μm		1		2.1		0.5		0.542		2.1		0.5		5.469E-01		0.98		2.3						No correction for thermal expansion

				Fold position		X		+100μm		100		6.2		5.9		0.059		2.1		0.7		7.056E-03		0.96		3.8		5.4		6.0		-1.0		-0.6		2.2		-0.5		-0.9

						Y		+500μm		500		2.0		0.0		0.000		2.0		0.1		1.385E-04		1.00		0.0						0.0		0.0		-0.1		0.0		0.0

						Z		+100μm		100		4.8		4.4		0.044		2.1		0.6		5.827E-03		0.97		2.6						-1.0		-0.6		2.2		-0.4		-0.9

				Fold rotation		X		+100μrad		100		2.3		1.1		0.011		2.1		0.5		5.207E-03		0.98		2.1						-1.6		-17.9		-0.1		-34.8		2.3

						Y		+50μrad		50		2.3		1.1		0.023		2.1		0.5		1.027E-02		0.98		2.0						11.5		-5.4		-0.1		-9.4		-23.9

						Z		+500μrad		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.00		0.0						0.0		0.0		-0.1		0.0		0.0

				Tertiary position		X		+500μm		500		42.6		42.6		0.085		2.1		0.8		1.541E-03		0.96		4.5		7.7		10.0		0.0		0.0		22.2		0.0		0.0

						Y		+100μm		100		2.1		0.7		0.007		2.1		0.7		7.249E-03		0.96		4.0						-0.4		-1.1		-0.1		0.6		-0.1

						Z		+100μm		100		2.1		0.7		0.007		2.1		0.7		6.672E-03		0.97		3.4						-4.7		-3.7		0.0		-6.7		9.1

				Tertiary rotation		X		+50μrad		50		2.1		0.6		0.011		2.1		0.6		1.117E-02		0.98		2.4						0.0		0.0		0.1		0.0		0.0

						Y		+50μrad		50		2.1		0.6		0.011		2.1		0.6		1.117E-02		0.98		2.4						0.0		0.0		0.1		0.0		0.0

				TM ROC manuf						500		41.0		41.0		0.082		2.1		0.6		1.224E-03		0.97		2.9						-0.0		-0.0		-21.4		-0.0		-0.0

				TM ROC thermal				+5.0μm		5		2.1		0.5		0.096		2.1		0.5		9.674E-02		0.98		1.8						No correction for thermal expansion

				Focal plane pos		X		+500μm		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.00		0.0		4.4		6.0		0.0		0.0		-0.1		0.0		0.0

						Y		+500μm		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.0		0.0						0.0		0.0		-0.1		0.0		0.0

						Z		+100μm		100		3.3		2.7		0.027		2.0		0.1		1.249E-03		1.0		0.1						-0.0		-0.0		-1.4		-0.0		-0.0

						Z		+25μm		25		2.1		0.7		0.029		2.1		0.7		2.920E-02		1.0		4.0						No correction (inter-CCD spec)

				Focal plane rot		X		+500μrad		500		2.0		0.0		0.000		2.0		0.0		0.000E+00		1.0		0.0						0.0		0.0		-0.1		0.0		0.0

						Y		+100μrad		100		2.0		0.4		0.004		2.0		0.4		3.932E-03		1.0		1.2						0.0		0.0		-0.1		0.0		0.0

						Z		+100μrad		100		2.0		0.4		0.004		2.0		0.4		3.932E-03		1.0		1.2						0.0		0.0		-0.1		0.0		0.0





WFE budget

		

												Strehl								WFE budget, nm RMS OPD

												0.7766852902								50.6

												Lambda um												Margin

												0.633												15

						Figure		Strehl				Mount		Strehl						Positioning										1G-release

						31.5		0.907				15.1		0.978						22.0		0.954								25.2		0.939

																		Assembly		Strehl				Stability		Strehl

																		13.2		0.983				17.5		0.970

						Primary		Strehl				Primary		Strehl				Primary		Strehl				Primary		Strehl				Primary		Strehl

						20		0.961				8		0.994				1		1.000				10		0.990				20		0.961

						Secondary						Secondary						Secondary						Secondary						Secondary				est

						15		0.978				8		0.994				1		1.000				10		0.990				10		0.990		16

						Fold						Fold						Fold						Fold						Fold

						12		0.986				6		0.996				6		0.996				6		0.996				6		0.996

						Tertiary						Tertiary						Tertiary						Tertiary						Tertiary				est

						15		0.978				8		0.994				10		0.990				6		0.996				6		0.996		12.4 ULE, 6 SiC

																		FPA						FPA						Structure

																		6		0.996				6		0.996				8		0.994

						Marechal Relationship: Strehl=exp(-(2 pi/lambda)^2 phi^2)

						Secondary is adjustable in five DOF
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