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1. SCOPE

This document describes the Optical Telescope Assembly (OTA) for the SuperNova Acceleration Probe (SNAP).  The purpose of this document is to coordinate the ongoing design, fabrication, and test planning for the SNAP space flight mission.  Overviews of the mission science and mission implementation are to be found at the SNAP public website, maintained at   http::/snap.lbl.gov.  

2. REFERENCE DOCUMENTS

The SNAP science requirements document tree, governing issues of sensitivity,  wavelength coverage, angular resolution, signal-to-noise ratio as a function of exposure time, photometry, spectroscopy, etc., is rooted at http://snap.lbl.gov/TBD.

The SNAP mission constraints are documented at  http://snap.lbl.gov/TBD... which specifies the nominal SNAP orbit, launcher and launch shroud,  spacecraft constraints,  allowable payload mass and dimensions, attitude timeline, and mission duration. 

3. OPTICAL DESIGN

The SNAP science requirements govern the optical design in four areas.  Together, these requirements have driven the selection of optical configuration and the detailed optical specifications as follows.

3.1  SCIENCE DRIVERS

The aperture of the telescope is driven by the requirement to achieve a SNR of  50:1 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 baseline 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 as shown in Figure X, 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. 

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.

3.2  ENGINEERING CONSTRAINTS

Our baseline launch vehicle  (Boeing Delta IV 7920?) and payload fairing dimensions impose limits on the overall length, diameter, mass, CG, and resonance frequency distribution for the OTA.  Through a series of packaging exercises...  <<put table here?

We anticipate that the greatest structural loads will occur during launch where the RMS vibration environment can be expected to reach 6.5G RMS axial and 2.0G RMS in each radial direction.   The thermal environment will be 0-30C prelaunch and postlaunch operational temperatures for the optical elements and structure will be controlled to approximately +15C to within a few degrees C.   The radiation environment is typical of High Earth Orbits, of the order of 10rad/day or 10kRad for a three year mission. 

3.3  OPTICAL PERFORMANCE SPECIFICATIONS

TABLE 3.1  Summary of Optical Telescope Assembly characteristics

---------------------------------------------------------------------------------------------

Aperture

2.0 meters minimum

Wavelength Range
0.35 to 1.7 microns

Strehl Ratio

> 0.77 at 0.633 microns at 6, 10, and 13mrad off axis

RMS WFE

< 50 nm rms

Encircled Energy
XX at 0.633 microns

Throughput

>10% at 0.35microns and >90% at 1micron  <<< TBC

------------------------------------------------------------------------------------------------

3.4  BASELINE OPTICAL DESIGN
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Figure 1: Schematic optical layout for baseline optical configuration "TMA63".

Our 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 our implementation, we extract the light from the primary axis by means of a 45deg mirror located near the first "quasicassegrain" focus.  This 45deg mirror allows the secondary light to cross the tertiary light, 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  

There are two alternative configurations that 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 one shown in Figure 1. 

3.6 COMPONENT DESCRIPTIONS

The detailed surface curvatures and shapes have been optimized for best image quality over the working field (6 to 13 milliradians off axis).  The optimization details are organized under the file name TMA63, and are summarized here.  This design differs from many earlier layouts in having no refracting filter substrate element or dewar window on the transverse optical axis. 

3.6.1 PRIMARY MIRROR


Diameter: >2.0 meters


Central hole:   0.40 < diameter < 0.66 meter


Thickness:  TBD


Material:   Corning ULE or Schott Zerodur


Coating:  protected silver


Lightweighting method: TBD


Surface curvature: -0.2037466 (radius=4.908057m)

Surface shape: =+0.0188721  (asphericity= -0.981128)

Polynomial terms:  none;  concave prolate ellipsoid


Location: vertex defines origin, axis defines Z direction


Attachment features: rear bipods  

3.6.2  SECONDARY MIRROR


Diameter: 0.45 meters


Thickness:  TBD


Material:   Corning ULE or Schott Zerodur


Coating: protected silver


Lightweighting method: TBD


Surface curvature: -0.9099607  ( radius=1.098949m)


Surface shape: -0.847493  (asphericity= -1.847493)
Polynomial terms:  none;  convex hyperboloid


Location: Z=-2.000m, on primary axis.


Attachment features:  TBD

3.6.3  FOLDING FLAT MIRROR  


Periphery:   0.66 x 0.45 meters


Central hole: 0.19 x 0.12 meters frontside, decentered



Hole edges must be bevelled, backside hole larger


Thickness:  TBD


Material:  Corning ULE or Schott Zerodur


Coating: protected silver


Lightweighting method: TBD


Surface:  flat


Location: Z=+0.91m defines center of transverse axis.


Attachment features:  TBD, but see drawing XXX

3.6.4   TERTIARY MIRROR 


Diameter: >0.68 meters


Thickness:  TBD


Material:  Corning ULE or Schott Zerodur


Coating: protected silver


Lightweighting method: TBD


Surface curvature: -0.7112388  (radius=1.405998m)

Surface shape: +0.40100  (asphericity= -0.59900)


Polynomial terms:  none;  concave prolate ellipsoid


Location: X=-0.87m, Z=+0.91m, axis perpendicular to primary axis


Attachment features:  TBD  

3.6.5  FOCAL SURFACE


Outer Diameter:  0.284m  corresponds to 13 milliradian off axis object


Inner Diameter:   0.129m corresponds to 6 milliradian off axis object


Profile:  flat


Location:  X=+0.90m,  Z=+0.91m


Orientation:  faces transverse axis
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Fig 3.6g: 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. 

3.7  NOMINAL PERFORMANCE

The optical performance of the baseline optical telescope assembly is fundamentally limited by diffraction at long wavelengths and by aberrations at sufficiently short wavelengths.  We summarize the key performance figures in Table 3.7 below.  We illustrate the expected diffraction point spread functions in Figure 3.Xa.  In a TMA the classical Seidel aberrations are zero or negligibly small.  Therefore rather than list the many higher aberrations, we show instead the spot diagrams resulting from geometrical ray traces over a range of off axis target angles.  These constitute Figure 3.ZZ below.

TABLE 3.7  --  Performance Characteristics

-------------------------------------------------------------


Focal Length


21.66 meters


Aperture


2.0 meters


Final focal ratio

f/10.83


Object field


Annular, 6mrad to 13mrad


Image field


Annular, 129 to 284mm


Sky area coverage

Annular, 1.37 square degrees


Distortion


4%


RMS geometric blur

2.5 microns


Central obstruction

40% radius, 16% area (TBC)


Vane obstruction

8% area, tripod or quadrupod  (TBC)

---------------------------------------------------------------
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Figure 3.7X Top: focal plane irradiance defined by diffraction of a monochromatic incoming plane wave, 0.633microns wavelength, through the pupil shown at lower left.

Bottom right shows logarithmic color scale irradiance in two dimensions. 
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Fig. 3.7Y: geometrical ray trace spot diagrams illustrating the high order aberrations of TMA63.  Upper left: 13mrad off axis; upper right 11 mrad; lower left 9mrad; lower right 6mrad.  Tick marks are spaced 5 microns in the focal plane.

DISTORTION

Distortion is another fundamental optical aberration, but unlike the other Seidel aberrations distortion does not impact the SNR nor does it directly impact the detection of supernovae.  It does however cause the loci of scanned field objects to depart from parallel tracks in the focal plane.  Any mapping of the celestial sphere onto a plane surface causes some distortion owing to the differing metrics of curved and flat spaces. In the baseline design, we have disregarded distortion as a driver, in order to use all available design variables to maximize the working field of view and minimize the net geometrical blur.  It is nonetheless of interest to explore the resulting distortion quantitatively.  The TMA62/63 distortion is axisymmetric owing to the symmetry of the unfolded (powered) optical train, and in polar coordinates any off axis angle maps onto a single focal plane radius independent of azimuth angle.  The distortion is therefore purely radial.  The table below lists the radial distance of an off axis field point as a function of the sine of the off axis angle, and the departure from proportionality to the sine of that angle.   

	TMA62/63 Distortion -- M.Lampton 07 Feb 2002

	
	
	
	
	

	sinTheta
	R microns
	LinModel
	diff, microns

	0.006
	129122
	129960
	-838
	

	0.007
	150838
	151620
	-782
	

	0.008
	172650
	173280
	-630
	

	0.009
	194567
	194940
	-373
	

	0.01
	216600
	216600
	0
	

	0.011
	238769
	238260
	509
	

	0.012
	261085
	259920
	1165
	

	0.013
	283563
	281580
	1983
	


3.8  SENSITIVITY COEFFICIENTS

The departure of any surface from its nominal mathematical conic section, or the misplacement or misorientation of any of the surfaces,  causes a wavefront error and a degraded image quality.  One measure of this degradation is the telescope's Strehl ratio, which is the peak monochromatic image irradiance divided by the theoretical peak irradiance for the ideal diffraction limited image.  Strehl ratio can be converted into RMS wavefront error (RMS WFE) through Marechal's relation...

TOLERANCE TO SURFACE FIGURE <<need section on this

    Low spatial frequencies; encircled energy

    Mid spatial frequencies; quilting

    High spatial frequencies; scratch & dig, streaks,  stray light, BRDF curve...

The following spreadsheet is an example but it needs to be expressed in Strehl in addition to blur.  It shows the effect of a deviation in primary mirror curvature (shape, and other surface parameters, held constant) for two cases: the secondary mirror piston position kept constant, or the secondary mirror piston readjusted for best focus.  

	TMA62/63 IMAGE BLUR SENSITIVITY TO PRIMARY CURVATURE
	

	
	row in BOLD is the nominal design
	
	
	

	
	
	
	
	
	
	
	
	

	Primary
	
	Primary
	
	UNADJUSTED SECY
	
	ADJUSTED SECY

	curvature
	
	radius
	
	zPosition
	rmsBlur
	
	zPosition
	rmsBlur

	  meter^-1
	
	  meters
	
	  meters
	  microns
	
	  meters
	  microns

	0.203740
	
	4.908216
	
	-2.000000
	414
	
	-2.000217
	10

	0.203745
	
	4.908096
	
	-2.000000
	303
	
	-2.000158
	8

	0.203750
	
	4.907975
	
	-2.000000
	193
	
	-2.000100
	5

	0.203755
	
	4.907855
	
	-2.000000
	83
	
	-2.000042
	3

	0.203759
	
	4.907759
	
	-2.000000
	2
	
	-2.000000
	2

	0.203760
	
	4.907735
	
	-2.000000
	23
	
	-1.999988
	2

	0.203765
	
	4.907614
	
	-2.000000
	143
	
	-1.999925
	3

	0.203770
	
	4.907494
	
	-2.000000
	260
	
	-1.999867
	5

	0.203775
	
	4.907373
	
	-2.000000
	366
	
	-1.999808
	7

	0.203780
	
	4.907253
	
	-2.000000
	478
	
	-1.999750
	10


TOLERANCE TO MISALIGNMENT & MISORIENTATION

<<this below needs to be rewritten in terms of Strehl and/or WFE>>
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The delivered image quality is a function of the misplacement and misorientation of the optical components.  These charts show the effect of displacing each element by small distances (typically 10, 20 and 30 microns) and by pitch or tilt errors of  comparably 

small angles.  The effects of any single such motion are twofold: the image is shifted in position by the amount listed as "shift" and its RMS blur increases by the amount shown as "rms,um" in microns.  Finally, each numerical trace is used to predict the position or angle displacement that corresponds to a 3 micron RMS blur increase, based on a simple linear model of blur versus position error.   This is listed as "disp(TOL)".

>> The tables shown here apply to TMA56 -- <<need updating to TMA62/63 & Strehl

By far the single most critical element position is the location of the secondary mirror. At the secondary, the rapid convergence of the primary beam and the high magnification combine to impose a two micron limit on the piston error for the secondary location.
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The other optics are far less critical of their positions and orientations.  Typically a position error of  10 to 200 microns, or an orientation error of  20 to 200 microradians, causes 3 microns of added RMS image blur. 
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TOLERANCE TO MISALIGNMENT & MISORIENTATION, ADJUSTED SECY

The baseline SNAP OTA includes on-orbit mechanical adjustments that permit the relocation and reorientation of the secondary mirror and tertiary mirror to optimize image quality.  By means of these adjustments we anticipate accommodating small shifts in any of the optical elements locations and orientations.  For this reason we have computed the effects and tolerances for the folding flat and the detector location given that for each single misalignment the secondary & tertiary have then been readjusted to optimize the situation.    These results are presented in the document "TOLERANCES II" to be posted at the SNAP website.   <<< Lampton get busy!

3.9  WAVEFRONT  ERROR  BUDGET

To achieve a system Strehl ratio of  0.77 at 0.633microns wavelength, the total  WFE must not exceed 50nm rms.  This allowed WFE can be apportioned into individual contributions for planning purposes.  Such an apportionment is illustrated in Table 3.9.

TABLE 3.9  Wavefront Error Budget, RMS nanometers, fully adjusted & collimated


Primary figure


33 nm


Secondary position

5 nm zeroable by telecommand


Secondary orientation

5 nm zeroable by telecommand


Secondary figure

5 nm


Folding flat position

5 nm


Folding flat orientation
5 nm


Folding flat figure

5 nm


Tertiary position

5 nm zeroable by telecommand


Tertiary orientation

5 nm zeroable by telecommand


Tertiary figure 

5 nm


Detector position

10 nm


Detector orientation

10 nm


Detector flatness

10 nm


Manager's reserve

18 nm


TOTAL root sum square
43 nm


Design goal:


43 nm

4. MECHANICAL  AND  STRUCTURAL  DESIGN

[Pankow's section goes here]
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5. BAFFLES AND STRAY  LIGHT

The OTA shall include baffles that attenuate or eliminate stray light from the focal plane.  Unwanted light arises from the sun and the earth at large angles from the view axis, and from stars & zodiacal light within the sky visible to the primary mirror.  

5.1  Design Drivers

Factors that  bear on the baffle design are these:

  *  The principal target fields lie in the north ecliptic pole and south ecliptic pole regions, specifically the ecliptic polar caps with ecliptic latitudes greater than 70 degrees.  Consequently the sun angle of the observing line of sight will be between 70 and 110 degrees.  To provide shade for the interior of the outer baffle tube, its forward end is cut at an angle of 32 degrees (TBC<<) with the sun side longer.  

  *  Earthshine is also a potential glare problem. Although the orbit plane lies within six degrees of the ecliptic (thereby keeping the Earth-LOS viewing angle > 64 degrees) the Earth azimuth angle will sweep through the full 360 degrees depending on location in orbit and time of year, with the Earth being fully illuminated when it lies opposite the sun in azimuth angle.   Accordingly the baffles have to accommodate full Earthshine without benefit of an extended Earth shade.

Ongoing studies of  stray light are posted at the SNAP website.

The baffle arrangement that we have baselined comprises four elements:  

  * an outer baffle tube, with vanes, surrounding the telescope

  * a central hat atop the secondary mirror

  * an inner baffle tube, with vanes, extending forward from the primary mirror

  * a rear enclosure for the folding mirror, tertiary mirror, and Gigacam.

The mechanical arrangement is shown in Fig 5.1.  ...... 

6. INTERFACES

6.1  OPTICAL

6.2  MECHANICAL

6.3  ELECTRICAL


Heaters


Thermistors


Motors


Mech sensors

7. TEST PLAN

7.1  DURING FABRICATION

7.2  ACCEPTANCE TESTING

7.3  DURING INTEGRATION

8. DRAWINGS

In conformance with the established SNAP policy, all drawings are publicly available for download in common .PDF formats.  The root of the drawing tree is

ftp://sprite.ssl.berkeley.edu/pub/img_dwgs/dwgs.ctl     <<<need OUR tree here, this is Henry's

That tree should be consulted for the current edition of signed-off SNAP drawings and controlled interfaces.   For information only, we include images of XX of the drawings in this section.  These are not intended for fabrication nor for test, since they are not formally reviewed nor released at this time. 

9. MANUFACTURING,  CLEANLINESS  AND  CONTAMINATION CONTROL

Scratch/Dig?  Overall cleanliness spec?  Coating uniformity & pinholes? 

MIL-STDs?  clean rooms?  "visibly clean"?  Class 10000?  help please

10.  APPENDICES

10.1    Abbreviations


CTE:

coefficient of thermal expansion


I/F:

interface


LOS:

line of sight

OTA:

optical telescope assembly

P/L:

payload

PSF:

point spread function

RMS:

root mean square

  
S/C:

spacecraft

   
SNAP:

supernova acceleration probe


SN

supernova


SNe

supernovae


SNR

signal to noise ratio


TBC

to be confirmed


TBD

to be determined


WFE

wavefront error

10.2   Contact Information

Dr Michael Lampton,  Optics Team Lead

Space Sciences Lab

University of California

Berkeley CA 94720  USA

tel    510-642-3576

fax:  510-643-2624

email:     mlampton@SSL.berkeley.edu

Dr David Pankow,    Optics Team Engineer

Space Sciences Lab

University of California

Berkeley CA 94720 USA

tel:   510-642-1034

fax:   510-

email:     dpankow@SSL.berkeley.edu

Mr.  Peter Harvey,   SNAP Systems Manager

Space Sciences Lab

University of California

Berkeley  CA  94720 USA

tel:  510-642-0643

fax:  510-

email:     prh@SSL.berkeley.edu

Mr  James Keenan, Contracts

Space Sciences Lab

University of California

Berkeley CA 94720 USA

tel:   510-642-4791

fax:   510-642-

email:    jkeenan@SSL.berkeley.edu
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