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Scope

In this memo, means by which temperature changes and gradients effect mirror figure are examined.  Bulk temperature changes affect the mirror radius of curvature by expansion or contraction of the mirror.  Axial gradients in the mirror introduce curvature (similar to bi-metallic curvature) in the mirror, while lateral gradients introduce tilt and coma.  Coatings or platings, if not symmetric front-to-back, create stresses which curve the mirror.   These effects are quantified, and OLE spreadsheets contained (double-click) within this document are useful for the user to analyze configurations not studied herein.
Applicable Documents:

Pearson, E. Stepp, L., (NOAO)  Response of large optical mirrors to thermal distributions. SPIE 748, 1987
Barnes, W.,  Some Effects of Aerospace Thermal Environments on High-Acuity Optical System. Applied Optics Vol. 5, No. 5, 1066
00008-MW-02 SNAP Telescope Specification

Miller, J.L., Friedman, E. Photonics Rules of Thumb McGraw-Hill, 1996.

Jelinsky, P. Thermal Transient Results, 12 May 2005 presentation at systems engineering meeting
Bulk effects and gradients
Pearson and Stepp (1987) analyzed low-order aberrations introduced into a meniscus or honeycomb mirror by bulk temperature changes and gradients.  Consider the following temperature distribution:

[image: image1.wmf]z

C

y

C

x

C

C

z

y

x

T

3

2

1

0

)

,

,

(

+

+

+

=


In which C0, C1, C2 and C3 are constants.  Mirror surface deformation W can be grouped into aberrations terms:
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In which:



r=radius position on surface 
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θ=angular position on surface 
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α=coefficient of thermal expansion (CTE), /K



R=paraxial radius of curvature



z0=axial thickness of mirror

Coating Stress, bulk temperature change
Barnes (1966) presented the following relations for curvature changes in a symmetrical sandwich mirror plated on both sides (plating may be asymmetric), subjected to a bulk temperature change:
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In which:


γ=change in curvature of mirror, or 1/R-1/R0, 1/m
R=mirror radius of curvature, m
λ=E/(1-υ), Pa
E=Youngs modulus, Pa

υ =Poissons relationship, no dimensions

C=half-height of mirror, m


δ=coating or plating thickness, m


primed coordinates (‘) indicate upper (concave if curved) surface



subscript 1 indicates substrate property



subscript 2 indicates coating or plating property

Coating Stress, uniform heat load
Another relation from Barnes (1966) describes curvature induced by an axial heat load q.
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In which:



q=heat flux, W/m2

Notes on curvature and OPD
Curvature is the reciprocal of radius of curvature R, and equal to 
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.  It’s easy to show that for a given change in the radius of curvature dR the change in figure height dZ at the perimeter of the mirror is:
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This relationship holds for curved mirrors.  For a flat mirror (infinite R), the change in figure may be written:
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The change in reciprocal radius of curvature γ was defined earlier as 1/R-1/R0.
In a reflecting system, optical path difference (OPD) is twice the surface figure error.  Miller (1996) suggests that RMS OPD may be roughly approximated as ¼ the peak-to-valley OPD.  In order to convert the two relations above to RMS OPD, simply divide dZ by 2.  Therefore, for a given change in radius of curvature dR or curvature dγ, the resulting RMS OPD Φ is:
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SNAP Mirrors
The SNAP telescope operates from 0.35μm to 1.7μm, therefore a protected silver (Ag) coating is expected to be used.  For the purpose of this analysis, all mirrors are assumed to have a 0.25μm layer of silver (E=83GPa, υ=0.37, CTE=19.2x10-6/K).  Material properties for glass and ceramic substrates are listed in Table 1:
	Substrate
	CTE (ppB/K)
	E GPa
	ν Poissons ratio

	Zerodur (class 0)
	20
	91
	0.243

	Zerodur (class 1)
	50
	91
	0.243

	Zerodur (class 2)
	100
	91
	0.243

	ULE Premium Grade
	10
	68
	0.17

	ULE Mirror Grade
	15
	68
	0.17

	POCO SuperSIC-1
	2400
	218
	0.17

	POCO SuperSIC-2
	2400
	354
	0.17

	SiC Ceraform (Xinteics)
	2440
	310
	0.2

	SiC CVD (Coorstek)
	4600
	468
	0.21

	SiC Reaction Bonded (Coorstek)
	4300
	462
	0.20

	SiC (SSG)
	2520
	331
	0.14

	SiC (Ibcol)
	2100
	269
	0.2

	SiC Sintered (Boostec)
	4000
	420
	0.16


Note: Items in red are estimates (no data available).
Table 1: Potential materials for SNAP mirrors
Mirror properties are listed in the following table
	Mirror
	PM
	SM
	FM
	TM

	Radius of curvature (m)
	4.9
	1.0
	N/A
	1.3

	Plating (*)
	N/A
	N/A
	Varies
	N/A

	Coating
	P. Ag
	P. Ag
	P. Ag
	P. Ag

	Diameter (m)
	2.05
	0.55
	0.7x0.5
	0.676

	Max bulk temperature delta (K)
	0.025
	?
	?
	?

	Max fixed normal delta (K)
	0.45
	?
	?
	?

	Max normal delta variation(K)
	0.006
	?
	?
	?

	Max lateral temperature delta (K)
	0.2
	?
	?
	?


(*) Note: P. Ag is 250nm of protected silver
Table 2: Baseline mirror geometry and thermal predictions
Primary Mirror
The PM is examined for various grades of ULE and Zerodur.  The CTE of SiC or beryllium are prohibitively large for use in a large, room-temperature TMA, and are therefore not considered in this analysis.  Seasonal variations (Jelinsky, 2005) produce the largest changes to the front-to-back temperature difference (Tfb=Tf-Tb) in the PM (ΔTfb=0.006K).  The largest bulk temperature change ΔTbulk was predicted to be 0.025K.  Should this gradient estimate increase, then the analysis should be repeated.  
A fixed ~0.5K gradient will be present on the PM when viewing space.  During ambient ground testing, this gradient will not be present, so the SM position mush be adjusted when a gradient is present (such as on orbit, or during testing in a thermal chamber).
	Material
	CTE ppB/K
	ΔTfb=1K (sensitivity)
	ΔTfb=0.006K (prediction)
	ΔTbulk=1K (sensitivity)
	ΔTbulk=
0.025 (prediction)
	250nm prot. Ag

Coating ΔTbulk=1K

	
	
	All units nm OPD RMS

	Zerodur class 0
	20
	23.8
	0.14
	1.0
	0.025
	0.22

	Zerodur class 1
	50
	59.4
	0.36
	2.5
	0.063
	0.22

	Zerodur class 2
	100
	119
	0.71
	5.0
	0.13
	0.22

	ULE Premium
	10
	11.9
	0.07
	0.5
	0.013
	0.29

	ULE Mirror gr.
	15
	17.8
	0.11
	0.75
	0.019
	0.29


Table 3: Sensitivity of OPD to composition and thermal excursions of mirror.
Lateral temperature distributions are shown in Appendix B.  Lateral temperature gradients are difficult to discern from the figures, but appear to be ~0.2K.  The sensitivity of the mirror to a 1K lateral temperature difference (side to side) is shown in Table 4.
	Material
	CTE ppB/K
	ΔTlat=1K (sensitivity)
	ΔTlat=0.2K (prediction)

	
	
	nm OPD RMS

	Zerodur class 0
	20
	0.26
	0.06

	Zerodur class 1
	50
	0.65
	0.15

	Zerodur class 2
	100
	1.3
	0.3

	ULE Premium
	10
	0.13
	0.03

	ULE Mirror gr.
	15
	0.20
	0.05


Table 4: Sensitivity of PM OPD to lateral temperature distribution

Conclusions
The baseline PM design was investigated for sensitivity to mirror material and grade as well as changing bulk temperatures and axial gradients.  Currently predicted thermal excursions suggest that the grade of Zerodur or ULE is not critical (all grades work).  Curvature induced by the protected Ag coating is small, and is not a concern unless the plating thickness increases substantially beyond 250nm.

Appendix A: OLE spreadsheet for performing computations (doubleclick to run)
Appendix B: Lateral temperature predictions for PM
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