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Abstract
To understand several important astrophysical processes requires that we measure the vector-wave (polarization) nature of the radiation incident on a telescope/instrument system.  A few examples are: magnetic fields in stars and galaxies, dust haloes around stars, proto-planetary formation, solid bodies that reveal themselves through scattered light and stellar coronal activity. Optical and Ultra-violet components in telescopes and instruments contribute their own partial polarization to the radiation as it proceeds through the system to the detector and mask the astrophysical phenomena. A singular example is the polarization properties of the Terrestrial Planet Finder (TPF) coronagraph. The measurement of the polarization in an astronomical source is often obscured by the internal telescope/instrument polarization to mask important astrophysical phenomena. Astronomical telescopes and instruments have polarization dependent transmissivity.  Polarization preserving optics is needed for optical and infrared astronomy from the ground (OIR) and electro-magnetic observations from space (EOS).  This white paper describes a technology development in metrology, modeling, materials science, micro and nano-structure development of mirror materials to mitigate many of the deleterious effects of telescope/instrument polarization through research and development of highly reflecting optical-UV thin film coating systems for ground and space telescopes and instruments.  There is little or no commercial interest for these high-performance films and therefore NASA, the prime user of this technology needs to support this technology. 
Background

The fact that astronomical telescopes and instruments have polarization dependent transmissivity was known many years ago
,
.  The Fresnel equations that describe the phase and amplitude interaction of unpolarized white light with highly reflecting metal thin films are given in textbooks on optics
.  The McMath Solar telescope with its 13.6-meter Czerny Turner spectrograph of NOAO was measured and found to have noticeable changes in polarization transmissivity as a function of zenith distance and hour angle.  These effects modify the position of the solar and stellar continuum for spectroscopic analyses
.  By implication all spectrographs that are fixed in relation to the moving telescope suffer from these effects. 

All non-normally incident rays on either dielectric or conducting (metal) surfaces that pass through an optical system have their associated intensities reduced and polarization introduced by the physics of the reflection process
.  

Large astronomical telescope structures are designed with small F# to keep the distance between the primary and secondary small. The marginal ray reflects through an angle of 25 degrees to introduce polarizations of up to 20 % at the pupil edge, depending on the thin film design. Variations in the polarization reflectivity of thin films across reflecting surface of the primary mirror act to polarization-apodize the pupil
. The highest quality image formation requires that all light arriving at the focus be of the same polarization state.  Unfortunately classical telescopes and instruments are wavelength dependent partial polarizer’s and the magnitude of this instrumental effect is unknown. 

There is a need for technology development to understand and control polarization properties in high performance optical/UV telescope & instrument systems. Technology development is required to develop materials, coatings, calibration and optical configuration design fabrication and test methodologies to create robust coatings for large aperture telescope systems that minimize and control variations of the polarization state.

Programmatic Note

Because of the complexity and great expense to develop, fabricate and test optical & UV thin films, the capital equipment, and technology rests with industry to create coatings for classical telescopes. The new scientific requirements for polarization controlled robust highly reflecting thin films lies with the scientific community at the NASA centers and academia.   Therefore we suggest a partnership between NASA scientists, academia and industry technologists, where NASA scientists and academia develop requirements and innovative analysis, software code, test processes technology, materials science research and industry creates the deposition processes to insure that the films developed are capable of manufacture and operation in the appropriate environment. .  Due to the criticality of the coating performance, a collaborative rather than serial coating development approach is required between these modeling, design, process, and test teams.
Recommendations

1. Measurement of the coating anisotropy of large aperture telescope primaries.

a. The large apertures required for future optical/UV telescopes presents unique problems to the physics of robust high-reflectivity broadband spatially isotropic optical coatings.  The coating, expected to be isotropic in its electronic properties is several thousand angstroms thick and 8 meters or more in diameter.  Classical deposition techniques for this unusual structure lead to differences in electrical conductivity across the surface, which, in turn cause polarization anomalies that effect image quality.
b. A simple method to measure this important anisotropy was suggested but remains to be implemented
. This important diagnostic tool will, for the first time enable measurements of the polarization properties of the thin film independent of the angle dependence and across the entire aperture simultaneously.

2. Metrology activities

a. Metrology activities will include those measurements that characterize surfaces and coatings for space and ground astronomy applications. In addition, measurements needed to understand those aspects of the physics of vector electromagnetic waves interacting with optical surfaces, mirrors, filters, windows and dichroics that are required to design the required polarization control methodologies.

b. These include

i. Intensity and Polarization vs. Angle of Incidence

ii. Phase Variation for Angle of Incidence

iii. Reflectance Uniformity

iv. Aging of Established Silver Coating Designs

v. Coating Stresses

vi. Coating Scatter / Veiling Glare

Rationale for industry partner

1. ITT has had a key role in coating development for space optical systems for over three decades. This experience within the practical issues around coating development is invaluable in addressing future designs.
a. During the period coating designs were developed to address challenges ranging from broad spectral reflectance to narrow band pass transmittance, at times within constraints on properties such as polarization and absorptance.  

b. Environmental robustness makes the coating development process even more challenging. ITT has validated coating survivability over stressing operating conditions from ~40K for cryogenic systems like JWST to 400K for high temperature applications, as well as under radiation, atomic oxygen, and UV exposure conditions.  

c. Modern coating processes have enhanced their ability to design very low stress, and thus probably low polarization, coatings.  ITT currently has several flight-qualified coatings with coating stresses that are 3X lower than the coatings of a decade ago. 

d. ITT has in place mature processing techniques and controls to apply proprietary silver and other coatings up to about ~2.7M diameter at this time.  

e. If the coating process activities cannot be completed in-house at ITT, GSFC or JPL, ITT coating design teams will collaborate with NASA centers and academia to seek other sources. 

2. The terrestrial planet finder program has invested in coating studies for TPF coronagraph at ITT. Figure 1 shows the coating reflectance and the coating uniformity test results of 0.25% reflectance over the UV and visible frequency range with an uncertainty of <0.05% 3s over a 400 -950-nm band-pass.
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Figure 1:  Coating Uniformity Testing for Technology Demonstration Mirror program for the TPF coronagraph.

Additional studies of similar coatings were completed as part of the TPF program and showed similar promising results
,
,
. 
Tasks
Several tasks must be performed to achieve and understanding of the material science and coating physics to minimize the effects of polarization in telescope/instrument systems for the next generation of astronomy. Academia, NASA centers and industry will collaborate. 

These are:

1. Review mission requirements within the framework of the effects of telescope/instrument polarization on the scientific interpretations of astrophysical phenomena. 
2. Evaluate coating design impact on candidate exoplanet coronagraphic and other missions through modeling using the tools of geometrical ray trace, vector diffraction and partial coherence.
3. Develop coating requirements focusing on key performance metrics and environments

4. Develop several candidate coatings using our understanding of the physics of image formation from highly reflecting thin films and micro and nano materials science. These candidate coatings will be designed meet the science measurement requirements.  
5. Develop coating metrology needed

6. Coat and test small samples 

7. Select the promising samples for environmental testing

8. Based on test results, further select a coating for uniformity (and other) tests best suited to larger scale testing

9. Coat and test a large sample (>2m class optic is a goal) mirror with flight-like micro-roughness characteristics to evaluate specular and diffuse scatter realistically within the framework of high contrast optics and minimum polarization effects.

10. Document the scientific analysis, processes, and test measurement results and share with community to the extent possible given the limitations of ITAR. 

Cost & Schedule
1. Cost

a. Significant progress in this area could be made with an investment of approximately $3M/year for 3 years.  

b. An investment over approximately 2 years would allow progress towards the understanding of the physics of materials and technology development to solidify coating requirements and the preliminary qualification of a design for several science missions. A preliminary schedule is shown below.  The major deliverable of benefit to the science teams will be measured coating characteristics – spectral reflectance, polarization phase and amplitude as a function of incident angle, and coating uniformity.  Beginning of life and end of life predictions will be prepared based on testing to 5-year mission environmental conditions.  The ultimate goal is a design taken to TRL five.

2. Schedule 

a. The chart below shows a notional schedule with task names 
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Conclusions

The highest quality image formation requires that all light arriving at the focus be of the same polarization state.  Unfortunately classical telescopes and instruments are wavelength dependent partial polarizer’s and the magnitude of this instrumental effect is unknown. Many astrophysical processes require an understanding of the vector-wave nature of their radiation. Optical components in telescopes and instruments contribute their own partial polarization to the radiation as it proceeds through the system to the detector and mask the astrophysical phenomena.
The technology development recommended here would provide 

1. An understanding of the physics of highly reflecting thin films within the framework of the needs of the astrophysics telescope and instrument community needs. 

2. Design tools to mitigate as much as possible these effects.

3. Processing methodologies for fabrication of the films, coatings and surfaces. 

4. Test and evaluation tools to enable the quantitative measurement of these effects

5. Software analysis tools to apply to future designs of telescope systems.
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ID Task Name


1 Coating Requirements
2 Requirements
3 System Modeling
4 Current Technology Assessment
5 Technical Community Review
6 Coating  Development
7 Coating Designs
8 Development Testing
9 Select Samples for Further Development
10 Sample Environmental Testing
11 Select  design for large scale testing
12 Large Scale Demonstration
13 Define test
14 Prepare test article and fixturing
15 Qualification Testing
16 Documentation
17 Model Results
18 Final Report
19 Technical Community Review
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