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The report cover links our age-old observation of the skies, seeking to understand the universe we live in
and bow it came to be, with modern astrophysics.

The Mayan El Caracol observatory in Chichen Itza demonstrates that the importance of astronomical
observations extends back to ancient times.

Modern astronomy has expanded far beyond objects visible to the naked eye. For example, the
Hubble Space Telescope has captured countless images of distant objects such as the Eagle Nebula,
some 7000 light-years from Earth, seen in the Pillars of Creation image. The Cosmic Web, the large-scale
Silamentary structure of the universe seen at the top of the cover, is believed to contain about half
of the “ordinary” matter in the universe. Overlaying these astronomical objects is a notional
representation of a segmented mirror comprised of hexagonal segments, as developed for the
James Webb Space Telescope.

The Strategic Astrophysics Technology project images at the left edge of the cover demonstrate our ongoing
efforts to identify and develop the technologies needed to advance humankind’s ability to observe and

understand our universe.
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COR 2016 PATR

Executive Summary
What is the Cosmic Origins (COR) Program?

From ancient times, humans have looked up at the night sky and wondered: Are we alone? How did the
universe come to be? How does the universe work? COR focuses on the second question. Scientists
investigating this broad theme seek to understand the origin and evolution of the universe from the
Big Bang to the present day, determining how the expanding universe grew into a grand cosmic web
of dark matter enmeshed with galaxies and pristine gas, forming, merging, and evolving over time.
COR also seeks to understand how stars and planets form from clouds in these galaxies to create the
heavy elements that are essential to life — starting with the first generation of stars to seed the universe,
and continuing through the birth and eventual death of all subsequent generations of stars. The COR
Program’s purview includes the majority of the field known as astronomy, from antiquity to the present.

The Laser Interferometer Gravitational-Wave Observatory (LIGO) recently recorded the first direct
measurement of long-theorized gravitational waves (GWs). Another surprising recent discovery is that
the universe is expanding at an ever-accelerating rate, the first hint of so-called “dark energy,” estimated
to account for 75% of mass-energy in the universe. Dark matter, so called because we only observe
its effects on regular matter, accounts for another 20%, leaving only 5% for regular matter and energy.
Scientists now also search for special polarization in the cosmic microwave background to support the
notion that in the split-second after the Big Bang, the universe inflated faster than the speed of light!
The most exciting aspect of this grand enterprise today is that we can finally develop the tools needed
for such discoveries.

Why is COR Technology Development Critical?

A 2008 Space Review paper noted that robust technology development and maturation is crucial to
reducing flight project schedule and cost over-runs: “...in the mid-1980s, NASA’s budget office found
that during the first 30 years of the civil space program, no project enjoyed less than a 40% cost overrun
unless it was preceded by an investment in studies and technology of at least 5 to 10% of the actual
project budget that eventually occurred” [1]. Such technology maturation program is most efficiently
addressed through focused R&D projects, rather than in flight projects, where “marching armies”
make the cost of delays unacceptably high. The National Academies of Science 2010 Decadal Survey,
“New Worlds, New Horizons in Astronomy and Astrophysics” (NWNH) stressed that “Technology
development is the engine powering advances in astronomy and astrophysics... Failure to develop
adequately mature technology prior to a program start also leads to cost and schedule overruns” [2].

NASA requires flight projects to demonstrate technology readiness level (TRL) 6" by Preliminary Design
Review (PDR) for all technologies they need. However, this can only occur with a process in place
to correctly identify and adequately fund development of relevant “blue sky” technologies to TRL 37,
and then mature them to TRL 5* or 0, across the so-called “mid-TRL gap,” where sustained funding
frequently falls short.

What’s in this Report? What’s New?

This sixth Program Annual Technology Report (PATR) summarizes the Program’s technology development
activities for fiscal year (FY) 2016. It lists technology gaps identified by the astrophysics community
and two mission-concept studies with priorities assigned by the COR Technology Management Board

* TRLs are fully described in NPR 7123.1B, Appendix E, with TRL definitions reproduced in Appendix A below; TRL 6 is defined as:
“System/sub-system model or prototype demonstration in a relevant environment.”

TRL 3 is defined as: “Analytical and experimental critical function and/or characteristic proof-of-concept.”

TRL 5 is defined as: “Component and/or breadboard validation in relevant environment.”
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(TMB; see p. 20). Following this year’s prioritization, the Program Office recommends NASA Astrophysics
Division at HQ solicit and fund the maturation of the following technologies with the highest priority:

* Lightweight large-aperture high-performance telescope mirror systems;

* High-efficiency ultraviolet (UV) multi-object spectrometers;

* Large-format, high-sensitivity, high-dynamic-range UV/Far UV (FUV) detectors;
* Band-shaping and dichroic filters for UV/Visible light (Vis);

* Large Cryogenic Optics for the Far infrared (IR);

e Large-format, low-noise and ultralow noise far-IR (FIR) direct detectors;

e Compact, integrated spectrometers for 100 to 1000 pm;

* Heterodyne FIR detector arrays and related technologies; and

* High-performance, sub-Kelvin coolers.

These recommendations represent technologies most critical for substantive near-term progress on
strategic priorities and take into account technology development needs identified by the Science and
Technology Definition Teams (STDTs) studying the FIR Surveyor (FIRS) and the Large UV/Optical/IR
(LUVOIR) Surveyor. These STDTs, along with those studying an X-Ray Surveyor (XRS) and a Habitable
Exoplanet (HabEx) imaging mission, were charged by the Astrophysics Division Director to develop
the science case, technology assessment, design reference mission with strawman payload, and a cost
assessment. This is being done in preparation for the upcoming 2020 Decadal Survey. These Surveyors
are three of five described in the Astrophysics Roadmap, “Enduring Quests, Daring Visions,” released in
December 2013, while HabEx was described in the NWNH.

Meanwhile, the Program is pleased to announce two newly awarded COR Strategic Astrophysics
Technology (SAT) projects for FY 2017 start (alphabetically, by Principal Investigator, PD):

*  “Predictive Thermal Control Technology for Potential HabEx Mission,” H. Philip Stahl, MSFC; and
* “High-Efficiency Continuous Cooling for Cryogenic Instruments and sub-Kelvin Detectors,” James Tuttle, GSFC.

Including these, the Astrophysics Division has awarded 18 COR SAT projects to date, funded by COR
Supporting Research and Technology (SR&T), and intended to develop telescopes, optics, coatings,
and detectors from the Far-IR to the Far-UV, applicable to strategic COR missions. Of the eight projects
reporting in 2015, one, developing advanced UV-reflective coatings, was completed, and two transitioned
into 2016-start projects. Five continuing from prior years and five 2016-start projects all report significant
progress, except for the one project that was funded recently, and has just begun work. This PATR
reports on the progress, current status, and activities planned for the coming year for the 10 projects
funded in FY 2016. We thank the PIs of our ongoing projects for their informative progress reports
(Appendix B — Quad Charts, p. 55; Appendix C — Development Status, p. 66), and welcome our new
awardees, one of whom is a returning SAT PI (proposal abstracts are at the end of Appendix C).

The following are some examples where Program-funded technologies were infused, or are planned to
be infused, into projects and missions:

* TES bolometer detector was selected to support the Stratospheric Observatory for Infrared Astronomy
(SOFIA) High-resolution Airborne Wide-bandwidth Camera (HAWC) instrument (deployed 2015);

* COR technology funding made possible the selection of the High-Resolution Mid-infrarEd
Spectrometer (HIRMES) for development as a third-generation facility for SOFIA;

* High-efficiency Solid-state Photon-counting Ultraviolet Detector (SPUD) will be flight-tested on the
Faint Intergalactic medium Redshifted Emission Balloon (FIREBall) (2017 launch);

* High-reflectivity UV coatings were used to coat optics for Ionospheric Connection (ICON) and
Global-scale Observations of the Limb and Disk (GOLD) Explorers (2017 planned launches); and

* The Wide-Field Infrared Survey Telescope (WFIRST) project adopted the H4RG near-IR detector to

address some of the most enduring questions in astrophysics (mid-2020s launch).



http://science.nasa.gov/media/medialibrary/2013/12/20/secure-Astrophysics_Roadmap_2013.pdf
https://www.sofia.usra.edu/science/instruments/hawc
http://www.srl.caltech.edu/sal/fireball.html
http://icon.ssl.berkeley.edu/
http://www.gold-mission.org/
http://wfirst.gsfc.nasa.gov/

1. Program Science Overview

The goal of the COR Program is to understand the origin and evolution of the universe from the Big Bang
to the present day. On the largest scale, COR’s broad-reaching science question is to determine how the
expanding universe grew into a grand cosmic web of dark matter enmeshed with galaxies and pristine
gas, forming, merging, and evolving over time. COR also seeks to understand how stars and planets form
from clouds in these galaxies; how stars create the heavy elements essential to life — starting with the first
generation of stars to seed the universe, and continuing through the birth and death of stars to today. The
majority of the field known as astronomy, from antiquity to the present, falls within the purview of COR.

Background

The Program encompasses multiple scientific missions aimed at meeting Program objectives, each with
unique scientific capabilities and goals. The Program was established to integrate those space, suborbital,
and ground activities into a cohesive effort that enables each project to build on the technological
and scientific legacy of its contemporaries and predecessors. Each project operates independently to
achieve its unique set of mission objectives, which contribute to the overall Program objectives.

Current COR missions:

Hubble Space Telescope (HST)

HST’s 1990 launch began one of NASA’s most successful and long-lasting science missions. Over 26
years, HST relayed over a million observations back to Earth, shedding light on many of the great
mysteries of astronomy. HST helped determine the age of the universe, peer into the hearts of quasars,
study galaxies in all stages of evolution, find proto-planetary disks where gas and dust around young
stars are birthing grounds for new planets, and provide key evidence for the existence of dark energy.

Spitzer Space Telescope

Spitzer, which recently celebrated the 13th anniversary of its launch, provides sensitive IR observations
that allow scientists to peer into cosmic regions hidden from optical telescopes, such as dusty stellar
nurseries, centers of galaxies, and still-forming planetary systems. Many of its investigations have focused
on objects that emit very little visible light, including brown dwarf stars, extra-solar planets, and giant
molecular clouds. Although the primary phase of Spitzer’s mission ended in 2009 with the exhaustion
of its onboard cryogen, the Spitzer “warm” mission continues valuable work on COR science goals.

Stratospberic Observatory for Infrared Astronomy

SOFIA, the world’s largest airborne observatory is operated as a partnership between NASA and the
German Aerospace Center (DLR), performing imaging and spectroscopy across the IR spectrum. SOFIA
was declared fully operational in May 2014. The SOFIA Program Office and aircraft are based at NASA’s
Armstrong Flight Research Center (AFRC), with science mission operations based at NASA’s Ames
Research Center (ARC). SOFIA is managed outside the COR program, but because SOFIA science is
well-aligned with COR science, and because SOFIA represents an important platform for maturing COR
technologies that may be applicable to future space missions, certain SOFIA science objectives are
considered strategic in relation to applicable prioritization criteria described in Section 3.

Herschel Space Observatory

The European Space Agency (ESA) Herschel Space Observatory has revealed new information about
the earliest, most distant stars and galaxies, as well as those forming and evolving closer to home. NASA
contributed significant portions of Herschel’s instrumentation, data processing, and science analyses.
Herschel was decommissioned in June 2013, but data refinement and analysis will continue until 2017.




COR Development Portfolio 2016

The COR Program Office manages the investment of SR&T funds in a variety of avenues to advance
COR technology needs. Appendix C details recent progress of projects supported during FY 2016. In
2010, the COR Program development portfolio includes:

WFIRST - Mission in Formulation

WFIRST is a NASA observatory project within the astrophysics Exoplanet Exploration Program (EXEP)
designed to perform wide-field imaging and slit-less spectroscopic surveys of the Near-IR sky. It was the
top-ranked large space mission in NWNH, and is expected to launch in the mid-2020s. Because WFIRST
survey data will address major COR science questions, such as galaxy evolution, the COR Program
supported pre-formulation studies and technology development until late 2013, when they were moved
into the WFIRST study. The program continues to follow WFIRST development with specific attention
to COR science goals.

James Webb Space Telescope (JWST)

A partnership between NASA and ESA, JWST is the largest science mission under development, and
will address important COR science objectives. JWST will collect Near-IR and mid-IR data, allowing
investigations of the earliest observable objects in the universe, tracing the evolution of galaxies, and
probing obscured star-formation regions in our own and other galaxies. Currently under development,
JWST is managed outside the COR Program. However, JWST operations will be managed under the
COR Program when the mission transitions to Phase E after launch and commissioning in 2018.

Technology Development

The COR Program is responsible for ensuring that NASA is technologically ready to continue mission
developments into the future and to advance the broad scope of COR science goals. Accordingly, the
Program Office is charged with overseeing the science of missions in formulation, implementation, and
operations, as well as the maturation of technologies in development for these missions.

US astrophysics priorities were last refined in 2010 when the National Research Council (NRC) released
the NWNH report. Following the NWNH recommendations, the COR Program has supported focused
technology development and mission-concept studies. In NWNH, the NRC placed high value on COR
missions relating to Cosmic Dawn (the science theme most closely identifiable with COR). With JWST
still in development, the NRC-prioritized recommendations did not include a new specific NASA-led
mission that fit solely within COR. However, several of the NWNH recommendations are directly
relevant to the COR Program.

* The NWNH report’s first priority space recommendation, WFIRST, will address many key COR
science goals, such as the formation and evolution of structure and galaxy growth.

* The report gave high priority to technology development in support of a future 4-m UV/Visible-band
space telescope.

* The recommendations include a NASA instrument contribution to the Japanese Aerospace
Exploration Agency (JAXA) Space Infrared Telescope for Cosmology and Astrophysics (SPICA)
mission, if affordable. The Astrophysics Division’s “Astrophysics Implementation Plan” (AIP),
released in December 2012 and updated in 2014, clarified that the desired contribution would
exceed available NASA budgets.

* The report also strongly recommended an augmentation to the Explorers Program that supports
astrophysics with rapid, targeted, competed investigations, that are selected largely based on
scientific merit and technological readiness. Explorer missions provide an additional robust way to
accomplish COR science: four of the six Medium-Class Explorers (MIDEX)/Small Explorers (SMEX)
missions launched in the past 15 years primarily support COR objectives.



http://science.nasa.gov/media/medialibrary/2013/04/15/secure-ImpPlan_R2_15Apr2013.pdf
http://science.nasa.gov/media/medialibrary/2015/01/16/ImpPlan_Rev2_15Apr2013_LL_150107TAGGED.pdf

Since the COR Program was formulated in 2009 and the NWNH report was released in 2010, fiscal
constraints have become significantly more restrictive than anticipated. The Program is committed to
managing available funds strategically to foster COR science objectives.

The COR Program is committed to preparing for the next UV/Visible astrophysics mission.
NWNH recommends developing technology for a large UV/Visible mission that will continue and
extend HST’s science accomplishments, through a 4-m-class mission covering wavelengths shorter than
HST’s primary range. However, the COR Program has chosen to consider a broader range of possible
future endeavors.

A 2012 Request for Information (RFI) regarding science objectives and requirements for future
UV/Visible astrophysics mission(s) led to a September 2012 community workshop based on 34 responses,
which are posted on the COR website. A second community workshop in June 2015 continued working
towards community consensus on science objectives and technology needs. Further, two independent
(non-Program-sponsored) studies considering a future large UV/Visible observatory developed
requirements that are likely to help guide the prioritization of COR SR&T technology development
needs. Most technology development toward future strategic UV/Visible missions is also expected to
benefit the Explorer Program.

In 2012, the Program also studied the feasibility of an instrument contribution to SPICA, then slated for
launch around 2022. The Program concluded that based on the readiness level and development risk
of possible NASA-provided SPICA instruments, all possible instrument contributions required funding
beyond what was available, and could not meet JAXA’s schedule constraints. Two Program-sponsored
workshops on the future of Far-IR space astrophysics were held in May 2014 and June 2015, to identify
the most pressing science questions that can be addressed with Far-IR techniques, to determine
technologies needed, and to build community consensus regarding future possible Far-IR astrophysics
missions. As in the UV/Visible range, technology development towards future strategic Far-IR missions
will also benefit Explorers.

SOFIA, which provides a platform for observations across the IR spectrum, with the possibility of
frequent instrument upgrades, started Science Cycle 4 in early 2016. The recent upgrade to SOFIA’s
HAWC instrument will offer observers polarimetric optics and new Far-IR detectors. The new HAWC+
detectors were matured with COR funding in prior years, an example of how COR technology
development investment can be handed off to a flight project once the appropriate TRL is reached.
A new, third-generation, instrument for SOFIA will be selected in fall 2016, and will infuse technology
developed under the COR SR&T program. New technology is expected to continue to be infused into
SOFIA though future instrument calls.

The activity given first priority in NWNH for a future large space mission, WFIRST, was formally approved
for formulation work in early 2016. WFIRST is managed by the EXEP at the Jet Propulsion Laboratory
(JPL), so it is not formally within the COR Program’s suite of future missions. However, it still holds great
interest for COR science. The mission will use a 2.4-m repurposed telescope, and is expected to launch
in the mid-2020s. The COR Program supported this high-priority mission activity through SAT-funded
detector development until the work was moved into the WFIRST study office in 2014. The COR Program
continues to pay attention to planned capabilities that will serve COR science.

Planning for the Future
In early 2016, in preparation for the 2020 Decadal Study of Astronomy and Astrophysics, NASA’s
Astrophysics Division initiated four community-based concept studies for possible future strategic




missions (for information about the study teams’ activities and progress, click on the mission links
below). If selected, these would explore the nature of the universe from its earliest moments, in its
most extreme conditions, and at the largest scales. Two of the possible missions address science topics
within the COR program’s purview: FIRS and a LUVOIR Surveyor. Either of these missions will require
substantial technology advances, which will help guide the COR Program’s technology development
starting in late 2016. The other two possible mission studies, HabEx Imaging Mission, and XRS,

are expected to have significant interest for COR science as well, but will not directly influence the COR
Program technology planning. Most of the technology development needed for these large missions as
well will benefit the Explorer Program.



http://asd.gsfc.nasa.gov/firs/
http://asd.gsfc.nasa.gov/luvoir/
http://www.jpl.nasa.gov/habex/
http://wwwastro.msfc.nasa.gov/xrs/

2. Strategic Technology Development Process
and Portfolio

The COR, PCOS, and EXEP Program Offices were set up by NASA HQ Science Mission Directorate (SMD)
Astrophysics Division to manage all aspects of these focused astrophysics programs. The Program
Offices shepherd critical technologies toward infusion into Program-relevant flight projects. The Offices
follow Astrophysics Division guidance, and base their recommendations on science community input,
ensuring the most relevant technologies are solicited and developed. The COR Program Office, located
at NASA GSFC, serves as HQ’s implementation arm on COR Program-related matters. The Astrophysics
Division achieves efficiency by having the same staff and physical facilities serve both the COR and
PCOS Program Offices. The Astrophysics Division funds technology development at all TRLs. Early-stage
development (TRL < 3) and technologies related to non-strategic missions are typically funded by APRA.
Final maturation (TRL > 6) is mission-specific and thus handled by flight missions. The SAT program,
launched in 2009, funds maturation of technologies across the mid-TRL gap (3 < TRL < 06).

The COR Technology Development Process

The COR Program Office is charged to develop and administer a technology development and maturation
program, moving innovative technologies across the mid-TRL gap to enable strategic COR missions.
The Program Office facilitates, manages, and implements the technology policies of the Program. Our
goal is to facilitate technology infusion into COR missions, including the crucial phase of transitioning
nascent technologies into targeted projects’ technology programs during mission formulation. COR SAT
projects are funded by the COR SR&T budget. Our work is guided by the priorities set forth in the AIP,
the Astrophysics Roadmap, and other current strategic guidance. The AIP describes the Astrophysics
Division’s planned implementation of space-based priority missions and activities identified in NWNH,
updated due to more recent budgetary developments. The Roadmap strives to inspire and challenge
the community to pursue the missions and technologies needed over the next three decades to address
NWNH-identified science goals.

Our technology development process (Fig. 2-1) places the science community’s inputs at the center
of our efforts through the Decadal Survey process and ongoing identification of technology gaps. The
community is encouraged to submit gaps at any time via the COR Program Analysis Group (COPAG) or
directly through the COR Program website. The COPAG Executive Committee (EC) is asked to review
gaps submitted before the annual June 1 cutoff date, consolidating, enhancing, and adding to them as
needed to create a complete, accurate, and compelling set of gaps for TMB evaluation. The Program Office
charges its TMB annually to evaluate and determine which of the submitted technology developments
would meet Program objectives, and to prioritize them for further development consideration. The TMB
ranks gaps based on Program objectives, strategic ranking of relevant science/missions, benefits and
impacts, and urgency. The TMB, a Program-level functional group, thus provides a formal mechanism
for input to, and review of, COR technology development activities.
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Fig. 2-1. The COR technology development process receives community input on technology gaps, recommends priorities,
manages SAT-funded activities, and informs NASA and the science community about progress.

TMB priority recommendations inform Astrophysics Division decisions on what technologies to solicit
in the upcoming annual SAT call for proposals, and help guide proposal selections. HQ’s investment
considerations are made within a broader context, with programmatic factors apparent at the time
of selection affecting funding decisions. HQ evaluates submitted technology development proposals,
considering overall scientific and technical merit, programmatic relevance, and cost reasonableness given
the scope of work. Awardees work to mature their technologies from their initial TRL, normally 3 or
4%, through TRL 5. PIs report progress and plans to the Program Office periodically, and submit their
technologies for TRL advancement review as appropriate. Progress in these projects allows infusion of
newly mature technologies into NASA missions and studies, enabling and enhancing their capabilities
with acceptable programmatic costs and risks.

As seen in the process graphic, the PATR plays an important role in our technology development
process. Through PI reports and quad charts, it describes the status of all current investments in
strategic COR technologies. It reports technology gaps articulated by the scientific community, and
starting this year also by the large-mission-concept study teams, with a prioritized list of technologies for
future solicitation and funding. The PATR is an open source for the public, academia, industry, and the
government to learn about the status of enabling technologies required to fulfill COR science objectives.
The report informs NASA organizations, including but not limited to the Astrophysics Division, and
updates the community regarding technology development progress, as input for future technology gap
submissions. Technological progress and programmatic decisions change the landscape of requirements
for COR needs; therefore, the process is repeated annually to ensure continued relevance of priority
ranking. Indeed, in any given year, new SAT award decisions are informed by PATRs published over the
prior two years, a new SAT solicitation is informed by the prior-year PATR and the current year’s TMB
priority ranking, and the current PATR provides recommendations for next year’s SAT.

N TRL 4 is defined as: “Component and/or breadboard validation in laboratory environment.”




This technology development and maturation process identifies existing and emerging needs in a
transparent manner, improves the relevance of COR technology investments, provides the community
a voice in the process, and promotes targeted external technology investments by defining needs
and identifying NASA as a potential customer for innovative technologies. It also identifies providers
of technologies and expertise, the Program PIs, to potential customers and collaborators within and
beyond NASA. This encourages industry and other players to invest in enabling technologies for future
missions, and promotes formation of productive collaborations. Beyond involvement in the Decadal
Survey process and technology gap submission, the science community is a key stakeholder in Program
technology development activities. The community provides feedback and inputs to the technology
development process; and participates in COPAG and other committees and workshops, ad-hoc studies,
and in technology development by responding to SAT solicitations.

TRL Vetting

SAT funding helps mature technologies expected to enable and/or significantly enhance future strategic
astrophysics missions. These technologies typically enter the SAT program at TRLs 3 or 4, and are
intended to progress toward higher TRLs. TRL assertions above a technology’s approved entry level are
not official until a TRL-vetting TMB concurs with the development team’s assessment. When PIs believe
their team has demonstrated the required progress, they may request a review to present their case for
TRL update. The Program Office then convenes a TMB consisting of Program Office and HQ senior staff
along with subject matter experts to assess the request and, when warranted, approve the new TRL. The
typical forum for such a request is during the PI’s end-of-year presentation to the Program Office, but it
can be made at any time. One project in the COR portfolio has already gone through this process, and
the PIs of several more are considering TRL vetting this coming year.

Why review TRLs?

TRLs are used throughout the agency to help assess the maturity of technologies. The Program Office’s
charge includes a requirement that it monitor the progress of the Astrophysics Division’s investments in
technology maturation through SAT projects relative to the TRL plan and milestones submitted by the
PI in the SAT proposal. A key indicator of such progress is TRL advancement as vetted by the Program
Office, providing a consistent method of assessing progress across our full portfolio of projects.

What does our vetting mean?

When the Program’s TMB approves a higher TRL asserted by the PI, it provides an independent
assessment and verification that the project has achieved that TRL. The TMB consists of scientists,
technologists, and systems engineers from the Program; and subject matter experts from the community
and Aerospace Corporation, who provide an objective and informed assessment. The primary purpose
for issuing this assessment is to inform the Program Office of significant progress in preparing the
technology for possible infusion into strategic missions. It also informs the science community of an
improved state of readiness.

What is expected?

The TRL vetting process is initiated when a PI notifies the Program Office that the milestones necessary
for TRL advancement have been met. The PI team prepares a brief but compelling presentation that
makes the case for the higher TRL, and the PI presents it to the TRL-vetting TMB which considers the
TRL assertion. The TMB is guided by TRL definitions in NASA Systems Engineering Processes and

Requirements, also known as NASA Procedural Requirement (NPR) 7123.1B. Recognizing that PI teams
are busy and must concentrate their efforts on the work of maturing their technology, the Program
Office is satisfied to rely on a cogent exposition of the same reports, graphs, and test results the team
captures for its own records.



http://nodis3.gsfc.nasa.gov/displayDir.cfm?Internal_ID=N_PR_7123_001B_&page_name=AppendixE
http://nodis3.gsfc.nasa.gov/displayDir.cfm?Internal_ID=N_PR_7123_001B_&page_name=AppendixE

The Program Office has tools to help PIs assess their progress and is available to provide information
on the TRL process. Finally, if the project is still ongoing, we recommend the PI present a plan for
further TRL advances, if any, allowing the TMB to offer feedback and make recommendations.

What are the benefits for the PI and the Program?

The Program Office’s TRL vetting process serves as an opportunity to capture and collect the needed
documentary evidence and present it to a group of independent experts. This can strengthen a potential
future TRL case presentation, whether in person or in writing, to flight projects, proposal teams
considering adding the technology to their mission, and/or proposal reviewers. Another leveraging
opportunity might be in collaboration opportunities. As alluded to above, the TMB can help the PI team
fine-tune its plan for future work to achieve the claimed TRL if the current claim was not vetted, or for
the next TRL if it was.

Finally, TRLs are NASA’s technology development assessment language, and TRL advancement is one
of the key success criteria for SAT projects. Our TRL vetting is an objective process, rendering an
independent verification of achievement, increasing the credibility of the technology’s maturity and
its potential for continued funding, infusion into flight missions, and consideration by community
assessments such as STDT studies and Decadal Surveys.

The COR Technology Development Portfolio as of 2016
For FY 2016, the driving objective is to maintain progress in key enabling technologies for the FIRS and
LUVOIR Surveyor, to enable compelling cases for both in the upcoming 2020 Decadal Survey.

Eighteen COR SAT grants have been awarded to date. Table 2-1 provides top-level information on
the 10 projects that received funding in FY 2016, including where each is described in detail in
the appendices. Appendix B provides one-page “quad chart” project summaries, while Appendix C
provides in-depth reports detailing development status, progress over the past year, and planned
near-term development activities. The appendices provide technology overviews and status, not flight
implementation details. For additional information, please contact the COR Program Office or the PIs
directly. Contact information for each PI appears at the end of his or her report.

The Astrophysics Division collaborated with NASA’s Space Technology Mission Directorate (STMD)
in certain solicitations, developments, proposal reviews, and technology co-funding. The Division is
open to collaboration efforts when possible, as this leverages limited funding to advance technologies
that meet the respective goals of the collaborating organizations. Such joint investments are
“win-win-win” opportunities for the Astrophysics Division, STMD (or other organizations), and the PI.
The Program looks forward to implementing additional jointly beneficial opportunities in the future.

Strategic Astrophysics Technology Selection for FY 2017 Start

The COR Program funds SAT investigations to advance the maturation of key technologies to make
feasible their implementation in future flight missions. The Program focuses on advancing those
technologies most critical for substantive near-term progress on strategic priorities. Three technology
areas were called out in the 2015 COR SAT solicitation as being of particular interest for the Program:
next-generation detectors from the extreme UV to Far-IR; optical coatings, gratings, and filters; and
precision large optics.




Quad Chart &
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Ultraviolet Coatings, Materials, and Processes for K. 'Bala’

Advanced Telescope Optics Balasubramanian L PSS S ¢ o8, 67
Advanced FUVUV/Visible Photon-Counting and : .
Ultralow-Noise Detectors Shouleh Nikzad JPL FY16; 3 yrs 3 57, 82
Development of Digital Micro-mirror Device (DMD) , .
Arrays for use in Future Space Missions Lo L T PIIAS & e . o8 2
Ultra-Stable Structures: Development and . .
Characterization Using Spatial Dynamic Metrology Bl Sl R P s : P58
Improving UV Coatings and Filters using :
Innovative Materials Deposited by ALD Pl St el PV Sl . ol
Advanced UVOIR Mirror Technology Development H. Philip Stah MSEC FY14; 3 yrs 3 61 105

for Very Large Space Telescopes

Cross-Strip Micro-Channel-Plate Detector Systems uc

John Vallerga FY16; 2 yrs 4 62,114

for Spaceflight Berkeley

Raising the Technology Readiness Level of . _

4.7-THz Local Oscillators b MIT FY16; 3yrs S 63,131
A Far-Infrared Heterodyne Array Receiver for Gl . )

and Ol Mapping Imran Mehdi JPL FY14; 3 yrs 4 64,134
Kinetic Inductance Detector Arrays for Far-IR Jonas Zmuidzinas ~ Caltech  FY13; 3 yrs 3 65, 145

Astrophysics

Table 2-1. COR Technology Development Portfolio as of FY 2016 (organized by science topic and Pl name). Note that project
durations include approved no-cost extensions.

The COR SAT proposals selected for FY 2017 start, announced in August 2016, advance two technologies
in two of these areas (Table 2-2). The first effort is in the area of large precision optics, specifically to
develop and demonstrate predictive thermal control technology to effectively enable a thermally stable
space telescope. The second is in the area of next-generation detectors. This investigation proposes
to develop a compact Adiabatic Demagnetization Refrigerators (ADRs) continuous cooling system to
simplify and optimize the thermal design for the requirements of future focal-plane assemblies. These
technology areas address the requirements of most strategic astrophysics missions, including FIRS, the
LUVOIR Surveyor, XRS, and the HabEx Imaging Mission.

Abstract Page
Technology Development Title “mm Initial TRL

Predictive Thermal Control Technology for Potential
HabEx Mission H. Philip Stahl MSFC 3 years 153

High-Efficiency Continuous Cooling for Cryogenic
Instruments and Sub-Kelvin Detectors g I GEEC e 8 1<k

Table 2-2. COR SAT Development Starts in FY 2017 (alphabetically by PI).




These new SAT selections were based on the following factors:

* Overall scientific and technical merit;
* Programmatic relevance of the proposed work, including urgency; and
* Cost reasonableness of the proposed work.

Since these projects have only recently been selected for funding, their status is not presented yet.
First-year progress for each will appear in the 2017 COR PATR, with only abstracts appearing in this
year’s Appendix C.

Large-Mission-Concept Studies toward the 2020 Decadal Survey

As mentioned in Section 1, this year the Astrophysics Division set up STDTs to study four large-mission
concepts — FIRS, HabEx Imaging Mission, LUVOIR Surveyor, and XRS. The STDTs are each charged
to develop the science case and design reference mission, assess technology development needs, and
estimate the cost of their mission concept. These studies will guide our efforts to mature technology
components and architectures required to offer four equally compelling cases for the 2020 Decadal
Survey’s consideration. Similarly, the L3ST was chartered to help us understand how NASA might
participate in ESA’s L3 GW mission, inform our engagement through L3’s earliest stages, and prepare
for the 2020 Decadal Survey.

Each of these ambitious mission concepts promises breakthrough science results, but implementing
them will require us to overcome daunting technology development challenges. The SAT program
is certain to play a major role in funding these technology development efforts. We encourage all
members of the community to support our efforts to identify the highest-priority technology gaps we
need to close to make these missions feasible, and continue to submit proposals in response to SAT
solicitations. As of this writing, notices of intent to submit for the next SAT round are due January
20, 2017, with proposals due March 17, 2017. As described in Section 3, starting this year, the FIRS
and LUVOIR Surveyor STDTs provide their own technology gap lists to the COR Program Office. The
Program Office combined these lists with the one reviewed by the COPAG EC, and submitted the
resulting list to the TMB for prioritization.

Historical Record of TCOR Proposals and Awards

The TCOR section of the SAT program (Table 2-3) received 14 proposals in response to the 2010
solicitation, its first year; 24 for 2011; 13 for 2012; none for 2013 as the Program did not solicit SATs
that year; 14 for 2014; and 12 for 2015. Of the first set, three proposals were selected, with five more
the following year, three in the third year, four last year, and as reported here, two selected in the
latest round. This makes the historical selection rate for COR SAT proposals 22%, with the latest round
selecting 17% of submissions.

N TCOR Proposals )
Solicitation Year Proposal Success Ratio
[ Submitied | Awarded
14 3

2010 21%
2011 24 5 21%
2012 13 3 23%
2013 Not solicited N/A N/A
2014 14 5 36%
2015 12 2 17%
Total to Date 17 18 23%

Table 2-3. Number of TCOR SAT Proposals and Awards.




3. Technology Gaps, Priorities, and
Recommendations

Enabling strategic astrophysics missions that are decades away requires identifying and closing
gaps between state-of-the-art (SOTA) performance and that required for those missions. As current
technologies develop and mature and as our understanding of the missions’ concept designs mature,
those gaps evolve.

As shown in Fig. 2-1, we solicit technology gaps from the community on an ongoing basis. Anyone may
submit a technology gap directly to the Program Office, downloading a form from the COR website, or
through the COPAG. Gaps may be submitted throughout the year, however, since gaps are assessed and
prioritized annually in late July, the Program Office set a June 1 cutoff date for consideration in the same
year. This allows the COPAG EC to review the list of gaps for completeness, merge overlapping gaps, and
complete and improve entries where the submission did not adequately address the requested information.
Then, the EC returns the list to the Program Office for final preparation for the TMB’s assessment.

To maximize the likelihood of high priority ranking, the Program Office encourages submitters to include
as much of the information requested as possible. Importantly, we ask submitters to describe a capability
gap, not a specific implementation process or methodology. The goals and objectives should be clear
and quantified. Additionally, a complete description of the needed capability with specific performance
goals based on mission needs is very valuable. Such information serves several important purposes:

1. The TMB is best able to understand and thus correctly assess the identified technology gap.
2. NASA HQ is best able to develop precise technology development proposal calls.
3. The community is clearly informed and best able to match candidate technologies to mission needs.

Aside from submitter information, the technology gap form requests the following information:

¢ Technology gap name: Identifies the gap, and optimally the type of mission filling it would enable;

* Brief description: Summarizes the technology gap and associated key performance criteria; in
general, well-defined technology gaps receive higher priority than vague ones;

* Assessment of TRL: Describes the SOTA, allowing the TMB to appreciate the gap between what’s
available and what’s needed — SOTA TRL Specifies the current TRL per NPR 7123.1B Appendix E of
relevant SOTA technology; and Full-Solution TRL Specifies the current TRL of candidate technologies
that could provide a full solution; the SAT program funds projects to advance technologies from
TRL 3 up through TRL 5, so those with full solutions already at TRL 6 rank lower unless the existing
technology is significantly deficient in some significant way (e.g., cost, complexity, yield, etc.); note
that full-solution TRL can never exceed the SOTA TRL, else this full-solution technology would be
the SOTA;

* Target goals and objectives: Details the quantifiable goals and/or objectives for a candidate
technology to fill the described gap. For example, “The goal is to produce a detector with a sensitivity
of X over a wavelength of Y to Z nm;” Technology gaps with clearly quantified objectives may receive
higher priority than those without quantified objectives;

* Scientific, engineering, and/or programmatic benefits: Describes the benefits of closing the
technology gap; for enabling technology, describes how and why it is such; if enhancing, describes,
and if possible quantifies, the impact; benefits could be better science, lower resource requirements
(e.g., mass, power, etc.), and/or programmatic (e.g., reduced risk, cost, or schedule); for example,
“Material X is 50% stronger than the current state of the art and will enable the optical subsystem for
a 2-m telescope to be Y kg lighter;” technology gaps with greater potential mission benefits receive
higher scores;



http://cor.gsfc.nasa.gov/technology/COR_Tech_Gap_Form_2016_-_your_last_name.docx

* Application and potential relevant missions: Technologies enabling or enhancing missions ranked
highly by the AIP, Astrophysics Roadmap, or NWNH, will score higher; technologies applicable to a
wide range of COR missions, as well as PCOS and/or EXEP missions will rank better; and

¢ Time to Anticipated Need: Specifies when the strategic mission enabled or enhanced by the technology
is planned to launch. In cases where there is a more immediate driving need (e.g., demonstrating
credibility in time for consideration by the 2020 Decadal Survey), this driving requirement is also
considered; technology gaps with shorter time windows relative to required development times
receive higher priority.

Technology Gaps Submitted to the 2016 TMB

As in 2015, the COPAG EC agreed to review the list of technology gaps compiled by the Program Office.
The Program Office forwarded to the EC 20 gaps from the 2015 TMB list plus 12 new community
entries, where four were minor edits to 2015 gaps, that were included in the relevant gaps. We thank the
community for their engagement in this process and for their thoughtful gap submissions. The EC thus
received a list of 28 gaps in all, and after removing one entry considered as not being a technology gap,
returned the remaining 27 gaps, commenting that there was quite a bit of duplication and questionable
statements as to state-of-the-art for some technologies. The EC is considering setting up a Technology
Interest Group (TIG) to provide rigorous fact-checking of statements made in technology gap entries.
In parallel, the two STDTs submitted to the Program Office a combined 15 gaps. The LUVOIR Surveyor
STDT submitted seven gaps, identifying three as “highest priority,” and four as “important;” while
the FIRS STDT submitted eight. Of the seven LUVOIR gaps, two were deemed outside the scope of
COR science, and removed from the COR TMB list as more appropriate for prioritization by the EXEP
Program Office. To facilitate and streamline the TMB prioritization process, a subset of the full TMB
consolidated the remaining 40 entries into 26 unique gaps, of which six were new relative to the 2015
list. At the start of the its meeting, the full TMB decided to further merge gaps, resulting in a final li