Title: Preliminary LRP FY2018-2022

Author: ADs

NRAO Doc. #: PMD00179

Date: 10/13/2016
Version: 3.0

Preliminary
Long Range Plan
for NRAO
FY2018–2022

PREPARED BY
L. Wingate, ADs

ORGANIZATION
NRAO

APPROVALS
Lory Wingate

ORGANIZATION

Lory M Wingate

Tony Beasley
David Curren

DATE
10/13/2016

David Curren

Digitally signed by Lory M Wingate
Date: 2016.10.13 15:37:24 -04'00'

NRAO, PMD

Digitally signed by Tony Beasley
Date: 2016.10.13 16:54:06 -04'00'

NRAO

Digitally signed by David Curren
Date: 2016.10.14 10:33:29 -04'00'

AUI

Title: Preliminary LRP FY2018-22
NRAO Doc. #: PMD00179

Author: ADs

Date: 09/29/2016
Version: 2.0

Change Record
VERSION
1.0
2.0
3.0

DATE
09/13/2016
09/29/2016
10/13/2016

REASON
Initial draft report completed
Incorporated comments/edits from ADs/AUI
Incorporated additional edits (minor) from AUI

Preliminary
Long Range Plan
for NRAO
FY2018 – FY2022

10/13/2016

The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.

TABLE OF CONTENTS
1.

2

3

4
5

6

7

Overview ...................................................................................................................... 1
1.1
1.2
1.3
1.4
1.5
1.6

Strategic Goals................................................................................................................ 2
Introduction to the Plan ................................................................................................ 3
Structure of the Long-Range Plan ................................................................................ 3
Financial and Budget Considerations ........................................................................... 5
NRAO Telescope Facilities ............................................................................................ 6
Services Provided to Other Observatories .................................................................. 8

2.1
2.2
2.3
2.4

Science in the Next Half-Decade ................................................................................ 10
General Development Initiatives ................................................................................ 16
Longer Term Developments in Radio Astronomy.................................................... 18
Summary ....................................................................................................................... 22

3.1
3.2
3.3
3.4

Telescope Time Allocation .......................................................................................... 23
Scientific User Support ................................................................................................ 24
Science and Academic Affairs ..................................................................................... 26
NRAO Services ............................................................................................................. 28

4.1
4.2

Atacama Large Millimeter/submillimeter Array....................................................... 30
Very Large Array .......................................................................................................... 39

5.1
5.2
5.3

Central Development Laboratory .............................................................................. 48
ALMA Development .................................................................................................... 54
VLA Development ........................................................................................................ 56

6.1
6.2
6.3
6.4
6.5
6.6

STEM Education ........................................................................................................... 58
Authentic Research Experiences ................................................................................ 59
Visitor & Education Center Experiences ................................................................... 60
Evolving Online Presence ............................................................................................ 60
Media Engagement ....................................................................................................... 61
Evaluation ...................................................................................................................... 61

Community-Driven Science Goals .......................................................................... 10

Science Support and Research ................................................................................ 23

Observatory Telescope Operations........................................................................ 30

Observatory Development Programs .................................................................... 48

Education and Public Outreach............................................................................... 58

Observatory-wide Services ...................................................................................... 63

7.1
Data Management & Software Department ............................................................. 63
7.2
Program Management ................................................................................................. 68
7.3
Administration .............................................................................................................. 69
7.4
Human Resources......................................................................................................... 72
7.5
Office of Diversity & Inclusion ..................................................................................... 77
7.6
Computing & Information Services ............................................................................ 81
7.7
Director’s Office ........................................................................................................... 83
7.7.1 Communications Office ............................................................................................. 83
7.7.2 Spectrum Management .............................................................................................. 84

Appendix A: Resource Projections ................................................................................ 85
Appendix B: Major Milestones ....................................................................................... 86
Appendix C: Acronyms ................................................................................................... 87

1.

OVERVIEW

This Long Range Plan (LRP) describes Fiscal Year (FY) 2018-2022 activities, operations, and initiatives that
support the National Radio Astronomy Observatory (NRAO) Strategic Plan, which provides a compelling,
long-term vision for NRAO and strategic guidance for Observatory initiatives. This is the first NRAO LRP
crafted within the framework of the new Cooperative Agreement established by the National Science
Foundation (NSF) with Associated Universities, Inc. (AUI) for the operation of the NRAO in the coming
decade (FY2017–26).
During FY2018-22, the NRAO will deliver transformational scientific capabilities that will enable the
astronomy community to make new discoveries and answer outstanding fundamental astrophysical
questions. The NRAO will operate the international Atacama Large Millimeter/submillimeter Array
(ALMA), and the Karl G. Jansky Very Large Array (VLA), each the world leader in its observing domain.
These telescopes acquire observations from sub-millimeter to meter wavelengths with unprecedented
resolution, sensitivity, frequency coverage, and field-of-view. VLA and ALMA are also the only new major,
general-purpose instruments available to the astronomical community for at least the next five years. Used
individually or in combination, the NRAO telescopes provide the novel capabilities required to address
many of the science objectives described in the Astro2010 Decadal Survey report, New Worlds, New
Horizons in Astronomy and Astrophysics (NWNH), such as placing constraints on the nature of Dark Energy,
imaging the first galaxies in the epoch of reionization, and directly observing the formation of planets in
proto-planetary disks.
ALMA is providing, for the first time, detailed images of stars and planets in formation, young galaxies
being assembled throughout the cosmic history of star formation, opening new windows into the cold
Universe via its tremendous increase in sensitivity and resolution at millimeter and submillimeter
wavelengths. Early science was initiated at ALMA in September 2011, and ALMA will achieve full science
operations during this period.
At the adjacent centimeter-wavelength range, the upgraded VLA is in full science operations as the world’s
most capable and versatile centimeter-wave imaging array and has scientific capabilities comparable to
those of ALMA.
To maximize the usage and science impact of its research facilities, NRAO is broadening their access to
all astronomers by the development of uniform and enhanced user support services. These services are
closely coordinated by the NRAO Science Support and Research (SSR) Department and are provided by
the North American ALMA Science Center (NAASC) in Charlottesville, the Domenici Science Operations
Center (DSOC) for the VLA in Socorro.
At the same time, NRAO is also focusing on developing forefront technology to continuously improve
the facilities and to realize next generation facilities. Taking advantage of the outstanding technical
expertise across NRAO, the Central Development Lab (CDL) oversees a science-driven research and
development program that will help realize key NWNH science goals, including: the detection of
gravitational waves via pulsar timing and the North American Nanohertz Observatory for Gravitational
Waves (NANOGrav); studying the early Universe via the highly redshifted 21 cm Neutral hydrogen (HI)
line with the Precision Array to Probe the Epoch of Reionization (PAPER) and the development of a
Hydrogen Epoch of Reionization Array (HERA).
To engage the community in an ongoing discussion and planning of long-term (10+ year horizon)
developments, NRAO will sponsor a series of workshops on future science and technology for the nextgeneration meter and centimeter-wave facilities, but in the context of a multi-wavelength and time domain
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approach to addressing outstanding scientific questions. NRAO is an institutional member of the Large
Synoptic Survey Telescope (LSST), ensuring NRAO telescopes will be operated in a manner that will fully
exploit the time domain.
To broaden the impact on society, the NRAO will continue to engage the American public in the
adventure of radio astronomy and the wonders of the Universe through our Education and Public
Outreach (EPO) program. The education components of that program connect a diverse range of learners
and teachers to role models who are passionate about science and engineering, give them privileged access
to the resources and milieu of professional science, and enable them to accomplish projects of true
significance (such as discover a pulsar or observe the radio emission from the galactic core). Astronomy
is an appealing gateway by which learners of all ages can be drawn to science, technology, engineering, and
mathematics (STEM). Our STEM education programs aim to build the skills and confidence of young men
and women, attract them to STEM careers, enhance their appreciation of STEM fields, and thus contribute
to our national competitiveness. Internally, NRAO will continue to foster a multi-faceted culture and
environment via initiatives designed to attract, nurture, and retain a diverse workforce that will serve as
a role model to other research facilities.
With full science operations underway on the VLA and ALMA, the NRAO is fulfilling its commitment to
deliver transformational facilities to the U.S. as well as the international astronomy community. The VLA
is demonstrating its order-of-magnitude improvement in capability with numerous new scientific results,
including gas excitation studies at redshift z=6, characterization of the spectral energy distributions of
nearby Ultra Luminous Infrared Galaxies, and studies of trans-Neptunian objects. The community's
engagement with ALMA is demonstrated by the substantial science observing time oversubscription in
every proposal Cycle, and the numerous impressive science results published in the literature.

1.1 Strategic Goals
NRAO comprises the nation’s core competency in radio astronomy, an invaluable resource for astronomy
in the U.S., and indeed the world.
1. Enhance User Support to Maximize Scientific Impact
To ensure the astronomy community will make optimal scientific use of the remarkable capabilities of the
Observatory’s forefront facilities, the NRAO will focus on providing easier access to all NRAO telescopes
and enhanced support for astronomers from all sub-disciplines in a uniform and coordinated interface.
The goal is to maximize the Observatory’s science impact, especially along the scientific directions
highlighted by the Astro2010 Decadal Survey NWNH report, and to be accessible to the broadest crosssection of the U.S. astronomy community.
2. Develop State-of-the-Art Instrumentation for Current and Future Facilities
The NRAO has a long tradition in leading the development of state-of-the-art technology and telescope
design in radio astronomy for the benefit of the astronomy community. For the future of the field, a
forward-looking, prioritized, Observatory-wide research and development (R&D) program that is aligned
with the recommendations of the NWNH will be carried out.
NRAO will continue developments for its operational facilities, novel experiments, and next generation
facilities, with the activities determined by an annual science-driven prioritization process across the
Observatory. NRAO will continue to play an important role to help develop and realize the mid-scale
projects recommended by NWNH—such as HERA and NANOGrav—in the coming decade.
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Importantly, this work will be done in collaboration with research groups at universities and colleges
throughout the country, leveraging NRAO staff efforts in support of the university community, and
providing a valuable training ground for students and young scientists to become future instrument
builders
3. NRAO’s Outstanding Scientists and Engineers—A Key Community Resource
The NRAO embodies a wealth of staff expertise and experience built up over 50+ years that is unrivalled
among radio astronomy observatories or groups in the world. As a strategic goal, NRAO aims to deploy
this invaluable resource for the benefit of the U.S. and international community, helping to realize major
new facilities that are aimed at important scientific objectives, especially those recommended by NWNH.

1.2 Introduction to the Plan
The LRP serves as primary NRAO document for communicating the vision, mission, strategy, and
initiatives that will best serve the user community and result in the best science results. The LRP is updated
annually to incorporate the latest scientific, technical and budgetary developments. The financial basis of
the projected budget and staffing levels is the established President’s Request Level projection. NRAO has
multiple sources of funding incorporated into this Plan including NSF-AST Cooperative Support
Agreement (CSA) funds and other awards. NRAO targets non-CSA sources of funds to overcome some
challenges in the NSF funding allocation, but only sources of funding that are established, or committed
through a formal Memorandum of Understanding (MOU) at the time of writing, are included in the LRP.
This LRP covers FY2018-22. NRAO develops its LRP by proactively assessing which activities should be
pursued in addressing the needs of the user community in a constrained fiscal environment. NRAO has
developed this Plan to represent a budget-balanced program. The LRP describes the tasks and resources
that will be used to accomplish the following high-level goals:




Continued successful operations of telescope facilities.
Focus on improving the community’s optimum scientific utilization of NRAO facilities.
Research and development to evolve the NRAO facilities based on the most scientifically
promising projects to help realize mid-scale facilities recommended by NWNH.

This LRP is formulated to ensure the continued successful operation of the telescope facilities, make
provisions for improving the community’s optimum scientific utilization of these facilities, and continue
development required to keep the U.S. at the forefront of radio astronomy and astrophysics. Fitting in
the planned activities within the given budget profile will be accomplished by a well-established
Observatory-wide, science-driven prioritization review, carried out annually to ensure an optimum and
feasible POP is formulated.

1.3 Structure of the Long-Range Plan
Chapter 2 describes the key community-driven science goals, along the science themes in NWNH and
how the new capabilities of NRAO facilities allow the astronomy community to address the outstanding
questions.
Chapter 3 describes Observatory science operations that will be coordinated by the SSR Department.
Through SSR, NRAO provides access to all its facilities, expands access to new users, enhances user
services to facilitate their scientific objectives, and optimizes operational efficiencies across the
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Observatory. Significant new initiatives will be launched to expand and enhance user support at NRAO
facilities in FY2018-22.
Chapter 4 details the telescope operation plans for ALMA and the VLA in FY2018-22. New VLA
capabilities will open new discovery space, such as the ability to respond very quickly to an external fast
transient trigger, and the ability to detect very fast transients and generate those triggers for other
observatories. The seven year VLA Sky Survey (VLASS)—a multi-epoch, all-sky, 2–4 GHz survey with the
highest spatial resolution for an all-sky radio survey—will be underway, with the potential of vastly
increasing access to radio data products outside the traditional radio astronomy community. The North
America ALMA strategic objectives and implementation plans for FY2018-22 are described, as well as the
overall operations plans for the ALMA divisions and the NA ALMA Development program. ALMA will
achieve Steady State Operations at the beginning of Cycle 5 (FY2018), and full ALMA Operations will
be achieved no later than Cycle 7.
Chapter 5 describes the NRAO research and development activities: continually developing critical
capabilities for upgrading NRAO facilities and for next generation facilities; helping the community realize
mid-scale projects recommended by NWNH; and identifying and pursuing collaborations that lead to new
scientific initiative, advancements in the state-of-the art technology, as well as possible additional funding
opportunities.
Chapter 6 describes the activities and programs of the NRAO EPO Department, which will work to
achieve the public recognition and understanding for NRAO facilities, science, achievements, and people
and to engage students in our evolving educational opportunities. The NRAO EPO programs contribute
to the fulfillment of the NSF mandate for the achievement of Broader Impacts.
Chapter 7 details the FY2018-22 plans for Observatory-wide Services, which includes the following:
Chapter 7.1 describes the FY2018-22 Data Management and Software (DMS) Department roles in the
evolution of NRAO user services, improving user interfaces, and the Common Astronomy Software
Applications (CASA) package. DMS will create the software to enable the VLA Sky Survey and will provide
integrated systems for data processing on commercial cloud services and NSF high performance
computing facilities.
Chapter 7.2 describes the activities of the Program Management Department (PMD). PMD provides
processes, templates, and training, as well as project management and systems engineering services, to the
Observatory to ensure that projects on all scales are initiated and led with the appropriate level of
integrated Project Management and System Engineering in order to obtain quality outcomes that meet
stakeholder expectations.
Chapter 7.3 details the Administration (ADMIN) Department FY2018-22 plans for Observatory Business
Services, Budget Office, Environmental Safety & Security, Contracts & Procurement, Management
Information Systems, and the Technology Transfer Office.
Chapter 7.4 describes how the Human Resources (HR) Department will take a leadership role in
FY2018-22 and provide services that promote the concept that our employees are our most valuable
resource. HR will act as a catalyst to enable all staff to contribute at optimum levels toward the success
of NRAO, providing professional services and administrative expertise in response to the changing needs
of the organization, optimizing employee contributions and their well-being.
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Chapter 7.5 details the Office of Diversity & Inclusion (ODI) Department efforts that will focus on broader
impacts, new and on-going pipeline initiatives, workforce hiring, retention, training, and workplace culture.
As a national laboratory, NRAO recognizes its responsibility to reflect, to the greatest extent possible,
the U.S. population. NRAO will strive to meet this challenge from FY2018-22 by continually improving its
efforts to build and maintain a diverse, world-class workforce.
Section 7.6 describes the unprecedented Computing Information Services (CIS) staff and infrastructure
demands that will be met in FY2018-22 by a close partnership with DMS for provisioning and supporting
critical science support services. The opportunity to partner with national computing research centers is
an essential strategic goal for CIS, given the data and compute-intensive nature of Observatory
instruments.
Section 7.7 describes the Director’s Office activities for FY2018-22, including providing executive
management and leadership for the Observatory, scientific research, and community relations. The
Director’s Office includes the Director, Chief Scientist, the Communications Office, and Spectrum
Management.
Four appendices describe: (Appendix A) the relevant resource projections for FY2018-22; (Appendix B)
the major milestones for FY2018-22; (Appendix C) planned infrastructure progress for FY2018-22; and
(Appendix D) the acronyms used in this LRP.

1.4 Financial and Budget Considerations
The LRP budget assumes 3% annual increments in NSF allocated funds as well as continuing increments
to and the availability of ALMA NA partner contributions from Canada and Taiwan.
In addition, the budget assumes the ability to carry-over funds from year to year. The importance of this
assumption will be seen below.
NRAO continues to experience significant pressure from the cost of compensation. It is expected that
significant choices with regard to the employee benefits program as well as the tradeoff between salaries
and benefits will need to be made over the course of this plan. Key competencies are also becoming
more expensive to recruit and retain which may, again, force the Observatory to opt for a smaller, more
expensive work force.
NRAO has assumed responsibility for managing the North American risk associated with the cost of the
JAO in Chile. This brings significant risk to the budget from exchange rate fluctuations, fuel price volatility
and JAO outyear budget growth owing to evolving maintenance and equipment overhaul requirements.
While the NA responsibilities to the ALMA development program are expressed in annual terms, the
actual ability and scheduling required to run the development program means that the outlays are not
linear. In addition, awards may be made for periods longer than a year and NRAO cannot govern the
spend rate of awardees within the award period.
For the reasons noted in the above paragraphs, it is vital that the ALMA program be able to retain its
funds during the period of the plan.
The plan also assumes that a certain fraction (~50%) of ALMA development awards are awarded to the
CDL either as PI or through a subcontract. This is important to maintaining strategic and core
competencies at the Lab. Shortfalls or overages in the awarding of these funds to the CDL will produce
stresses on maintaining a steady state staff.
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The NRAO plan includes significant infrastructure maintenance expenditures at the VLA. As NRAO
moves through the list, attempts to provide early funding for ngVLA activities, and experiences
unanticipated failures or longevity, the plan will continue to evolve. NRAO is committed to tracking the
infrastructure renewal program through the mechanism of this plan (see App. C). Again, with the highly
variable expense of certain elements of the plan, it is critical that NRAO be able to carry-over funds from
one year to the next to enable the accomplishment of certain large ticket items (such as the electrical
system upgrade now planned for FY2018.)
NRAO will have a NICRA in place during FY2017 for the first time providing recovery for its Internal
Common Cost (ICC) activities. The rates cover a larger base than just the NRAO award covered by this
plan. Should the base change materially, e.g. if Green Bank Observatory (GBO) and/or Long Baseline
Observatory (LBO) were to exit AUI or stop being covered by the ICC, this would have a material effect
on the rates and subsequently on the budget—especially on the latter years of the plan. No assumption
to this effect (GBO/LBO exit) has been made.

1.5 NRAO Telescope Facilities
Atacama Large Millimeter/submillimeter Array
ALMA is transformational in its scientific concept, engineering design, and organization as a global scientific
endeavor. It represents one of the largest advances in observational capabilities in ground-based
astronomy ever made. At construction completion in FY2014, it provided an order of magnitude or more
improvements in sensitivity, frequency coverage, resolution, imaging, and spectral capabilities to existing
capabilities. In full science operations, ALMA will provide precise images of forming galaxies back to the
epoch of “first light” in the Universe; reveal the physical conditions and chemical composition of stars and
planets during their earliest formative stages; and provide an accurate census of the sizes and motions of
the icy fragments left over from the formation of our own Solar System that are now orbiting beyond
Neptune.
Located at 5000m altitude in northern Chile, ALMA is an interferometric array of fifty 12m radio
telescopes in extended configurations, plus twelve 7m and four 12m radio telescopes in a compact array,
operating at frequencies from 30 to 950 GHz (10 to 0.3 mm wavelength). ALMA Early Science Calls for
Proposals were issued on 30 March 2011 and 31 May 2012, respectively. Each attracted enormous
community interest, resulting in oversubscription rates exceeding 9:1, comparable to the typical
oversubscription of the Hubble Space Telescope. Cycle 0 Early Science observations began 30 September
2011.
ALMA's enormous collecting area and superb site make it a singular instrument for the exploration of the
most distant parts of the Universe, and measuring spectral lines from distant galaxies is the first of ALMA’s
primary science goals. Fortuitously, at the redshifts 6 < z <15 at which the first stars created the first
metals, the strong forbidden lines of the most abundant of those first elements migrate through the ALMA
bands. Oxygen and carbon are the most abundant metals produced by these first stars and both have lines
detectable in this redshift range:




The 157µm [C II] line is among the brightest lines in the Universe, carrying ~1% of the luminosity
of the Milky Way.
Other carbon carriers will also be detectable by ALMA, including [C I], CO, CH and CH+.
Strong atomic oxygen lines occur at 63µm and 145µm ([O I]), and 52µm and 88µm ([O III]); these
lines may be detected in several hour integration times to redshifts which reach the near edge of
cosmic reionization.
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Together with OH and H2O lines detectable at moderate redshift, these lines chronicle the production of
metals over the course of the history of their creation. The metals also form dust, and thermal dust
emission provides an essentially distance-independent means of measuring galaxies to z~10.
The second of ALMA’s primary science goals, to image proto-stellar and proto-planetary disks, addresses
the origins of stars and planets, the fundamental objects of our Universe. A cloud may have many cores
within it, some of which will collapse to form stars while others find collapse impeded, perhaps by magnetic
fields lacing the gas or by turbulence. High resolution, sensitivity and excellent capability for measuring
polarization endow ALMA with the capability of distinguishing the roles of these factors in accelerating or
retarding star formation. High-resolution studies of the emission distribution of various molecules reduce
"spectral confusion" and serve to relate molecular distributions to local physical conditions in order to
elucidate molecular formation and destruction mechanisms. Images also show how the gas temperature
varies across the region, highlighting the roles of shocks.

Karl G. Jansky Very Large Array
The VLA is a centimeter-wavelength telescope array of unprecedented sensitivity, frequency coverage,
and imaging capability created via a comprehensive modernization of the VLA. Located at 2140m altitude
on the Plains of San Agustin in west-central New Mexico, VLA is an interferometric telescope array of
twenty-seven 25m radio telescopes in an extended, reconfigurable array operating at frequencies of
1-50 GHz (30cm–6mm). Full science operations were achieved in 2013.
The primary science goals of the VLA can be summarized as follows:
The Magnetic Universe: Magnetic fields are important in most astrophysical contexts, but are difficult
to observe. The sensitivity, frequency agility, and spectral capability of the VLA allow astronomers to trace
the magnetic fields in X-ray emitting galaxy clusters, image the polarized emission in thousands of spiral
galaxies, and map the 3D structure of magnetic fields on the Sun.
The Obscured Universe: Phenomena such as star formation and accretion onto massive black holes
occur behind dense screens of dust and gas that render optical and infrared observations impossible. The
VLA observes through these screens to probe the atmospheres of giant planets, measure thermal jet
motions in young stellar objects, and to image the densest regions in nearby starburst galaxies.
The Evolving Universe: The formation of stars and galaxies, and the evolution of the gas content of
the Universe, are exciting topics for scientists using the VLA. Radio data can trace the evolution of neutral
hydrogen and molecular gas, and provide extinction-free measurements of synchrotron, thermal free-free,
and dust emission. The VLA can distinguish dust from free-free emission in disks and jets within local starforming regions, and can measure the star-formation rate, irrespective of dust extinction, in high-z galaxies.
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Figure 1.2: NRAO Telescope Molecular Gas Discovery Space: The carbon monoxide (CO) molecule is an excellent tracer of
the distribution of molecular gas in the Universe. ALMA and the VLA provide complementary coverage of the CO discovery
space as a function of redshift. The horizontal lines indicate which CO transition (y-axis) can be observed with these NRAO
research facilities as a function of redshift (x-axis).

1.6 Services Provided to Other Observatories
NRAO has Service Level Agreements (SLA’s) in place with the GBO and LBO for the period of FY2017
and FY2018, with the potential for extension by mutual agreement.
The purpose of the SLA’s is to document services that NRAO will provide to the GBO and LBO and viceversa. Several independent statements of work, each with its own point of contact, are specified within a
common framework. The SLA’s are established with the understanding that in all cases, for identified
work packages, GBO/LBO will be provided with a level, quality, and responsiveness of service that is
consistent with and undifferentiated from that provided to NRAO.
The SLA’s document areas in which shared services provide either clear advantages to both the NRAO
and GBO/LBO or areas in which shared services have significant cost savings or other advantages for the
GBO/LBO. A third area is also identified – services currently shared by the GBO/LBO and NRAO which
may work as (or more) efficiently when separated, but for which there has not been sufficient time to
develop independence before the start of FY2017.
It should be noted that, as sister organizations within AUI, the NRAO and the GBO/LBO will continue to
share resources and services beyond what is described by the SLA ‘s as feasible and through the use of
direct cost reimbursement. Such shared services will be handled on a case-by-case basis.
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The following NRAO divisions and programmatic activities are staffed, from a skills and force perspective,
to provide services to GBO/LBO. Requisite incremental funding in support of the SLA effort is provided
by GBO/LBO:
Science Support and Research
Student Programs & Training
Conferences, Workshops, Colloquia, and Lectures
Data Management & Software
Computer and Information Services
Education & Public Outreach
Communications
Spectrum Management
New Mexico Operations, Scientific Services
New Mexico Operations, Operation of the VLBA
Central Development Lab
In addition to the operations noted above, GBO/LBO participate in the NRAO Internal Common Cost
pool which provides support for a large package of common administrative and programmatic activities.
The ICC pool is described in other NRAO documents.
NRAO, GBO, and LBO expect the SLA’s to evolve over the LRP period based on the status and needs of
each Observatory.
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2 COMMUNITY-DRIVEN SCIENCE GOALS
The last five years have been among the most productive in history, in terms of advances in our knowledge
of the Universe. The study of exoplanets, and the search for life beyond the Earth, has taken center stage
in modern astrophysics. Time domain astronomy has demonstrated the richness of the variable and
explosive Universe, and LSST promises to soon revolutionize this field. Study of galaxy formation has
reached back to the first galaxies in the Universe, during the epoch of cosmic reionization, some few
hundred Mega-years (Myr) after the Big Bang. And the advent of the James Webb Space Telescope (JWST)
and 30m-class ground-based optical telescopes will afford a full characterization of the stellar content of
galaxies throughout cosmic time. Planck has ushered-in the era of ‘double precision cosmology,’ and the
Laser Interferometer Gravitational-Wave Observatory (LIGO) has discovered gravitational waves from
the Cosmos, opening a window on the non-electromagnetic Cosmos.
In this time period, radio astronomy has made a comparable breathtaking leap in capabilities, with the full
operation of ALMA and the expanded VLA. These facilities represent an order of magnitude or more
improvement in observational capabilities from 1GHz to 1THz. The VLA and ALMA have established
themselves as cornerstone facilities in the suite of state-of-the-art telescopes that power discovery in
modern multi-messenger astronomy, impacting a remarkably broad range of topical problems in modern
astrophysics, from the ionosphere to the first galaxies. This impact is evinced by the steady, strong
proposal pressure at the VLA, with 400+ proposals a year being submitted by 1000+ investigators. The
publication rate of the VLA dwarfs all other radio facilities, and rivals the most advanced optical 10m-class
telescopes and the great space observatories, such as the Chandra X-ray Observatory and the Spitzer
Space Telescope. ALMA has reached a class of its own—consistently receiving more proposals (almost
1600) per call than any other telescope, ground or space-based, in history.
Going forward, NRAO will be focusing on the interferometers, providing important synergies and
complementarities between techniques, science, and design, inherent in interferometric observations from
centimeter to sub-millimeter wavelengths. The CASA package provides a common software environment
for advanced data analysis, and the NRAO is implementing a uniform SRDP program that will facilitate
usage of these complex instruments by an ever-growing astronomy and physics community. These facilities
are pushing the envelope of science applications and observational techniques required to inform the longterm future of radio astronomy, as we work toward development of mega-facilities late in the next decade,
such as the ALMA2030, Next Generation VLA (ngVLA), and the Square Kilometre Array (SKA).
The following sections outline the broad science potential of the ALMA and the VLA in the coming five
years, and the fundamental role these programs play in modern multi-messenger astronomy. Development
programs are discussed that are being implemented to continue improvements in capabilities in the near
term, and into the next decade and beyond. Science is organized starting from the very nearby Universe,
and moving to the most distant galaxies.

2.1 Science in the Next Half-Decade
Solar System
ALMA and the VLA provide unique insights into the Solar System, and maintain a healthy demand for
observing time in this field. Understanding our Solar System has taken on new import with the rapidly
growing interest in extrasolar planets and life. There is keen interest in the detection and characterization
of near-Earth asteroids, and space weather has become a major issue.
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Starting with the Earth itself, the low frequency system at the VLA is being used to probe time variations
of structures in the ionosphere, potentially connected to the Solar wind. This program will expand over
the coming years, with the inclusion of the VLA and the Long Wavelength Array (LWA) as a common low
frequency array, and extension of the LWA across the state of New Mexico.
New VLA capabilities have been used to image magnetic reconnection processes in the inner Solar corona
on sub-second timescales and spatial scales of hundreds of kilometers. These studies, in combination with
UV and X-ray space observations by Hinode and the Ramaty High Energy Solar Spectroscopic Imager
(RHESSI), reveal the power-source generating solar flares and launching coronal mass ejections—all key
elements driving space weather. With the commissioning of Solar observing, ALMA has recently become
the newest weapon in the growing arsenal of Solar observatories, which will include Daniel K. Inouye
Solar Telescope (DKIST) in the coming years.
ALMA and the VLA are providing detailed images of the dynamics of the gaseous constituents of the
atmospheres of the giant planets, probing deep into planetary atmospheres otherwise inaccessible at other
wavelengths. Programs have begun to plumb the sub-surface composition of rocky planets and moons,
out to Pluto and Charon, as well as asteroids, such as Ceres and Vesta. ALMA is being used to study the
organic molecules on comets, thereby providing insight into the composition of the primordial Solar
nebula, as well as volcanism on planetary moons.
The VLA and ALMA observations are unique and complementary elements in the ambitious program of
ground and space missions dedicated to Solar System science. We expect all these areas to continue to
expand in scope over the coming years.

Figure 2.1: VLA images on 50 msec timescales of a solar flare, plus a schematic diagram of the process
(Chen et al. 2015, Science, 350, 1238). Also shown are Extreme Ultraviolet (EUV) observations by the
Solar Dynamics Observatory and X-ray observations with Hinode.

The Milky Way: Star and Planet formation, and the Search for Life
Perhaps the biggest advance in astronomy, scientifically and sociologically, in the last decade has come
through the study of extrasolar planets. The field has gone from a handful of candidate planets in exotic
environs, to a mature field with thousands of planets characterized by stellar host, mass, and orbit.
The VLA and ALMA play incisive roles in the study of extrasolar planets by probing the physics of early
planet formation in dusty disks, down to Solar System scales. These crucial formative zones are
inaccessible to observations at other wavelengths due to the high dust opacity.
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ALMA and VLA images of the 1Myr old dusty protoplanetary disk around the solar-mass protostar, HL
Tauri, provide stunning, unprecedented views of the origin of planetary systems that may be analogous to
our own. Similar results are emerging on older debris disks, and around lower and higher mass stars. The
VLA is crucial for probing the most optically thick inner regions of protoplanetary disks, being sensitive
to the growth of dust to pebbles, on the way to planets. ALMA has the potential to make a direct detection
of the warm dust associated with accretion on to Jupiter-like planets. The VLA has recently completed a
large program on dusty protostellar disks and the origin of stellar multiplicity, and first results of this
program are appearing in the literature.

Figure 2.2: ALMA 1.3mm, VLA 7mm, and overlay, of the proto-planetary disk around the solar-mass
protostar, HL Tauri (7mm contours at 40mas resolution; Carrasco-Gonzales ea. 2016, ApJ, 821, L16;
Brogan et al. 2015, ApJ, 808, L3).
ALMA and the VLA also provide unique information on the chemistry of early planet forming disks.
Chemistry plays a role in the development of structure in the disks themselves, through ‘snow-lines’ and
‘dust-traps.’ Moreover, the discovery of terrestrial planets, many within the habitable zone, has spurred
interest in the search for extraterrestrial life. Radio facilities play a unique role in the study of pre-biotic
chemistry in the Cosmos, tracing the growth of basic organic molecules to large, pre-biotic molecules,
such as simple amino acids. The broad-band systems at the VLA and ALMA supply the critical ability to
image the chemistry in proto-planetary disks that potentially fosters the formation of life. ALMA most
recently has shown evidence for excessive cometary disruption in the early phases of protoplanetary disk
formation, seeding the early disk with organics. With the advent of the JWST to image dusty proplyds at
tens of milli-arcseconds resolution in the near-infrared, planetary studies will remain a major growth area
for both the VLA and ALMA in the coming five years.
The sensitivity of the VLA has opened up a new field of study of radio emission from solar and lower mass
stars, including a major program focused on the surprising radio activity of brown dwarfs. Routine
detections are being made of non-thermal radio emission from M-dwarfs relating to flare activity on the
star itself, and auroral activity indicating strong star-planet magnetospheric interactions. These
observations allow for the exploration of magnetic dynamo mechanisms in these fully convective stars.
Likewise, strong thermal winds are being studied in evolving low mass stars. In analogy to the Solar System,
all of these phenomena drive space weather in other planetary systems, with the obvious implications on
the development of planetary atmospheres. These results have led to new consideration of the importance
of space weather and planetary magnetospheres on the development of life in other planetary systems, as
accentuated by the recent discovery of an Earth-mass planet orbiting in the Terrestrial Zone around the
nearby dwarf star Proxima Centauri.
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Nearby Galaxies: Baryon Cycle
It has become clear in recent years that galaxies at low and high redshift cannot sustain their rate of star
formation without a continued supply of gas from the intergalactic medium. This issue of the ‘baryon cycle’
is one of the paramount questions in studies of galaxy evolution.
The VLA and ALMA allow for a massive step forward in our knowledge of the baryon cycle in the nearby
Universe, through imaging from parsec (pc) to kilo-parsec (kpc) scales of the molecular and atomic gas,
and cold dust, in the Milky Way and nearby galaxies. HI 21cm observations of high velocity clouds in our
Galaxy and nearby galaxies with the VLA, Westerbork Synthesis Radio Telescope (WSRT), and other
centimeter-wavelength telescopes have shown, for the first time, direct evidence for in-fall of cool gas
onto galaxies. Likewise, molecular observations of the nuclei of starburst galaxies and Active Galactic
Nuclei (AGN) with ALMA systematically reveal outflows driven by the energy deposited by the stars
and/or AGN. The causal relationship between star formation and the various interstellar medium (ISM)
gas phases is being quantified through ALMA and VLA observations of the thermal dust, plus myriad
molecular gas phases, in environments ranging from typical spiral arm clouds to the extremes of dense
starbursts and the formation of superstar clusters.
The VLA and ALMA are also breaking new ground in the study of cosmic magnetic fields. Observations of
Zeeman splitting of spectral lines, and of polarized synchrotron emission, are unique tools for probing
magnetic fields from dense star forming cores to the intergalactic medium. The new, ultra-stable backend
systems have led to a growing interest in mapping of Galactic magnetic fields through the Zeeman effect.
The high sensitivity, wideband VLA receivers are also providing a new view of magnetic fields in distant
galaxies, and intergalactic space, through Faraday Rotation studies of polarized cosmic sources. This area
will remain a hive of activity, given the unique contribution of radio astronomy.
Most recently, a new technique for deriving the masses of supermassive black holes has been
demonstrated using ALMA. The technique involves pc-scale imaging of the molecular gas orbiting the black
hole in the center of nearby active galaxies. This technique provides great promise for understanding the
relationship between supermassive black holes and their host galaxies.
Together with future missions such as Wide-Field Infrared Survey Telescope (WFIRST) and the Far
Infrared surveyor, a full census of the baryonic components of nearby galaxies is underway. ALMA and
the VLA represent a cornerstone of these efforts.

Figure 2.3: CO dynamics and models at 44mas resolution for NGC1332 at 22Mpc distance, measuring the
black hole mass (Baarth et al. 2016, ApJ, 821, 13).
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Galaxy Formation
One of the great legacies of the last two decades of cosmological deep fields from radio through X-ray
wavelengths has been a detailed delineation of the cosmic star formation rate, and the build-up of stellar
mass, from the present back to the epoch of first galaxy formation a few hundred Myr after the Big Bang.
However, these results provide only half the baryonic story of galaxy formation: the stars. Attention is
now turning to the cold gas, the fuel for star formation in galaxies, thereby completing the picture for the
baryon cycle throughout the cosmos. ALMA and the VLA are vanguard instruments for such studies.
The VLA is in the process of completing the Cosmos HI Large Extragalactic Survey (CHILES) for HI in
galaxies to significant lookback times (z ~ 0.5). The pilot program has already supplied the first indication
of galaxies with extraordinary masses of neutral hydrogen at substantial redshifts. These studies are critical
input into the science and technical directions needed to design and implement the Square Kilometre
Array (SKA) in the coming decade.
Targeted searches for molecular gas in distant galaxies using ALMA, the VLA, and other telescopes, such
as the Plateau de Bure Interferometer (PdBI), have revealed a remarkable change in the properties of starforming galaxies over time: the fraction of baryons in the molecular gas phase versus that in stars changes
from about 5% to 10% in the nearby Universe to 50% or more during the peak epoch of cosmic star
formation at z ~ 2. This change in baryon fraction is likely the root cause of the increase in cosmic star
formation with lookback time. This property also raises the potential for deep, three-dimensional, blind
searches for molecular gas in galaxies using the VLA and ALMA. The first unbiased pilot deep fields looking
for cold gas throughout cosmic time have now been completed, and the initial results are encouraging.
While the volumes remain limited, the results already demonstrate the ability of the VLA and ALMA to
trace out the dense gas history of the Universe in detail. These instruments are highly complementary,
with the VLA probing the low-order molecular gas transitions, critical for total mass estimates, and ALMA
probing the higher order transitions, to obtain gas excitation and ISM physical conditions,
Perhaps the most exciting prospect for the study of very early galaxies comes through observations of the
atomic fine structure lines using ALMA. The [CII] 158 m line, in particular, is the brightest emission line
from star-forming galaxies from meter through far-infrared wavelengths, and promises to be an ideal tracer
of galaxy dynamics and redshifts back into cosmic reionization (z ~ 5 to 8). Early results from ALMA
observations of the [CII] line at very high redshift are extremely promising, and these studies will
accelerate in the coming five years.
The VLA and ALMA have also pushed continuum deep fields to new levels. The VLA is now systematically
achieving sub- Jy sensitivities at cm wavelengths, ushering in the era of nano-Jy radio astronomy, while
ALMA is routinely getting to ~ 10 Jy in the submm. These data provide complementary views of star
formation through cosmic time, via the dust and synchrotron emission, as well as pinpoint weak AGN and
other exotic phenomena. Attention is being turned to detailed morphological studies of star-forming
galaxies at large lookback times, using the sub-arcsecond resolution available. A growing area of interest
is using polarimetry for exclusive studies of magnetic fields in the distant Universe, principally through
Faraday Rotation studies of polarized continuum sources.
Together with the JWST, the upcoming 30m-class optical telescopes, plus new far-infrared space missions,
the VLA and ALMA are opening new vistas on galaxy formation, and completing our view of how the
Universe converts gas to stars through cosmic time.
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Figure 2.4: First results from ALMA spectral line deep fields: molecular gas (CO 3-2) and dust continuum emission
from a disk galaxy at z = 2.5 discovered in a blind cosmological line survey (Decarli et al. 2016, ApJ, in press).

Time Domain and Physics
Recent years have seen time domain studies emerge as a dominant branch of astronomy, including new
discoveries in radio astronomy. These studies range from fast transients such as the enigmatic Fast Radio
Bursts (FRBs), to long time scale transients, such as novae, tidal disruption events (TDEs), and gamma-ray
bursts. The VLA and ALMA have already played major roles in explaining the physics of these transient
phenomena, and these facilities are exploring various new techniques to unveil this exciting growth area
in astronomy. Large programs are already in progress at NRAO facilities in collaboration with the Zwicky
Transient Factory, in the spirit of multi-wavelength studies of the variable sky.
Extensive efforts are underway at the VLA to localize the FRBs, and thereby unravel their mystery: are
they a powerful new tool to study the physics of compact objects, as well as cosmology? A fast-sampling
mode has been developed at the VLA to detect FRBs in near-real time, and NSF has funded plans to make
this into a commensal observing capability. The VLA has also recently demonstrated a fast triggered
response mode, going from external trigger to on-source observations in ~ten minutes. With the
discovery of radio emission from TDEs, the VLA has opened up a new window in the study of accretion
onto the supermassive black holes at the center of galaxies. ALMA and VLA observations of TDEs allow
the study of the initial formation and cessation of jet activity at early and late times, respectively, as well
as probing the density structure of the immediate circum-nuclear black hole environment.
The brass-ring in time domain studies at this juncture is locating the electromagnetic counterparts to
gravity wave sources detected by LIGO. While somewhat more speculative, there are good physical
reasons to expect neutron star–neutron star mergers to have radio afterglows, and the VLA is
implementing a major program to assist LIGO in the emerging field of gravitational wave astronomy.
The next five to ten years promises to be a golden age of time domain astronomy, with the advent of the
LSST and its time-domain pathfinder, the Zwicky Transient Factory, as well as Euclid, the next generation
X-ray and gamma-ray telescopes (e.g. Specktr-Roentgen-Gamma), and the ever improving LIGO program.
The VLA and ALMA are prepared to lead radio astronomical studies of the variable cosmos into the new
decade.
In the realm of basic physics, the VLA and ALMA are implementing pulsar observing modes. For the VLA,
the primary science goal is a search for pulsars orbiting the supermassive black holes (SMBHs) at the
Galactic Center. Such a discovery would provide the ultimate laboratory for the study of strong field
General Relativity.
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ALMA has recently implemented a phased array mode, and will now participate in global Very Long
Baseline Interferometry (VLBI). This program is driven by the desire to image the event horizon of the
SMBHs in the Galactic Center and in M81. VLBI at sub-millimeter wavelengths has the potential to resolve
the general relativistic event horizon of these SMBHs, providing the most basic, and as yet unrealized,
measurement in black hole theory, and potentially differentiating between static or spinning black holes.

2.2 General Development Initiatives
Beyond the various programs discussed above, such as new innovations in time domain astronomy or
solar observing, the NRAO, in collaboration with the U.S. and international community, is pursuing general
improvements to the VLA and ALMA, and broader initiatives that promote the long-term development
of radio astronomy. We briefly describe these efforts in the following sections.

VLA Sky Survey
The NRAO is undertaking a new survey of the radio sky, the VLASS. The survey was planned through a
consultation with the astronomy community and will take ~ 6000 hours to execute, spread over seven
years starting in October 2017, with a pilot survey executed over summer 2016.
The VLASS will deliver the sharpest view of the whole radio sky visible to the VLA, enabling data-driven
science connecting the radio to optical, infrared and X-ray wavelengths. The unique ability of the VLA to
collect data over an entire octave in frequency (2-4 GHz) in a single observation will determine the spectra
of hundreds of thousands of radio sources and the properties of the intervening plasma along the line-ofsight between the radio sources and the observer to be characterized in a way that has not been possible
until now. By carrying out the survey in three passes over the whole sky visible to the VLA—with half the
sky being imaged every 16 months, each time the B-configuration is available—the VLA will be able to find
transient sources during the survey period. In total, the VLASS will detect nearly 10 million radio sources,
about four times more than currently cataloged. Specific science themes that the survey will address are:
Hidden Explosions: The VLASS will open up new parameter space for finding supernovae, gamma-ray
bursts and mergers of compact objects (e.g. two neutron stars), even if they are hidden in the optical by
dust. Mergers lead to the emission of gravitational waves that may also be detectable with instruments
such as Advanced LIGO.
The Magnetic Sky: Our understanding of how and when magnetic fields arose in the Universe is very
poor. The VLASS will be able to measure the Faraday Rotation of the plane of polarization of radio waves
that occurs when they pass through a magnetized plasma. Faraday Rotation is proportional to the square
of the wavelength and the line-of-sight product of the magnetic field and the plasma density. This is one
of the few techniques for finding magnetic fields in space, from the surroundings of radio sources in dense
galaxy clusters to the magnetic field of our own Milky Way.
Galaxies Through Cosmic Time: Jets of radio emitting plasma can heat the gas within and around
galaxies, slowing the accretion of gas and inhibiting the formation of stars. The VLASS will yield a much
improved census of these radio jets, which is needed to determine whether this heating is sufficient to
restrict the growth of galaxies via this feedback mechanism.
Peering Through Our Dusty Galaxy: Dust is transparent to radio waves, allowing us to see structures
in the galaxy that are hidden at other wavelengths. In addition, we will find extreme pulsars and cool stars
with active coronae that are likely to be variable in the optical and radio.

NRAO | Long-Range Plan FY2018–22

16

Missing Physics: Whenever an astronomical survey breaks new ground in parameter space there will be
discoveries unanticipated by the survey team. The radio part of the spectrum in particular provides unique
diagnostics for a whole range of physical processes. Combining the VLASS data with ambitious new surveys
in the X-ray through optical and infrared—the extended Roentgen Survey with an Imaging Telescope
Array (eRosita) on Spektrum-Roentgen-Gamma, the Panoramic Survey Telescope & Rapid Response
System (PanSTARRS), Wide-Field Infrared Survey Explorer (WISE), LSST, and the Dark Energy
Spectroscopic Survey (DESI)—will inevitably lead to significant discoveries.
The VLASS will serve as a portal for students, educators and citizen scientists to access the world of radio
astronomy. VLASS will produce high-quality data products that can be used to involve the public and
stimulate their curiosity in astronomy and science.
The VLASS will generate 500TB of raw data, which NRAO will process into two-dimensional images of
the sky that will take up 40TB plus about 500TB of image cubes coarsely sampled in frequency space (by
a factor ~100). However, these will only yield is a small fraction of the information in the data. Making full
image cubes (images of the sky at every frequency the VLA observes) will require 64 Petabyte (PB),
compared to our current archive size of a few PB. NRAO is thus looking to leverage community efforts
to make and store enhanced data products. For example, NRAO is currently participating in a Canada
Foundation for Innovation proposal for funding of advanced data analysis.
The VLASS is designed to complement, rather than compete with, surveys planned by two SKAprecursors, the Australian SKA Precursor (ASKAP) and the Karoo Array Telescope (MeerKAT). By
observing at a higher frequency and with higher angular resolution, the VLA will be able to study source
details that are inaccessible to lower frequency surveys, but will be able to use those surveys to obtain
accurate fluxes for the few percent of large radio sources that will be partially resolved by the VLASS.

Low Frequency Radio Astronomy
Radio astronomy at frequencies below 200 MHz is undergoing a renaissance. This rebirth is driven
predominantly by the search for the HI 21cm signal from the neutral Inter-Galactic Medium (IGM) during
cosmic reionization (z ~ 6 to 8, ie. frequencies below 200 MHz)—a discovery that has comparable scientific
promise to the first detection of the cosmic microwave background. But interest in low frequency radio
astronomy is not one dimensional, with studies ranging from the recent discovery of radio emission from
meteors to studies of the large scale structure of the Cosmic Web via synchrotron emission.
The NRAO is fostering the growth of low frequency radio astronomy in the community in a number of
ways. The Observatory is a founding member of the HERA project—the flagship U.S. reionization
experiment, with broad international participation. As part of the recent successful NSF proposal, NRAO
was awarded the data archive services for HERA—making Socorro the epicenter for HERA data storage
and processing. NRAO is also involved with HERA commissioning and science data analysis, and
HERA Radio Frequency (RF) design. NRAO staff are leading the electronics design of a proposed low
frequency dipole in orbit around the Moon (Dark Ages Radio Explorer, DARE), to perform ‘dark ages’
cosmology using the all sky 21cm signal.
NRAO is working with the University of New Mexico and the LWA project to design a powerful low
frequency array, including the VLA and LWA stations across the state of New Mexico. The VLA Low Band
Ionospheric and Transient Experiment (VLITE) and Low Band Observatory (LOBO) programs for
commensal low frequency observing at the VLA, in collaboration with the Naval Research Laboratory
(NRL), are part of this broader low frequency development.
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ALMA Development Program
NRAO sponsors the community-led ALMA development program. This program provides a steady source
of funding to keep ALMA at the state-of-the-art. Current initiatives have focused on completing the ALMA
bands, thereby providing full frequency coverage (modulo sky opacity), from 30 to 950GHz. ALMA
development is also funding a pulsar gating mode for the correlator.
Another important development project has been the ALMA phasing project. This has now enabled
sensitive sub-millimeter VLBI, and the response to the recent call for Global 3mm VLBI Array proposals
shows a very healthy demand for ultrahigh resolution, high frequency capabilities. A particular driver is
the Event Horizon Telescope (EHT). Future development proposals include correlator improvements to
increase capabilities in terms of channelization, and sensitivity (through more bits), as a path forward to a
much broader band ALMA in the longer-term future.

Square Kilometre Array
While the U.S. is not formally involved with the SKA, numerous NRAO staff have played leading roles in
science and technical reviews for the project, including the precursors such as MeerKAT. The SKA office
is also looking to NRAO for guidance on telescope and site operations, program management, education
and public outreach activities, and data management.
NRAO is at the forefront of developing the techniques required for full realization of SKA science. A
particular area in which the VLA is breaking new ground in data processing is in the area of nanoJy
continuum deep fields. Beyond exploring the science, these observations push the limits of deep, wide
field, wide band, polarimetric imaging, thereby also providing key input to future SKA deep fields.

2.3 Longer Term Developments in Radio Astronomy
As part of its mandate as the national observatory, the NRAO is looking toward the long range future of
radio astronomy, and fostering the long term growth of the U.S. astronomical community. Starting at the
American Astronomical Society (AAS) meeting in January 2015, the NRAO has sponsored a series of
science and technical open community meetings to plan for radio astronomy science and facilities into the
2020s, and beyond. Two large AAS science meetings, plus science working group reports involving over
100 astronomers, have laid-out a compelling scientific program for a future mega-facility in the 1 to
115GHz range, the ngVLA. This work has been supported by technical meetings considering the challenges
and opportunities facing such an ambitious project.
The NAASC supports annual ALMA development workshops for the community. The NAASC is
participating in the formation of an ALMA2030 program, targeting major telescope improvements in the
2030 timeframe. A series of community discussions are planned in the coming years, starting August 2016,
to delineate the science drivers and technical requirements for propelling ALMA well into mid-century.
The NRAO, with support of Associated Universities, Inc. (AUI) and the Kavli Foundation, is sponsoring a
series of open community meetings to consider broader development across the radio-millimetersubmillimeter (RMS) spectrum. Topics ranging from near earth sensing to cosmology are being addressed
by the experts in the community. The goal is to have a comprehensive, coherent approach for radio
astronomy development going into the 2020 Decadal Survey.
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ALMA 2030
The international ALMA project has drafted an initial outline for long-term ALMA development well into
the next decade. These developments cover a wide range of potential major improvements, including a
substantial increase in collecting area, longer baselines, and cameras to increase dramatically the field-ofview. The NRAO is supporting this effort through community meetings to discuss long-term ALMA
development, the first meeting occurred in Charlottesville in August 2016.

Next Generation Very Large Array
Over the last two years, the NRAO has engaged the community in the discussion of a possible nextgeneration mega-radio facility, building on the legacies of ALMA and the VLA. NRAO has formulated a set
of science working groups, open to the community, to consider the future of astronomical discovery in
general, and specifically the role radio astronomy can and will play in the coming decade, and beyond.
Reports from these working groups have been published, and have been presented in a series of meetings
at the AAS and elsewhere (as outlined above). These reports involve over 100 scientists from the
community, and consider a remarkably broad science program.
The basic ngVLA design emerging from these discussions is an interferometric array with 10X larger
effective collecting area and 10X higher spatial resolution than the VLA and ALMA, optimized for
operation in the wavelength range 0.3 to 3cm. The ngVLA opens a new window on the Universe through
ultra-sensitive imaging of thermal line and continuum emission down to milli-arcsecond (mas) resolution,
as well as unprecedented broad-band continuum polarimetric imaging of non-thermal processes.
The continuum resolution will reach 9mas at 1cm, with a brightness temperature sensitivity of 6K per
hour. For spectral lines, the array at 1 arcsec resolution will reach 0.3K surface brightness sensitivity at
1cm and 10 km/sec spectral resolution in 1 hour. These capabilities are the only means with which to
answer a broad range of scientific questions that have come to the fore in modern astronomy, including
the following highlights.
Cradle of Life: The dominant theme emerging from the discussion of star and planet formation is the
necessity to image the formation of planets in the ‘terrestrial zone’ of dusty protoplanetary disks, i.e., on
scales of ~ 1AU at the distance of the closest major star forming regions (130pc distance, implying 10mas
is required). ALMA potentially has the resolution to perform such observations, but only at sub-millimeter
wavelengths, where the terrestrial zone in protoplanetary disks becomes optically thick. Only the ngVLA
will have the resolution and brightness sensitivity to image directly the formation of earth-like planets at
wavelengths in which the terrestrial zone becomes optically thin. In parallel, the ngVLA has the required
sensitivity to detect the weak lines from large organic, and potentially pre-biotic, molecules in planetforming regions. These capabilities are complementary with plans for the High Definition Space Telescope
(HDST), for which the primary science drivers are direct imaging of terrestrial planets and the search for
biosignatures in planetary atmospheres. The ngVLA and HDST form an evolutionary sequence in studies
of planetary systems, from birth to maturity.
Milky Way and Nearby Galaxies: This working group emphasized very wide-field, low surface
brightness imaging of the ISM in the Milky Way and nearby galaxies. Only the ngVLA will have the sensitivity
to image at sub-arcsecond resolution, the line emission from molecules other than CO in external galaxies.
The spectrum between 70 GHz and 115 GHz is of particular interest, containing a rich spectrum of ground
state transitions from the most important astrochemical tracers. The full frequency range covered by the
ngVLA covers multiple continuum emission mechanisms, from synchrotron through thermal free-free
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emission, to cold dust—all key and complementary tracers of star formation. Overall, the ngVLA will
enable Milky Way-type studies of ISM physics and chemistry, and star formation, out to the Virgo cluster.
Galaxy Formation: While ALMA and the VLA are making progress in the study of the molecular gas in
distant galaxies, it has become clear that, given the sensitivity limits, probing cosmologically significant
volumes for molecular gas, the fuel driving the star formation history of the Universe, remains problematic.
Likewise, these telescopes still require major time investments to image even a single source at sub-kpc
resolution to obtain the gas dynamics and distribution. The order of magnitude improvement in sensitivity
of the ngVLA, over the critical frequency range of 20 to 100 GHz, will revolutionize the study of molecular
gas in galaxies back to cosmic reionization. The ngVLA will perform a complete census of the dense gas
history of the Universe, while imaging the gas distribution and dynamics in hundreds of distant galaxies
over a broad of galaxy types. The ngVLA, together with the study of the stars and star formation with the
JWST and future 30m-class telescopes, represents a suite of powerful new tools to perform a
comprehensive study of the physics of galaxy formation throughout cosmic time.
Time Domain, Physics, and Cosmology: This working group presented a highly diverse set of science
programs for the ngVLA. The ngVLA, for example, will have the unprecedented ability to study the broadband radio phenomena associated with exo-space weather and the impact of star-planet interactions on
the development of planetary atmospheres, and potentially life. More speculative is the possibility of
performing ‘real time cosmology’, i.e., measuring the local temporal change in quantities as fundamental as
the redshift of sources or the scale of the Baryon Acoustic Oscillations. Using the ngVLA as an anchoring
element in a global VLBI array, measurement of the all-sky ‘proper motion power spectrum’ to a level for
correlated motions of 0.1 as per year may be adequate to perform such real time cosmology on decadal
timescales.
Between now and the upcoming decadal survey, the ngVLA project has ambitious plans to engage the
community in refining, quantifying, and broadening the science program through continued science
workshops and working groups. ngVLA science and technical advisory committees will be established,
with membership nominated by the community. These committees will also oversee the open science
working groups. The NRAO will also support a small grants program to the community to perform
detailed science and technical calculations and simulations in key areas of ngVLA development. A major
ngVLA science meeting will be organized in Socorro in June 2017 to highlight these studies and solicit
broader community ideas for the telescope. In parallel, NRAO will engage the technologists in the U.S.
and international community in the technical challenges presented by such a facility. NRAO is also forming
partnerships with U.S. and international institutions in the pursuit of the ngVLA program.
The goal of this work is to enter the 2020 decadal survey with a broad, compelling science case that
appeals to the whole astronomical community, and a rationally costed, realizable ngVLA design.
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Figure 2.5: Parameter space for the next generation Very Large Array, and other present and future facilities,
including collecting area and angular resolution.

A Next Generation Radioheliograph
A long-term goal of the solar and space physics communities has been the construction of a next
generation radioheliograph designed and optimized to perform ultra-broadband imaging spectroscopy of
the Sun. In brief, the instrument would image the Sun’s chromosphere and corona in 3D on a time scale
of <1 second, enabling fundamental new observations of coronal magnetic fields, magnetic energy release,
plasma heating, particle acceleration and transport, shock formation, (see Figure 2.1, for example) and
space weather drivers. The concept has been strongly endorsed by both Solar and Space Physics, and
Astronomy and Astrophysics decadal surveys. Nevertheless, for a variety of reasons, the instrument has
not yet been funded and constructed.
New work on magnetic energy release and coronal magnetic fields using the capabilities of the VLA have
demonstrated some of the key science that will be enabled by a next generation radioheliograph. The
scientific need for the instrument has grown. Moreover, the role that the instrument would play within
the community has evolved. First, with the launch of National Aeronautics and Space Administration’s
(NASA’s) Solar Probe Plus and European Space Agency’s (ESA’s) Solar Orbiter in 2018 there is a compelling
need for a solar-dedicated radio telescope with the unique attributes of the proposed next-generation
radioheliograph to complement these missions, which will enter their primary phases in the 2020s. Second,
the White House Office of Science and Technology Policy released the National Space Weather Strategy
and Space Weather Action Plan at the beginning of FY2016. A bill, the Space Weather Research and Forecasting
Act, was introduced to the Senate in April 2016 that supports implementation of the Strategy and Action
Plan. The need for radio interferometers is explicitly called out in recognition of the fact that appropriate
radio observations must play a scientific role in basic understanding of space weather as a system, and an
operational role in forecasting and “now-casting” space weather phenomena.
The NRAO will team with university, international, and agency partners to advance a next generation
radioheliograph to fulfill the long term scientific and operational needs of the solar, space physics, and
space weather communities.

Broadening the User Base
While the proposal pressure and publication records indicate clearly that the VLA and ALMA appeal to a
broad user base, the NRAO will continue to reach out to the community with programs designed to
educate the community on the use of these facilities, and maximize ease-of-use for all scientists. This LRP
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outlines numerous, world-leading schools on the techniques of radio astronomy, as well as NRAO
community days to inform the community as to the use and improvement in our facilities. NRAO has an
ambitious plan for the development of Science Ready Data Products, thereby facilitating the use of our
telescopes by an ever-growing community.

2.4 Summary
Over the next five years, the NRAO will implement community-driven science programs that complement
the multi-messenger astronomy driving discovery in modern astrophysics, while exploiting the truly unique
capabilities inherent to radio astronomical studies of the cosmos. The sections above emphasize the
numerous synergies between the NRAO facilities and existing and imminent telescopes across the
electromagnetic spectrum. Over this timescale, a number of international radio facilities will begin
operation, such as Apertif, a phased-array system at the WSRT, MeerKAT, and ASKAP. These projects
are all strongly survey-focused, operate in the one to few GHz regime, with resolutions of a few
arcseconds, at best. The VLA and ALMA having collecting areas substantially larger than these survey
instruments, and will remain the primary Principal Investigator-driven science facilities with sub-arcsecond
resolution, operating from 1 GHz up to nearly 1 THz.
The NRAO will promote the near-term growth of the U.S. astronomy community through consideration
of high-science-impact developments to NRAO facilities, new facilities such as a next-generation
radioheliograph, and promotion of incisive experiments, such as HERA at low frequency. On a longer
timescale, we have engaged the community in planning for well into the next decade, through ALMA2030,
the ngVLA, and the Kavli series of meetings. Looking out to 2030 and beyond, one can envision a powerful
suite of new age radio astronomical facilities appropriate for the middle of the 21st century, ranging from
meter to sub-millimeter wavelengths, with ALMA2030 probing new depths in sub-millimeter astronomy,
the ngVLA opening exciting new parameter space in thermal imaging at milli-arcsecond resolution between
0.3 and 3cm, and the SKA offering new opportunities from decimeter to meter wavelengths.
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3 SCIENCE SUPPORT AND RESEARCH
Enabling astronomers to conduct forefront research by using the NRAO telescopes effectively and
efficiently is central to the Observatory mission. The NRAO is supporting its users with an increasingly
unified and integrated suite of services that enables them to more effectively prepare and submit observing
proposals, to prepare for their observations, and to access and process their data, thereby enabling them
to fulfill their scientific objectives. A critical element to ensuring optimum support of both NRAO users
and NRAO instruments is the scientific staff. The NRAO has a world-leading staff of astronomers, research
engineers, and computational scientists. The scientific staff also plays a key role in broadening the impact
of the NRAO through student training, postdoc mentoring, and visitor interaction.
Observatory science operations are coordinated through the SSR department. It is comprised of three
divisions spanning: Telescope Time Allocation (TTA), Science User Support (SUS), and Science and
Academic Affairs (SAA), SSR is currently supported by two service areas: reference, which includes the
NRAO Library and the historical archives; and Observatory statistics and metrics.
Under the LRP, significant new initiatives will be launched to further expand and enhance user support at
NRAO facilities. These are, first: a new tool suite to support the preparation, submission, and review of
VLA proposals, one that is better integrated with the preparation of observing scheduling blocks, and one
that is better aligned with the process and tools used by ALMA. Second, SSR will oversee the development
of “science ready data products”, an initiative designed to remove a significant amount of burden and
overhead from the user that is associated with data calibration and imaging, allowing NRAO users to focus
much less on data reduction and much more on the cutting edge science enabled by the VLA and ALMA.

3.1 Telescope Time Allocation
The current unified proposal review and time allocation process was implemented six years ago for
proposals requesting time on the GBT, VLA, and VLBA. At that time the NRAO transitioned from three
calls for proposals each year to two calls, with proposals due on February 1 and August 1 annually. The
proposal review and telescope time allocation process employs panel-based reviews. Eight Science Review
Panels (SRPs), each composed of members of the wider scientific community, conduct proposal reviews
based on scientific merit. Members of the NRAO scientific staff conduct technical reviews of all proposals.
The Chairs of each SRP comprise the Time Allocation Committee (TAC), which makes recommendations
for proposal time allocation and scheduling priorities to the NRAO Director. In addition, the TAC makes
recommendations for large proposals (those requesting 200+ hours of telescope time).
The proposal evaluation and time allocation process requires substantial support in the form of proposal
submission and management tools. These include the Proposal Submission Tool (PST), the Proposal Finder
Tool (PFT), the General Observing Setup Tool (GOST), and various Exposure Calculators. The PST is
also used to manage and to support the proposal review process and a Proposal Handling Tool (PHT) and
is used to support TAC meetings.
The ALMA proposal evaluation process is led by the Joint ALMA Observatory (JAO) in concert with our
international partners. While the ALMA proposal evaluation and time allocation process is roughly aligned
with that employed by the NRAO for its North American facilities, the degree of alignment in both the
process employed and the tools used to support the process could be much better. The tool suite and
associated databases currently used to support the NRAO North American proposal review and time
allocation process have become increasingly cumbersome to maintain and develop and it is becoming
correspondingly more difficult to respond to user needs. A major initiative during the term of the LRP is
to replace the TTA tool suite and databases with one that is aligned with those employed by ALMA, are
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better integrated with VLA telescope operations, and are more robust in terms of performance and
maintainability. Requirements for the tool suite will be developed in FY2017 so that the project will be
launched in FY2018 and completed in FY2020.

3.2 Scientific User Support
In previous years SUS emphasized the development of integrated services and education/outreach efforts
as ALMA and the VLA transitioned to full science operations and the GBT and VLBA—now operated by
the GBO and LBO, respectively—continued their programs of enhanced capabilities through new
instrumentation. Under the new NSF contract, NRAO science support will focus on mature science
operations of ALMA and the VLA while continuing critical services and education/ outreach efforts. The
major initiative during the term of the LRP is to implement, in partnership with DMS, science ready data
products.
User support is largely managed locally by science operations in New Mexico and the NAASC, with
coordination through SSR. Continuing services and activities include the following:

Community Support
The activities under community support broadly include user assistance through Helpdesk operations,
face-to-face visitor support, and contact scientist support; education and training, which includes NRAO
Live events; tutorials; schools; training workshops; user documentation and web material; and online
training material; and scientific workshops and conferences.
User Assistance: Helpdesk: NRAO supports its ALMA and VLA users through the single sign-on
Helpdesk, accessible through either the ALMA Science Portal or NRAO User Portal.
User Assistance: Science Portal: Requirements have been developed for an integrated NRAO science
portal that will be implemented under the term of this LRP.
User Assistance: Visitor support, contact scientists: NRAO provides expert staff support to visiting users.
In addition, each successful Principal Investigator (PI) of an ALMA proposal will be assigned a NAASC
“contact scientist” that will work in reviewing the ALMA Observing Tool Phase 2 scheduling block
materials with PIs.
Education and Training: NRAO Live events, tutorials, schools, and training workshops: NRAO has developed
and hosted a series of highly successfully community training events. Originally developed by the NAASC,
NRAO has built upon and expanded the Community Day Events to NRAO Live events. These events,
through presentations and tutorials, introduced the community to new observing capabilities, observing
techniques, and software. These events will be continued, as well as data reduction tutorials, summer
schools and training workshops.
Education and Training: User documentation, web material, and online training material: NRAO web
content is managed by PLONE as a means of achieving uniformity across all NRAO facilities and to keep
web content under revision control.
The documentation for ALMA is delivered by the JAO before the next call for proposals. During that
time, NAASC staff reviews the relevant documentation off the ALMA Science Portal including the
Proposers Guide and the Technical Handbook. Similarly, documentation associated with each NRAO call
for proposals (e.g., VLA Observational Status Summary) will be updated for each call for proposals.
NRAO | Long-Range Plan FY2018–22

24

During each CASA release cycle, updates to all the online documentation (i.e. the “casaguides”http://casaguides.nrao.edu) must take place to ensure the reduction routines and tasks function as
advertised.
Over FY2014-16, NRAO developed basic resources to introduce radio techniques to the broader
astronomical community. Building on this, during the FY2018-22 LRP, emphasis will be placed on providing
more online documentation and training material especially targeted at the novice NRAO user. As such
there will be a coordinated effort to develop web-based materials including presentations, video tutorials,
and simple online applications that help teach the basics of interferometry, radio to millimeter wave
science and how to use NRAO’s suite of tools to prepare proposals and reduce data.
Scientific workshops & conferences: NRAO will continue to host, coordinate, and assist with the
organization and support of several scientific workshops and conferences during the FY2018-22 period.

Science Ready Data Products
In collaboration with DMS, SSR will oversee the development and implementation of SRDPs, an initiative
designed to remove a significant amount of burden and overhead from the user that is associated with
data calibration and imaging, allowing NRAO users to focus much less on data reduction and much more
on the cutting edge science enabled by the VLA and ALMA. As such, SRDPs are an important means of
expanding the NRAO user base.
While much progress has been made in automatic (pipeline) data processing for both ALMA and VLA a
great deal of work remains. For the VLA, pipeline processing of continuum observations in Stokes I are
routinely produced. Heuristics for continuum polarization calibration will be in place in FY2017 with
ongoing heuristic development needed for spectroscopy, weak calibrator sources, and more complex
observational setups. For ALMA science operations has transitioned from a “human pipeline” that
provided PIs with reduced and imaged data to automated calibration and imaging. Ultimately, however,
the challenge to producing SRDPs will very much depend on user intent to inform the automatic data
processing and a robust quality assurance (QA) protocols.
During this LRP timeframe, the SRDP project will progress through standard project management/systems
engineering processes such as CoDR, PDR, CDR, and PRR for an implementation phase starting in 2020.

Student Programs
Fostering a strong scientific community of researchers and helping to train the next generation of scientists
and engineers remain important parts of the NRAO mission. The NRAO supports a broad range of
student opportunities including undergraduate, graduate, and post-graduate programs; instrument and
visitor programs to enhance university-NRAO collaborations; and workshops, schools, and conferences.
Undergraduate Programs: The long-running (since 1959) NRAO summer student program continues
to be very successful. This 10-12 week program allows ~25 students to work under the supervision of
NRAO staff members in New Mexico and Virginia, to carry out original research in astronomy, computing,
and engineering. Most of these students are funded through the Research Experiences for Undergraduates
(REU) program, a program that will be up for renewal in FY2017 with a new contract beginning in FY2018.
The NRAO runs a co-op program that enables undergraduate engineering students to gain practical,
career-based experience as part of their formal academic education. Students from participating
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institutions work at NRAO sites for two non-consecutive semesters. Under the supervision of NRAO
technical staff, co-op students are engaged in problems on the technological frontier.
Modest funds support undergraduate internships, where promising undergraduate students participate in
scientific or engineering activities, supervised by NRAO staff, over a period of weeks to a semester.
Graduate Programs: The NRAO is committed to training the next generation of scientists in radio
astronomical science, techniques, and technology. Several NRAO programs exist for this purpose.
Graduating seniors and first- and second-year graduate students are able to participate in the NRAO
summer student program described above. This gives students experience in radio astronomy research
early in their graduate careers, allowing them to incorporate these skills into their thesis research. The
NRAO also awards Reber Pre-doctoral Fellowships to students who have completed institutional
requirements for doctoral candidacy so that only their thesis research remains for them to complete their
PhDs. Such fellows take up residence at one of the NRAO sites, typically for two years, while they
complete their research and thesis under the supervision of an NRAO staff member.
The NRAO also supports many of the 100+ PhD students making use of NRAO telescopes each year.
Travel reimbursement, low-cost accommodations, and computing facilities are provided on-site to assist
these students. The Observatory also supports visits lasting several weeks to months by students who
wish to collaborate with NRAO staff scientists as part of their PhD research. These student internships
help forge valuable long-term links between the NRAO and the university community.
Student Observing Support: Financial support is available on a competitive basis for students
performing thesis observations with ALMA and/or the VLA. Students at U.S. universities are eligible for
the Student Observing Support (SOS) program, which is designed to cover stipends and miscellaneous
expenses such as computers and travel to conferences to a maximum of $35,000. The program is
supported through NAASC and SSR funds.
Other Programs: Outstanding individuals that are otherwise ineligible for support by the REU program
(graduating seniors, international students, early-career graduate students, professionals) are supported
by NRAO funds, budget permitting. In addition, as a means of diversity outreach, the Observatory has
established the National Astronomy Consortium (NAC), NRAO National and International NonTraditional Exchange (NINE), and Physicists Inspired by the Next Generation (PING) programs—
overseen by ODI—that NRAO scientific staff may engage in.

3.3 Science and Academic Affairs
A productive and scientifically active staff is fundamental to the successful operation of cutting-edge
observational facilities. The NRAO’s scientific staff is key to telescope operations, user support, and longrange development and planning—including the development of next-generation instrumentation. NRAO
currently has a world-class staff of about 55 astronomers, computer scientists, and research engineers,
recognized internationally for their excellence in telescope design and support, as well as their technical
and scientific knowledge and leadership.
In the FY2018-22 timeframe, the responsibility for the scientific productivity and research environment at
the NRAO, and professional development and mentoring, will be managed from the SSR. The SSR will
oversee and review the research aspects of all astronomers, computer scientists, and research engineers
across the Observatory.
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Scientific Staff: A productive, active, and diverse scientific staff is fundamental to the successful design,
development, and operation of cutting-edge observational facilities. The scientific staff will remain a critical
part of telescope operations, user support, and long-range development and planning. NRAO will maintain
a world-class staff of astronomers, computer scientists, and research engineers, selected for their
internationally recognized excellence in telescope design and support, as well as their technical and
scientific knowledge and production. All staff members have clear functional duties relating to the NRAO’s
mission and facilities. Staff members lead efforts in the education of the professional community, as well
as public outreach, fostering a scientifically literate society.
The duties and responsibilities of SAA include: postdoctoral programs, annual scientific performance
appraisals, post-tenure reviews, scientific staff hiring and academic promotions, staff research travel
budget, and scientific sabbaticals and leave. It will oversee adjunct and emeritus appoints at NRAO,
scientific meetings supported by the NRAO, colloquia, and the Jansky Prize.
While the scientific staff is fully integrated into Observatory operations it will also continue to provide
leadership in scientific and technical endeavors on a global scale. NRAO staff will lead large communitybased observing programs such as VLASS, as well as multi-wavelength programs using other space and
ground-based telescopes. NRAO staff will play key roles in planning for the future of radio astronomy,
working with the community to plan and implement future radio programs in key discovery areas, including
leadership roles in gravitational wave detection with NANOGrav, studies of cosmic reionization with
HERA, heliophysics and space weather with a next generation radioheliograph, and the next generation
major radio astronomical facility embodied by the ngVLA program.
NRAO staff will be encouraged to lecture at graduate summer schools in radio astronomy and related
science and technical areas, including the NRAO aperture synthesis summer schools that are recognized
as the definitive courses in radio astronomy. NRAO scientific staff will continue to be actively engaged in
educational and mentoring activities through the NRAO REU program, the Reber Pre-doctoral Fellows
program, undergraduate and graduate internship programs, and the co-op student program. Scientific staff
will also be active in mentoring students supported programs under the ODI, which includes the NAC,
PING, and the Louis Stokes Alliance for Minority Participation (LSAMP) program, and with a range of
public outreach programs.
Jansky Postdoctoral Fellows: The Jansky fellowship program is NRAO’s long-standing prize research
fellowship program. Jansky Fellows can be in residence at an NRAO site or, in compelling cases, be located
at external institutions in the U.S. While basic research is emphasized, Fellows will be strongly encouraged
to participate in functional activities to further enhance their experience with a national Observatory.
NRAO has numerous programs and activities to foster the scientific and professional development of the
Jansky Fellows. All Fellows are assigned mentors to facilitate such development. The annual Postdoc
Symposium provides an important opportunity for postdocs to present their latest work, and to establish
collaborations with their colleagues. Science activities at all the sites include lunch talks, colloquia, and
science teas. The postdocs are asked to organize some of these activities. NRAO hosts numerous summer
schools on radio astronomy techniques and science topics. The postdocs are encouraged to participate,
and help organize in some cases. NRAO runs one of the longest-standing and most successful NSF REU
programs, and the postdocs are encouraged to supervise undergraduate students in summer research.
They also are asked to give summer student lectures in areas of their expertise. Lectures and panels are
presented on career development, and professional development is a key aspect of the mentoring duties
of the NRAO staff primarily responsible for the postdoc program. NRAO provides substantial research
support, including travel, page charge support, and computing resources.
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Visitor Support: In addition to its commitment to educating and training future generations of
undergraduate, graduate, and post-graduate students, the NRAO works to assist and support an active
U.S. radio astronomy community. This is accomplished in a variety of ways including staff community
service, a visitor program, organizing and hosting scientific meetings, and providing funding assistance to
university-led hardware and software projects. These interactions enable NRAO scientists and engineers
to engage with the wider astronomical community, and they serve as important links through which the
community can maintain a fruitful relationship with the Observatory. A key benefit of these programs is
that they allow for community-wide input into Observatory priorities for science, instrumentation, and
software development.

3.4 NRAO Services
NRAO Library
With over 42% of astronomy libraries in the world either closing or downsizing since 2008, the NRAO
Library collections and library support functions are increasingly key assets for the astronomical
community as well as the NRAO scientific, computing, and engineering staff. The NRAO Library has the
most extensive collection of radio astronomy materials in the world while now being one of fewer than
eight astronomy libraries world-wide with extensive historical collections and one of the few that lends
or supplies more books and documents than it borrows.
To date, the NRAO has provided, and the Library has administered, page charge support to its users as
detailed at http://www.nrao.edu/library/pagecharges.shtml. It is the only major ground based observatory
to do so. Publication support requests increased 9.5% from 2010 to 2015.
The level of Library use continues to increase with over three times the number of article or book chapter
downloads from 2010 to 2015, a 17.5% increase in NRAO staff requests during the same period, and
more than three times the number of external requests filled from 2010 to 2015. This continued increase
in services challenges the NRAO Library to balance staff, external astronomy requests, and the continuing
demands for up-to-date publication and page charge metrics.

Historical Archives
The Archives are supported by NRAO and AUI. The Archives actively seek out, collect, organize, and
preserve institutional records, personal papers, and oral histories of enduring value that document NRAO
development, institutional history, and instrument construction. As the national resource for radio
astronomy, the Archives also include materials on the history and development of U.S. radio astronomy.
The Archives has been successful in securing external funds in partial support for its activities. The
Archives will continue an ongoing long-term project of processing NRAO and AUI records as well as
extensive materials on radio astronomy history. In the period of this LRP, the Archives will continue to
make key materials from all collections available digitally via the archives web pages and other web
resources. The Archives also continue to collaborate with EPO in developing an indexing and access
system for historical images.

Statistics and Metrics
Prior to FY2017, statistics and metrics was overseen by SSR and focused primarily on key data aggregated
from TTA, student programs, and the Library. By request of the NSF during the recompetition of NRAO,
compilation and availability of additional statistics and metrics across many departments were requested
to be added. Due to the request, during FY2017, statistics and metrics management is being moved into
NRAO | Long-Range Plan FY2018–22

28

the NRAO Director’s Office where it will be located for the term of this LRP and additional metrics such
as those related to the NAASC, telescope operations, science ready data products, and program
management, will be added. The data are used for a variety of purposes: as a management tool within the
observatory to track key metrics; as a data-driven means of informing AUI and NSF of key trends; and to
inform external committees (e.g, the AUI Visiting Committee), NRAO users, and members of the public.
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4 OBSERVATORY TELESCOPE OPERATIONS
4.1 Atacama Large Millimeter/submillimeter Array
The Atacama Large Millimeter/submillimeter Array, is an interferometer consisting of 66 total array
elements and located at 5000 meters’ altitude in the high Atacama Desert of northern Chile. ALMA
was formally inaugurated in March 2013 and construction of the science instrument was completed
in 2014. Early science observations began in 2011, during which observing time was shared with
construction and commissioning. This phase concluded with Cycle 2 and a transition toward Steady
State Operations began, as defined by achieving the performance levels for observing hours offered,
number of array elements available, data processing equilibrium, and availability of pipeline reductions
targeted for stable and efficient operations. The goal for Steady State Operations is the beginning of
Cycle 5 (FY2018). Full Operations will be achieved when, in addition, the full suite of observing
capabilities are available, including the 12-meter array, the ACA, Bands 3,4,6,7,8,9, and 10, solar
observing, longest baselines up to Band 7, long baselines at the highest frequency bands, total power
in continuum, polarization of spectral lines, and a few additional capabilities. The target for Full
Operations is no later than Cycle 7 (FY2020), with some of the listed capabilities available earlier.
Operation of the ALMA Observatory in Chile is the responsibility of the JAO.
North American ALMA (NA ALMA) is the NRAO department that provides NA operational support for
ALMA, and has two primary missions: to support the NA community in their use of ALMA, and to provide
NA’s scientific and technical partnership support to the international ALMA Observatory. NA ALMA
ensures that the NA scientific community has the tools, information, support, and access to make optimal
scientific use of ALMA. NA ALMA also works to foster, expand, and diversify the community so that
ALMA capabilities and opportunities result in the best and most expeditious science, and are available to
the widest number of users.
NA ALMA also provides scientific, technical, and business support to ALMA operations in Chile. This
support is carried out in concert with the JAO staff and the ALMA regional partners. NA ALMA provides
extensive support for hardware and software built by the NA ALMA construction project. In addition, it
supports a long-term development program for ALMA technical enhancement. As part of the offsite
budget, NA ALMA funds a business office in Chile that provides administrative support for the JAO.
NA ALMA consists of four major functional roles and divisions that were brought under one NRAO
department in FY2013:
1) the North American ALMA Science Center (NAASC),
2) the Offsite Technical Maintenance and Support groups (software and hardware), which includes
NA ALMA Construction Warranty Support,
3) the NA ALMA Development Program, and
4) the NRAO-Chile Office.
In the following sections, we describe NA ALMA’s strategic objectives during the upcoming LRP period
(FY2018-22), the overall operations plan for the divisions, and the implementation plans for the strategic
objectives. The NA ALMA Development plan is described in Section 5.2.

Strategic Objectives: FY2018-22
NA ALMA has identified several strategic objectives for the next five years that guide the LRP, and are
listed below. Further details on the implementation of these objectives are described in the sections that
follow.
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Imaging Pipeline and SRDP: Bring the Imaging Pipeline to maturity and continue the advance toward
Science Ready Data Products. The first production version of the imaging pipeline will be released for
Cycle 4 (FY2017). Over the next several observing cycles (covering the years of the LRP), the imaging
pipeline will become increasingly capable with the ability to successfully reduce larger fractions of data.
We also expect that the quality of the delivered data will be increasingly “science ready” as the imaging
quality improves.
Expedite NA ALMA Community Science Publication: Improve tools and training to expedite
science throughput and publication of results to broaden the NA ALMA user base: Improve tools, training,
and outreach.
Refine NA ALMA Construction Deliverables: Based on the experience of early operations, ensure
that NA ALMA hardware and software deliverables are meeting all practical and reasonable design
requirements, and that an adequate stock of spares are available.
Resolve Remaining NA ALMA Construction Warranty Issues: Resolve all remaining construction
warranty issues concerning NA ALMA construction deliverables in the early years of the LRP period, and
transition maintenance and operational responsibilities to the JAO.
Facilitate JAO Operations: Strengthen training, services, and communication between the NRAOOffice of Chilean Affairs (OCA) and the JAO to help improve JAO efficiency of operations, safety, and
employee morale.
Facilitate ALMA 2030 Strategic Development: Through calls, outreach, and workshops, promote
and facilitate next-generation ALMA development through ALMA Development Studies and Projects.
Facilitate community white papers for Astro2020 identifying ALMA 2030 upgrades: Over the next two
years, and in cooperation with ANASAC and other community groups, facilitate the development of
Astro2020 white papers describing the opportunities for next-generation ALMA upgrades on a timescale
of the next decade.

North American ALMA Science Center Operations
The NAASC is the NA ALMA science operations and research center, located at the NRAO headquarters
in Charlottesville, Virginia. The NAASC is the face of ALMA to the NA community, and houses the NA
ALMA data archive mirror and data reduction facilities. Community support and outreach programs are
run from the NAASC, including visitor programs, science outreach and communications, other broader
impact activities—student programs, tutorials, workshops, scientific conference organization, and diversity
initiatives—as well as scientific staff independent research. Offsite technical support activities are
separately organized within the NA ALMA and NRAO. The North American ALMA Regional Center
(NA ARC) is the component of the NAASC responsible for carrying out internationally-agreed, core
scientific support functions.
The NAASC has four, functional teams, each with a team or group lead:
 Telescope Interface and Diagnostics Team
 ALMA Software Support & Testing Team
 Science Data Services and Archive Team
 Science Community Interface Team
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The objectives of each group over the FY2018-22 LRP period are described below.

Telescope Interface and Diagnostics Team
The NAASC Telescope Interface and Diagnostics Team provides the JAO with operational support and
technical expertise from the NA partner. Specific responsibilities of this team include coordination of
AoD shifts, QA2 reassessments, providing technical and diagnostic liaison to the JAO, Phase 2 Group
(P2G) scheduling block preparation and support, and Extension and Optimization of Capabilities (EOC)
support.
Key objectives of the Telescope Interface and Diagnostics Team for the FY2018-22 LRP are as follows:
Diagnostics: Participate in technical and diagnostics-related meetings and telecons, such as the JAO
Science and Engineering coordination and the Control System and Correlator Group weekly meetings
and software readiness review meetings. Report to the JAO and follow up on issues found by the NA
ARC during data reduction, including repeated issues that affect efficiency and data quality but do not
necessarily result in QA2 failures, as well as issues that cause QA2 failures or semi-pass for a project;
facilitate this via close interaction with the NAASC data reduction team and the JAO. Goal: expand effort
for diagnostic and trouble-shooting support for problems occurring during array operations and faster
turnaround on problem-reporting, with the aim of improving efficiency and data quality.
Support of Telescope Operations in Chile: Coordinate with the JAO and other ARCs on scheduling
of AoD shifts to Chile; provide AoDs in support of telescope operations in Chile; within NA, ensure a
pool of trained AoDs is maintained.
Phase 2 Group: Provide the technical expertise required to critically review all Phase 2 Scheduling Blocks
(SBs) submitted by NA PIs and modify those SBs that require expert technical input. In addition, provide
any necessary changes to SBs during a given Cycle following a change request or other edits requested by
the PI or as needed for scheduling. In preparation for an upcoming Cycle, participate in software testing
of the ALMA-Observing Tool (OT) and relevant End-to-End tests, and coordinate with the JAO and the
other ARCs on developing P2G best practices. As well as leading the Phase 2 process in NA, provide P2G
training to additional staff as the Phase 2 process evolves.
ALMA Proposal Review Process: Provide necessary technical expertise in support of the ALMA
proposal review process.
Extension and Optimization of Capabilities: Interface with the ANASAC and the JAO on setting
the priorities of ongoing EOC-like work in future Cycles and provide domain-expert support for carrying
out these activities where appropriate. Play an active role in the planning and coordination meetings for
futures Cycles, i.e. the annual Observing Modes and Computing Planning meetings, including contributing
to relevant requirements documents for features and capabilities for upcoming Cycles.

ALMA Software Support & Testing Team
The Software Support and Testing Team provides NA support for ALMA operational and in-development
software. Responsibilities of this team include tools and algorithm development, CASA support and
testing, software liaison to the JAO for Control & Correlator, pre-release software testing, and
development of software requirements & process improvements.
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Key objectives of the ALMA Software Support & Testing Team for the FY2018-22 LRP are as follows:
Calibration & Imaging Pipeline development
 Increase the robustness and scope of automated calibration and imaging heuristics
 Increase the extent of ALMA observing modes supported (e.g. diffgaincal/bandwidth switched
projects; cal survey; handle online water vapor radiometer (WVR) corrections, sessions, mixed
7m/12m high frequency data)
 Support project-wide efforts to streamline weblog and workflow
 Support Group Observation Unit Set (GOUS)-level combination (7m+12m+TP)
Join forces with the NRAO SRDP initiative
 Define NAASC/ALMA/SRDP interfaces
 Collaborate on SRDP planning & implementation
Support strategic and infrastructural CASA improvements by coordinating and carrying out testing, e.g.:
 parallelization
 Auto masking
 Migration, documentation, and deployment of TCLEAN, the CASA routine that forms images
from visibilities and reconstructs a sky model
 The Cube Analysis and Rendering Tool for Astronomy (CARTA), an ALMA development project
that will replace the CASA viewer
Monitor ALMA development projects, collaborate the support as appropriate the feasible.
The calibration and imaging pipeline development, together with the SRDP efforts of this group are in
direct response to the NA ALMA strategic goal of bringing these enhanced data delivery capabilities to
the community.

Science Data Services and Archive Team
The Science Data Services and Archive Team is responsible for delivering QA2 reference images to the
PI and to ALMA archive, and for assisting the PI with data reduction. Specific responsibilities of this team
include archive improvements and testing, quality assurance testing (QA2), project tracking tools for staff
and the PI, support for QA3 requests, PI data reduction and imaging including pipeline processing.
Key objectives of the ALMA Software Support & Testing Team for the FY2018-22 LRP are as follows:
Goal–Data to PI’s in 30 Days from QA0: Currently, QA2 on data takes so long that many
reobservation opportunities are missed because the array has changed configuration by the time the QA2
assessment has taken place. Delays may also affect the timeliness of publication of results and for followup proposals in subsequent observing cycles. We will work with the ALMA data management group to
reduce the average delay from a successful observation through to QA2 and delivery of the data from the
current 70 days to 30 days for standard mode data and 45 days for data taken in non-standard modes.
We will achieve this by maintaining a current instance of the pipeline at the NAASC that can be used to
supplement the data reduction efforts of the Observatory should that prove necessary to support this
goal, and by maintaining staffing of the data analyst pool sufficient to support the NA data reduction effort.
This initiative addresses the key strategic goal to facilitate NA community science publications.
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LUSTRE Access and Management for External Users: The team has overall responsibility for
ensuring that users can interact effectively with their data. Over the course of this LRP we will move from
the current situation, where reference images only are provided by the standard data reduction, to one
where a full set of SRDPs are provided to users for most datasets. However, as the SRDPs are unlikely to
satisfy all use cases, we will support users who wish to reprocess their data themselves as follows:




We will continue to provide calibrated measurement sets to PIs as a NAASC “added value”
service, and will also generate them on demand. In future this on demand service will be
automated via the pipeline processing interface (discussed below).
We will provide temporary accounts on the NAASC cluster for users, both visitors and
remote users for interactive data reduction (in practice this may be limited by capacity, though
so far we have been able to support all requests).
The pipeline processing interface will be able to run the pipeline to create both new images
and calibrated measurement sets. This will be our preferred means of support for users who
wish to remake the pipeline products with small changes to the imaging or calibration, and/or
use the latest version of the pipeline.

This work complements that of the Software Support and Testing Team and further advances the strategic
goal of providing improved data products (SRDP) to ALMA users.


Other initiatives:
o We will support the development and deployment of the NRAO archive access tool
and pipeline processing interface. This will allow retrieval and user-initiated
reprocessing of data from any NRAO telescope, including ALMA. We will also make
available to the ALMA project a version of the reprocessing interface that can be run
at any ARC.
o We will continue to support the AQUA and scheduling subsystems with the aim of
improving the process from data taking through QA2. In particular, we will work
towards full integration of the observatory project lifecycle, rendering the current
workarounds obsolete.
o We will lead support for integration of the enhanced metadata and products from
the NA-led ADMIT development program into the ALMA archive, with the ultimate
aim of producing an archive with rich metadata, suitable for data mining applications.

Science Community Interface Team
The Science Community Interface Team serves as the bridge between ALMA and the NA user community.
This team is responsible for organizing community outreach, diversity, and broadening participation
activities, including Community Day / NRAO Live! Events, science web and ALMA Science Portal
improvements, Helpdesk / Forums management and oversight, contact scientist support and oversight,
end-user documentation, face-to-face visitor support, coordination with the NRAO Office of Diversity
and Inclusion, and coordination with the Education and Public Outreach Office.
Key objectives of the Science Community Interface Team for the FY2018-22 LRP are as follows:
ALMA Ambassadors Program for Proposal Preparation Support: The NAASC will expand upon
the existing, successful ALMA proposal preparation workshops (called Community Days and NRAO Live!
events) by instituting a “train-the-trainer” program to fund up to ten postdoctoral researchers to visit the
NAASC and receive training to run the workshops at their home institutions. Participating postdocs will
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receive a monetary grant and will be encouraged to present their research while visiting the NAASC.
NAASC staff will also still aim to host 3-4 community days per year.
User Support and Guidance During Observations: The NAASC provides to all PIs a Contact
Scientist whose responsibilities include: reviewing PI scheduling blocks, aiding in determining appropriate
telescope configurations for each project, tracking a project throughout the observing cycle, assisting with
data reduction and analysis for visiting PI teams, and supporting remote requests for pipeline re-processing.
Training and Tools for Expediting Publication: Also in support of PIs, the NAASC will continue to
provide the tools to aid in bringing ALMA results to publication including: one-on-one support of up to
two members of an ALMA project team to reduce and analyze the data during a visit to the NAASC, and
the hosting of two data reduction workshops per year for up to 12 participants each.
Tools for Current and Prospective ALMA Users: In support of the broader ALMA user community,
the NAASC will maintain management of the Helpdesk with guaranteed responses within 48 hours and
support continued development of Knowledgebase articles in response to frequent user questions. All
user documentation will be updated and clearly organized in the ALMA science portal, which will become
a more dynamic source of news, telescope updates, and ALMA science results.
The initiatives of the Science Community Interface Team are directly aimed at addressing several of the
strategic initiatives of NA ALMA, including facilitating community science publications and in broadening
the NA ALMA user base.

Offsite Support – Hardware
The NA ALMA Offsite Hardware group provides maintenance support for Front Ends and Local
Oscillators, Backends, Photonic Local Oscillators (LOs), the baseline (12 m array) correlator, and NA
antennas. Further details on these support activities are provided in the FY2017 Program Operating Plan.
In addition to ongoing maintenance and support provided to the JAO, the following long term initiatives
will be pursued to ensure the continued sustainability of the telescope array and its efficient operation:






Based on the initial recommendations from the designers of each piece of receiver hardware,
every monitor point is logged at a specified recommended rate (rates are increased automatically
when changes are detected, also software alarms are implemented to protect critical hardware
from damage—this is in addition to hardware based interlocks). We will work with the JAO to
design and implement a database, which will enable us to review and track long term trends of
certain specific monitor points which can yield real time ageing information. This in turn can help
to predict failure before it actually happens and enable us to perform predictive replacements,
improving the uptime for the array.
During construction, a certain number of spares were procured for major line replaceable units
(LRUs) based on the best estimated/available MTBF values, the anticipated repair and turnaround
times for the assumed maintenance model(s). Now that the array has been operation for a few
years, actual values are available for several of these variables. A thorough review of the quantity
of spares will be undertaken to ensure that the repair queue never exceeds the number of available
spares—a situation that can lead to non-availability of the affected array elements. Additional LRUs
will be procured or built as found necessary.
While the above is generally true for all LRUs, there are critical single point failure elements/LRUs
which can take down the entire array. In many cases we only have single spares, which is sufficient
for the first incidence of a failure, but leads to subsequent array operation without a spare while
the original LRU is repaired. Additional spare LRUs will be procured where feasible, and when full
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LRU spare is cost prohibitive, critical components will be stocked and staff trained to perform
field replacement of parts to enable quick repair of LRUs and ensure uninterrupted operation of
the array.
The ALMA front end assembly has nearly five hundred different operating parameters which must
be set correctly for proper operation of the cold cartridges, local oscillators, cryogenics, and
other subsystems. Most of the front end sub-assemblies contain an electronic serial number (ESN)
chip and the front end firmware provides a means of querying the list of ESNs installed in a given
front end. The ESN is then used as a key into the ALMA Telescope Configuration Database
(TCDB) to retrieve the proper values of operating parameters for the present hardware. This
scheme works well and is familiar to the ALMA operators and software engineers. However, a
small subset of the operating parameters was not designed to be set in this way. Specifically, about
60 temperature sensor calibration constants and one LO Photonic Receiver (LPR) power detector
calibration constant are stored as files in the FEMC module’s flash disk and cannot be set nor
retrieved while the front end is installed in an antenna. This creates an additional maintenance
burden when a component is moved from one front end to another or when an FEMC module is
replaced. The original designer of the Front End Monitor and Control (FEMC) module firmware
intended for these parameters to be updated over Ethernet rather than the Controller Area
Network (CAN) bus which provides access to the majority of operating parameters, but that
capability was not implemented during the ALMA construction phase. Additionally, there is no
method to update the FEMC module firmware while the front end is installed in an antenna except
by carrying a laptop to the AOS and connecting it directly to the FEMC module’s serial port. We
shall modify the FEMC firmware and coordinate modifications to the ALMA Control and TCDB
software to address these shortcomings. The result will be greater operational efficiency of the
array thanks to improved consistency of how operating controls are handled, and reduced
opportunity for error.
We are planning to redesign the Band 6 Cartridge Test Set and Mixer Test Set software, for
better maintainability. Porting from LabVIEW 8.6 to LabVIEW 2013 or newer is also planned.
The LO and Radio Frequency (RF) source locking schemes on the Band 6 cartridge test set as
well as the mixer test set will be completely revamped to mirror the (more robust) ALMA LO
scheme.
The Front End Test and Measurement System (FETMS) database design as well as the web
application/interface will be improved. Software will be updated as necessary to support the new
modular FETMS Intermediate Frequency (IF) Processor which is being designed and built to
replace the existing construction era archaic version.
Several critical components are increasingly becoming hard to maintain, due to part obsolescence
issues or because of variation in cryogenic performance with respect to unspecified parameters
in replacement parts when the original spare supply runs out. One such instance is the Band 6
mixer-preamplifier. We will continue to identify replacement technology and/or parts to produce
alternate drop in replacement components.
We will continue to work with the JAO to understand and resolve existing and evolving issues
with NRAO supplied hardware, and provide the necessary support to commission construction
era delivered hardware (for example the Front-End Thermal Interlock Module) across the array.

Offsite Support - Software
NA ALMA offsite software technical support is carried out by the NRAO DMS department. NA ALMA
Offsite Software, as managed by DMS, is responsible for ALMA Control- Correlator, including the baseline
correlator, management and the bulk of the support activities. The group is responsible for ALMA data
processing software, including CASA and the interferometry Pipeline, and for scheduling software. The
offsite software group provides ongoing support for the High Performance Computing architecture that
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is used at the NAASC and leveraged at the JAO for pipeline processing. The group supports the ALMAwide Kayako Helpdesk system, and the networking services from the JAO to the NAASC, and out to the
community. Further details on these services may be found in the DMS section of this document.

NA ALMA Construction Warranty
The NA ALMA Construction Warranty Group works with the JAO, and if applicable, OEM vendors, to
resolve warranty claims on NA construction deliverables. The Warranty Group also provides information
and support to the JAO on NA deliverables, and may serve as a liaison to vendors. A strategic goal is to
resolve all construction-related warranty items early in the LRP period and hand over maintenance
responsibilities to the JAO. As described above, NA ALMA believes that all ongoing warranty activities
will be substantially completed in FY2017 prior to the start of the LRP period. Any residual activity should
be follow-up in nature and in limited areas (e.g., on the antenna or nutators).

Office of Chilean Affairs
NRAO Chile provides direct support for the JAO as the NA partner for Chilean business operations.
NRAO-Chile works in concert with AUI-Chile, the legal entity for NA ALMA support in Chile, to provide
procurement and contract services, support for NA international and local staff, HR services, and union
representation and liaison with the Chilean government. Together, NRAO-Chile and AUI-Chile comprise
the OCA.
Key objectives of the OCA for the FY2018-22 LRP are as follows:






Continue working on our relationship with JAO on HR/payroll, Contracts & Procurement (CAP),
safety/environment and other areas. The OCA has established better communications and a
stronger presence on site than in the past, but there is still room for improvement, for example
by having an office at the OSF (being negotiated at the moment), restarting bulletins with
continued buy-in from JAO — an ongoing process — and keeping up periodic publishing, having
travel and C&P presence on site to ensure best practices (through training and better
coordination), and by working on safety and environmental issues so as to keep any liabilities to a
minimum, etc.
Measure performance with agreed metrics. Two workshops in September and November 2016
are the beginning of efforts in this direction. The intent is to define OCA mission and objectives
and then align general/office objectives with functional and personal PEP goals. A key objective is
for the OCA to have performance indicators that everyone identifies with and that allows the
group to compare its work with market standards/benchmarks (to the extent possible, since some
of work is very unique). A goal over the next five years is to align OCA metrics with those also
be adopted by NRAO (U.S.) to achieve a consistent methodology. A further goal to improve
performance and service is to gauge JAO perceptions of the OCA. Although circumstances have
not allowed this survey over the past couple of years, we can consider it again in the 2018-2022
timeframe.
Make progress on diversity and inclusion, through programs such as Sister Cities and the creation
of a NINE hub in Chile. Research is being conducted to map out the landscape, i.e. who pursues
STEM careers in the country and what groups are more and less represented. Once this is
completed, the intention is to identify an underrepresented area to focus on (likely Antofagasta
Region) and set up a NINE hub. The model is something completely new in Chile, so the objective
is to pilot and find an approach that is suitable for the country. Sister Cities is supposed to last
the entire new CA. The expectation is that a science/STEM component will be incorporated to
the current cultural exchange program and strengthened during 2018-2022.
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Reassess possibility of moving OCA to the JAO office in Santiago. If this option is not feasible due
to space or other restrictions, evaluate cost effective alternatives in the vicinity.

Several of these items directly address the strategic goal of strengthening training, services, and
communication between the OCA and the JAO to improve efficiency of operations, safety, and employee
morale.

ALMA Milestones Referenced in the AUI Proposal for NRAO Operations
ALMA will achieve the majority of the objectives listed in the AUI Proposal for the Operation and Management
of NRAO (2017-2026) within the next three years. Among Commissioning Activities, the expected
completion dates are as follows:
 Integrating all array elements into science operations: Cycle 5 (Steady State Operations), in
FY2018;
 Extending the array to its maximum baseline lengths: achieved in Cycle 3 for lower frequency
bands (highest frequency bands added in Cycles 4-7 (FY2017-20);
 Band 10 ( ~ 0.35 mm): observations began in Cycle 3 (FY2016);
 Band 5 ( ~ 1.6 mm): first commission observations began in Cycle 3 (FY2016); available for
regular use by Cycle 5 (FY2018);
 Routine high frequency observations: all baselines available in all observing bands by Cycle 7
(FY2020);
 Long baselines up to 16 km: by Cycle 7 (FY2020);
 VLBI Observing: beginning in Cycle 4 (FY2017, with continuing enhancements including spectral
line and continuum polarization available in Cycles 5-7; FY2017-20).
In the area of Core Maintenance & Technical Support and Core User Support: Steady State Operations
with respect to performance metrics is expected by ALMA Cycle 5 (FY2018). Core User Support,
including development of the data reduction pipeline will be achieved over the course of Cycles 4-7
(FY2017-2020).
ALMA baseline capabilities as envisioned in the original Science Reference Plan should be realized by
Observing Cycle 7 (FY2020), the target for Full Operations.
The Major Initiative for enhanced Capabilities beyond the original vision is presently known as
“ALMA2030,” and includes an envisioned set of enhancements that could be realized on a 2030 timescale.
A science-driven study is presently underway to determine which instrumental parameters might capitalize
on the key discoveries to date, such as galaxy assembly over the first billion years of the universe, and the
creation of proto-planets similar to those in our own solar system. Enhancements in sensitivity, angular
resolution, and imaging speed are likely to be important. NA ALMA will lead strategic studies of these
opportunities, in coordination with our international colleagues, during FY2017-19, with development
projects expected to extend through the next decade.
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4.2 Very Large Array
The VLA continues to be highly productive, offering sensitive and high resolution capabilities throughout
the 300 MHz to 50 GHz frequency range. Science focusing all the way from the mapping of coronal mass
ejections from the Sun, through detections of the molecular gas in high redshift galaxies are enabled by
the VLA. During FY2018 to FY2022 there will be several new capabilities coming online opening new
fields of study, such as the ability to respond very quickly to an external fast transient trigger, as well as
the ability to detect very fast transients and generate those triggers for other observatories. In addition,
the seven-year long VLASS—a multi-epoch, all-sky, 2–4 GHz survey with the highest spatial resolution
ever obtained for an all-sky radio survey—will be underway, with the potential of vastly increasing access
to radio data products outside the traditional radio astronomy community.

Scientific Capabilities
The VLA system performance is summarized in Tables 4.2.1 and 4.2.2. The VLA currently offers the
observing modes and capabilities shown in Table 4.2.3 through its General Observing (GO) program.
These GO capabilities are well-tested and are supported at all phases by mature software. The capabilities
support a wide range of scientific studies, from observing the Sun and planets, to star formation regions,
to stars themselves, to galaxies. Continuum, spectroscopic, and polarimetric observations are all
supported within the GO program.
Table 4.2.1: System performance of the VLA receiver bands
Band name

Wavelength

Frequency range (GHz)

4

4m

0.058–0.084

(a)

SEFD

(Jy)

(b)
P
90cm
0.23–0.47
2800
L
20cm
1.0–2.0
420
S
13cm
2.0–4.0
370
C
6cm
4.0–8.0
310
X
3cm
8.0–12.0
250
Ku
2cm
12.0–18.0
350
K
1.3cm
18.0–26.5
560
Ka
1cm
26.5–40.0
710
Q
0.7cm
40.0–50.0
1300
Notes: (a) SEFD is the system equivalent flux density (Jy), defined as the flux density of a radio source that doubles
the system temperature; (b) The full 4-Band system will be commissioned during this period, its SEFD is not currently
known.

Table 4.2.2:VLA Performance Summary
Parameter

Description/Capability

Antennas (diameter, m)
Array Configurations (maximum baseline, km)
Frequency Band Designations
Angular Resolution at 74 MHz in arcsec
(configuration)
Angular Resolution at 45 GHz in arcsec
(configuration)
Maximum Bandwidth in GHz
Maximum number of frequency channels

27 (25)
A (36.4), B (11.1), C (3.4), D (1.0)
4, P, L, S, C, X, Ku, K, Ka, Q
24 (A), 80 (B), 260 (C), 850 (D)
0.043 (A), 0.14 (B), 0.47 (C), 1.5 (D)
2 (8-bit samplers), 8 (3-bit samplers)
4194304
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Parameter

Description/Capability

Frequency resolution range
Continuum sensitivity in 1 hour in microJy/bm
(band)
Spectral line sensitivity in 1 hour over 1 km/s in
mJy/bm (band)

2 MHz to 0.12 Hz
7.4 (L), 9.6 (Q)
2.9 (L), 1.9 (Q)

Notes: See table 4.2.1 for more information.
Assumes uniform weighting using a full 12-hour synthesis observation of a source which passes near the zenith.

Table 4.2.3: VLA General Observing Capabilities
Capability
8-bit samplers

3-bit samplers

Mixed 3- and 8bit samplers
Subarrays
Phased-array
for VLBI

Description
 Standard default setups for:
o 2 GHz bandwidth continuum observations at S/C/X/Ku/K/Ka/Q-bands
o 1 GHz bandwidth continuum observations at L-band
o 256 MHz bandwidth continuum observations at P-band
 Flexible setups for spectroscopy, using two independently tunable 1 GHz
basebands, each of which can be split into up to 16 flexibly tunable subbands
 Single, dual, and full polarization products
 Standard default setups for:
o 8 GHz bandwidth continuum observations at K/Ka/Q-bands
o 6 GHz bandwidth continuum observations at Ku-band
o 4 GHz bandwidth continuum observations at C/X-bands
 Flexible setups for spectroscopy, using four independently tunable 2 GHz
basebands, each of which can be split into up to 16 flexibly tunable subbands
 Single, dual, and full polarization products
 Allows more flexibility for simultaneous continuum and high-resolution spectral
line observing
 Up to three independent subarrays using standard 8-bit continuum setups
 All antennas phased to simulate a single antenna with larger collecting area (“Y27”)

In addition, the VLA offers Shared Risk Observing (SRO) capabilities, which are not as well-tested as the
GO capabilities, but can be set up within the software system. One example of a current SRO capability
is On-The-Fly Mosaicing (OTFM), where antennas are slewed quickly across large parts of the sky while
taking data. Finally, the VLA also offers Resident Shared Risk Observing (RSRO) capabilities, which allows
users full access to many other modes of observing, but the observations cannot be currently set up within
the software system. Such capabilities include observations of pulsars, fast transients, and those triggered
by external events. During the FY2018 through FY2022 period, NRAO plans developments in all of these
SRO and RSRO capabilities, with the ultimate goal of making them available through the GO program.
Specifically:
OTFM: OTFM observations have been well-tested at a low level within the VLA observing software
system, mostly in preparation for the VLASS. It is possible, but difficult, to set up these observations in
the Observation Preparation Tool (OPT), and this has only been tested extensively for the particular setup
used for the VLASS; because of this OTFM observations are considered an SRO capability. There are
some issues in the higher-level software (the OPT and the Archive Access Tool (AAT)) that will be
addressed in FY2018, involving control of the antennas and storage of data in the archive. In addition,
enhancements to the ability of users to set up OTFM regions on the sky will be made in the OPT, such as
being able to easily define these regions and being able to visualize regions on other all-sky radio maps
(e.g. NVSS), etc.
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Pulsars: There are currently two modes of observing pulsars possible on the VLA: the de-dispersion
mode, which uses software implemented outside the VLA correlator (Wideband Interferometric Digital
Architecture (WIDAR)); and the phase-binning mode, which uses WIDAR itself. Both of these modes are
supported in the low-level VLA software, but it is not possible currently to set either of them up in the
OPT, nor is proper archiving of the data for the de-dispersion mode enabled. Because of this, they are
both considered RSRO capabilities. Over the FY2018–22 timeframe, both of those items will be
addressed, and de-dispersion pulsar observations should change from RSRO to SRO and thence to GO
in FY2018. Phase-binning pulsar observations should similarly change from RSRO to SRO to GO in
FY2019.
Fast Transients: It is currently possible to observe over a relatively narrow bandwidth (256 MHz) with
all of the antennas, recording visibilities every 5ms. However, the setup of these observations in the OPT
is not currently supported, which makes this an RSRO capability. This item will be addressed in FY2018–
FY2022, and these observations should transition from RSRO to SRO to GO in FY2018. In addition, we
anticipate that the ability to record wider bandwidths at shorter timescales will be developed (FY2020).
Finally, the realfast commensal transient detection hardware and software will be implemented on the
VLA (FY2017–FY2019), which will allow fast (and other) transient detections (see section 5.3 below).
Triggered Observations: It is currently possible to have triggered observations occur on the VLA,
where the trigger comes from the Gamma-ray bursts (GRB) Coordinate Network/Transient Astronomy
Network (GCN/TAN) event notification system. It is not currently possible to set up such observations
in the OPT, or have them chosen automatically by the OST to be executed on the VLA. By FY2020 we
expect this kind of observing to transition from RSRO to SRO to GO, by fully supporting all aspects of
observing in this mode within the software system.
VLA Sky Survey: The VLASS is a 3-epoch, full polarization, S-band (2–4 GHz) continuum survey of the
entire sky visible to the VLA (declinations above 40deg). With a spatial resolution of 2.5-arcsec it will
be the highest resolution all-sky survey ever undertaken by the VLA. It will be observed in the B and BnAconfigurations of six configuration cycles (seven years), at the level of ~1,000 hours per cycle. During the
timeframe of this LRP, the VLASS will begin full operations, with the first observations scheduled for
September 2017. Table 4.2.4 shows the schedule for the observations and delivery of Basic Data Products
(BDPs) from FY2018 to FY2022. BDPs comprise calibrated visibility data, and Stokes IQU parameter
images and cubes.
Table 4.2.4: VLA Sky Survey deliverables, FY2018–FY2022
Date

Deliverable

2018 Feb

Epoch 1 config cycle 1 observing complete (covers 1st half of sky)

2018 Aug

Single epoch Stokes I BDPs delivered for epoch 1/cycle 1

2019 Feb
2019 Jun
2019 Dec
2020 Jun
2020 Oct
2021 Apr
2021 Oct

Single epoch Stokes QU+coarse spectra BPDs delivered for epoch 1/cycle 1
Epoch 1 config cycle 2 observing complete (covers 2nd half of sky)
Single epoch Stokes I BPDs delivered for epoch 1/cycle 2
Single epoch Stokes QU+coarse spectra BPDs delivered for epoch 1/cycle 2
Epoch 2 config cycle 1 observing complete (covers 1st half of sky)
Single epoch Stokes I BPDs delivered for epoch 2/cycle 1
Single epoch Stokes QU+coarse spectra BPDs delivered for epoch 2/cycle 1
Cumulative (epoch 1+2) Stokes I BPDs delivered for 1st half of sky
Cumulative (epoch 1+2) Stokes QU+coarse spectra BPDs delivered for 1st half of sky
Epoch 2 config cycle 2 observing complete (covers 2nd half of sky)
Single epoch Stokes I BPDs delivered for epoch 2/cycle 2

2022 Feb
2022 Aug
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Operations
Activities related to the operations of the VLA will be carried out by the responsible groups within New
Mexico Operations in a manner similar to previous years. The most significant change in standard
operations during the period from FY2018–22 will be the completion of the switch to remote operations
of the VLA during evening and night shifts. Track crew and antenna mechanic staffing has improved during
FY2016, mitigating the risk to science operations from severe track repair issues and antenna failures due
to delays in the structural overhauls.
Mitigation of Radio Frequency Interference for the VLA: Radio-Frequency Interference (RFI) is a
particular problem for the VLA, with interference generated both internally and externally. NRAO strives
to minimize the internally-generated interference by shielding its electronics. Externally-generated
interference, mostly originating from satellite communications, satellite radio, cell phones, aircraft radar,
military bases, weather balloons, and other transitory sources limit the available ranges of frequency space
in which the VLA can operate for astronomy. Algorithms and other tools for identification and excision
of such signals from astronomical data have been and continue to be developed for the VLA and CASA.
RFI is detected at the VLA by spectrum analyzer monitors that are separate from the array and by annual
RFI-specific observations and analysis. The spectrum analyzers are not connected to all antennas in the
array. The annual RFI sweep is sensitive, but is very costly in analyst time and provides data only on those
signals present within a very short time window. With the addition of some software infrastructure, it
should be possible to perform a daily RFI analysis as a commensal observation during and between science
operations. Data can be extracted from the RF using engineering taps in the Data Transmission System
(DTS), and while its sensitivity will be low, its acquisition is cheap, and intermittent and short-term signals
can be spotted and tracked. The Electronics Division will investigate and develop a database to allow
tracking of RFI. It will also automate the analysis to identify strong RFI before it impacts a significant
number of observations and to allow for the analysis of its properties for further investigation. This work
is scheduled for completion in FY2018.

Maintenance and Infrastructure Improvements
The VLA maintenance plan is based on more than 35 years of VLA operations and maintenance experience.
The expected lifetime of the array after the upgrades of the EVLA project is 20+ years, and the current
age of its predominant components (the antennas are now more than 35 years old) means that effective
preventive maintenance is vital for protecting this investment. The AUI Proposal for the Management and
Operation of the NRAO included a staged “3+7” VLA infrastructure maintenance and development plan,
starting with a dedicated three-year period to renew the VLA’s physical infrastructure. Thus, the bulk of
the following items occur early in this FY2018–22 LRP, with the remainder staged as needed throughout
the rest of the AUI award period.
Antennas: Traditionally NRAO has conducted periodic inspection and overhaul cycles in which antennas
are individually cycled in and out of the array every ~six to seven weeks. Thus, every 3.5 years, each of
the 28 antennas will be thoroughly overhauled as part of a continuously repeating cycle. Each antenna
overhaul includes structural inspections; mechanical, electrical, and electronic systems upgrades; touch-up
structural painting; and the repair and replacement of parts as needed. At present, and for the next seven
to eight years, up to three antennas per year will have new ACUs installed and their Focus/Rotation mount
and subreflectors refurbished until all 28 antennas are upgraded. This work will be performed during the
overhaul process. In these cases, the time required to overhaul an antenna will increase by approximately
one month.
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Track: The VLA railroad tracks must be inspected continuously to assure safe travel by the maintenance
vehicles (used daily by technicians to service antennas) and the transporters that carry the antennas during
reconfiguration periods (about 60 individual moves per year). Supporting track maintenance requires
specialized railroad repair vehicles and equipment, as well as ballast, rails, and track sections. The
deterioration of the old rail ties used to construct the VLA rail system became critical in the last decade,
and as a result a plan was developed to increase the replacement of ties to approximately 5000 ties per
year, along with an increase of pad intersection replacements from three to five per year. This plan was
developed with the assistance of a railroad maintenance consultant and is being followed on average, with
priority areas receiving first attention. As described below, funding to continue at this pace has now been
assured through AUI’s new cooperative agreement. VLA maintenance specialists believe that the overall
condition of the track is fair, and does not pose a safety hazard to antennas or equipment.
Correlator: The VLA’s WIDAR correlator will require routine yearly maintenance on its heating,
ventilating, and air conditioning (HVAC), fire suppression, and dedicated UPS systems. The level of
maintenance and repair for the WIDAR correlator boards, racks, fans, power supplies, and other parts
will be carefully assessed and quantified.
Heavy Equipment: The equipment required at the site for heavy jobs, such as specific equipment for
track repairs, dump trucks, forklifts, cranes, and the like, has been historically obtained through General
Services Administration (GSA) surplus. This equipment is now very old and is increasingly difficult to
maintain and repair. Furthermore, when it is possible to do so, obtaining replacement equipment from
government surplus is becoming more expensive. There have been no funds in the Observatory’s budget
specifically to replace our heavy equipment. Through the new cooperative agreement, funds now exist in
FY2017 to purchase two high-rail vehicles and a tie inserter for the Track Crew. Funding is also available
in FY2017 to replace equipment used by multiple work groups. These include 2 to 3 4WD trucks, a boom
truck (a type of crane), and a complete refurbishment of the site’s overhead crane. A new rail crane will
be purchased in FY2019. Funding for additional heavy equipment, depending on the specific needs, is
available in FY2019 and FY2020, and in outlying years up through FY2026.
Machine Shop: The VLA machine shop uses several high end mills and lathes to fabricate feeds, dewars,
transporter axles, and many other antenna system and support components. These machines, which
average well over 20 years of continuous use, are approaching their end of life. Funding has been approved
for the purchase of a new Computer Numerical Control (CNC) mill, a smaller less expensive mill, and a
CNC lathe. The lathe was obtained by virtue of additional funds allocated in the Transition Plan, which
enabled GBO capabilities to be provided at the VLA. The first of the CNC mills will be procured in
FY2017; the second in FY2020.
Electrical Infrastructure: The VLA site electrical infrastructure, which includes the hatch power
distribution gear, the back-up generators and their associated switchgear, the site power transformers,
and the various power distribution panels, has been in constant use for over 40 years. The major
components of this infrastructure were originally obtained second-hand. Parts of the hatch gear are no
longer useful in the way in which they were designed, and the performance of the generator switchgear
has become increasingly inconsistent. The unit also poses a safety risk. Funding to cover the replacement
of the hatch, generators, and generator switchgear will be available in FY2018. Additional funding for
replacement of some of the older array arm switches becomes available in FY2019.
Also scheduled for upgrade is the site’s well pump controller. In FY2019 the aging controller unit will be
replaced with one which will gradually increase the water pressure to the potable water and fire
suppression systems, rather than providing water at full force. This feature will help to maintain the
structural integrity of the site water pipes. Additionally, the power which feeds the pump controller and
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well will be re-routed to a dedicated line or generator, assuring that water for fire suppression is available
during any time when power is consciously removed from the greater site (such as during a fire).
Antennas: Five years ago the need to upgrade the VLA antenna ACU became apparent. The design was
completed, and since that time and as funding has allowed, New Mexico Operations has retrofitted 6
antennas with the new systems. The AUI re-competition plan provides funding beginning in FY2017 to
upgrade the balance of the ACU systems at a rate of three per year.
VLA antenna azimuth bearings tend to wear out over time. These will be replaced at a rate of one bearing
per year. The Engineering Services Division has bearings in stock to perform this task through FY2018,
with the new funding for additional bearings commencing in FY2019.
To maintain structural integrity, the antennas require insulation patching, rust repair, and overall painting.
This effort will begin in FY2019 and will require additional term-limited staff for approximately five years.
These staff will work in the colder months to install automatic grease distributors on the antennas, which
is also funded under the new cooperative agreement.
Track: Based on the results and recommendations of a 2013 Holland Track Survey, New Mexico
Operations has increased the staffing and materials budget to allow for the replacement of 5000 aging and
damaged cross-ties, and five antenna pad intersections, per year. Beginning in FY2017, funding has been
made available to assure this level of replacement through FY2026. In order to assess the future health
of the track and the relative success of this program, an ultrasonic track survey has been planned for
FY2020.
Buildings: The Control Building and Activity Center roofs leak during times of rain and snow, and water
damage has been observed in the structural portions of the Activity Center roof. The Activity Center
roof is scheduled for replacement in FY2017, while the Control Building will have its roof replaced in
FY2020. The tube exchanger for the Control Building cooling tower will be replaced in FY2020. Spare
compressors for the site HVAC systems will be purchased the same year. To improve energy efficiency
at the site, additional insulation and new doors will be purchased and installed in FY2019.
Test Equipment: The testing of newly constructed or repaired Front End receivers creates a scheduling
bottleneck in installing them on an antenna. A Front End SOIDA test rack and additional instrumentation
will be purchased to decrease the overall receiver delivery time. These items will be procured in FY2017
and FY2020.
Road and Parking Lot Repair: The roads and parking lots around the site buildings will be repaired or
repaved. Full funding for this task becomes available after FY2022.
Summary of VLA Infrastructure Improvement Plan: We note that the staging of the infrastructure
improvements described above is slightly different from what was originally proposed in AUI’s successful
proposal for the recompetition of NRAO. The staging of the improvements in New Mexico had to be
revised to accommodate increases in infrastructure costs, to support ngVLA earlier in the term of the
new cooperative agreement, to facilitate urgent repairs, and to gain operational efficiencies. In general, the
scope of work and budget for the infrastructure and development program has not changed. Only the
timing for performing each activity has been revised. For comparison, the improvements for New Mexico
Operations that were originally listed in the recompetition proposal are replicated in Table 4.2.5. The
revised infrastructure plan, as described above, is summarized in Table 4.2.6. The overall program will
continue to be monitored and possibly revised depending upon future operational priorities and
unforeseen equipment failures.
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Table 4.2.5. Major Equipment and Large-scale Repair Items for NM Operations as
originally listed in Figure 2 of the NRAO Recompetition Proposal.
Budget amounts are in $K.
VLA Equipment
FY17 FY18 FY19 FY20 FY21 FY17-26
2 track high rail vehicles
CNC lathe
Cooling tower tube exchanger
Front End SOIDA rack (2)
Heavy vehicle replacement
New switches - E,W, N arms
Repair VLA CB roof
Replace 2 CNC knee mills
Replace generator switchgear & hatch gear
Replace rail crane
Replace azimuth bearings
Replace VLA cafeteria roof
Replace standby generators
Replace National boom truck
Spare HVAC compressors
Tie inserter
Passenger bus repair facility
Road & parking lot maintenance & paving
Subtotal VLA Equipment
Large Scale Repair & Maintenance
Replace ACU & FRM motors
Antenna automatic grease distributors
Replace ties & intersections
Refurb AAB overhead crane
Antenna rust removal, paint and insulation
Well pump power controller
Improve site building insulation
Replace exterior doors and windows
Ultrasonic track inspection
Subtotal Repair & Maintenance
Grand Total

128
94
55
0
100
0
0
138
1,000
0
0
87
0
270
0
85
0
0
1,957
105
14
465
50
137
110
0
0
0
881
2,838

0
0
0
101
0
0
0
0
0
0
60
0
1,400
0
0
0
0
0
1,561
108
14
200
0
77
0
0
0
0
399
1,960

0
0
0
105
150
50
101
0
0
0
62
0
0
0
80
0
0
0
548
111
14
600
0
58
0
73
150
0
1,007
1,555

0
0
0
0
100
0
0
0
0
103
64
0
0
0
0
0
0
0
267
115
14
600
0
56
0
0
0
50
835
1,102

0
0
0
0
0
0
0
0
0
0
66
0
0
0
0
0
0
0
66
118
14
524
0
58
0
0
0
0
714
780

128
94
55
206
1,019
50
101
138
1,000
103
610
87
1,400
270
80
85
149
442
6,016
1,067
70
4,527
50
387
110
73
150
50
6,485
12,501
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Table 4.2.6. Revised list of Major Equipment and Large-scale Repair Items for
NM Operations. Budget amounts are in $K.
VLA Equipment
FY16 FY17 FY18 FY19 FY20 FY21 FY17-26
2 track high rail vehicles
CNC lathe
Cooling tower tube exchanger
Front End SOIDA rack (2)
Heavy vehicle replacement
New switches - E,W, N arms
Repair VLA CB roof
Replace 2 CNC knee mills
Replace generator switchgear & hatch gear
Replace rail crane
Replace azimuth bearings
Replace VLA cafeteria roof
Replace standby generators
Replace National boom truck
Spare HVAC compressors
Tie inserter
Passenger bus repair facility
Road & parking lot maintenance & paving
Subtotal VLA Equipment
Large Scale Repair & Maintenance
Replace ACU & FRM motors
Antenna automatic grease distributors
Replace ties & intersections
Refurb AAB overhead crane
Antenna rust removal, paint and insulation
Well pump power controller
Improve site building insulation
Replace exterior doors and windows
Ultrasonic track inspection
Subtotal Repair & Maintenance
Carryover
ngVLA Development
Grand Total

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
200
0
0
0
0
0
0
0
0
200
0
-200
0

128
0
0
101
189
0
0
99
0
0
0
87
0
270
0
85
0
0
959
30
0
542
70
0
0
0
0
0
642
470
768
2,838

0
0
0
0
0
0
0
0
1,000
0
0
0
1,400
0
0
0
0
0
2,400
30
0
0
0
0
0
0
0
0
30
-470
0
1,960

0
0
0
0
162
50
0
0
0
103
62
0
0
0
0
0
0
0
377
90
14
601
0
140
110
73
150
0
1,178
0
0
1,555

0
0
55
105
114
0
101
99
0
0
124
0
0
0
80
0
0
0
677
90
42
722
0
88
0
0
0
50
992
0
-568
1,102

0
0
0
0
0
0
0
0
0
0
66
0
0
0
0
0
0
0
66
118
14
524
0
58
0
0
0
0
714
0
0
780

128
0
55
206
1,034
50
101
197
1,000
103
610
87
1,400
270
80
85
149
442
5,996
1,067
70
4,527
70
387
110
73
150
50
6,505
0
0
12,501

Technical Upgrades and Enhancements
Several technical upgrades and enhancements will be undertaken during the period of this LRP, in order
to improve capabilities, complete existing upgrade programs, or to improve ease of operation and/or
maintenance. Technical upgrades are chosen based upon considerations of safety, operational efficiency,
ease of maintenance, impact on data quality and delivery of science, cost, and impact on overall NRAO
strategic goals. A description of the activities planned for FY2018–20 is given below.
Solar Capable Receiver Installation: The solar receiver upgrades to the VLA’s L, S, C, X, and Kuband receivers will proceed in parallel and will be completed in FY2020.
4-Band Dipole Installation: During FY2017 a costed plan will be developed for how to complete the
outfitting of the VLA with 4-Band dipoles. The installation of the dipoles will be completed in FY2018.
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Card-cage Installation: A revised design for the Front End card cage was completed in FY2014, and a
program to replace existing card cages with ones of a new design was initiated shortly thereafter. The
installation of the new card cages will be complete in FY2017.
Dry-air Systems: The current radome material used to prevent moisture from entering receiver feed
horns is becoming porous, and is no longer commercially available. Both the radome materials and the
existing dry-air system for the feed horns will be reviewed for effectiveness by FY2018. Based upon the
outcome of the review, a program for replacing these components, if needed, will be developed.
High Level Diagnostics Tools: Given the sheer volume of monitor points on the VLA—a consequence
of both the number of antennas and their extensive instrumentation—often makes it difficult to evaluate
the health of a system, or to spot the not-infrequent, subtle failures that do not cause alerts to be triggered.
A higher-level analysis of available data will allow more rapid and accurate fault diagnosis, while also
reducing data flagging and the time burden on operators, engineers, and scientists. To enable this highlevel analysis, the Electronics Division will develop trend analyses, to included rule-based evaluators, faulttree analyses, and summary dashboards, beginning in FY2017 and continuing through FY2020.
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5 OBSERVATORY DEVELOPMENT PROGRAMS
5.1 Central Development Laboratory
The CDL has long been regarded as a national technology resource by the U.S. astronomy community.
As the Observatory’s main instrumentation research and development (R&D) facility, the CDL’s core
missions are: (1) to continue developing critical capabilities for upgrading NRAO’s current facilities, and
to facilitate the capabilities of the Observatory’s next-generation facilities; (2) to help the community
realize mid-scale projects, as recommended by the NSF-sponsored Decadal Surveys; and (3) to provide
critical maintenance support to NRAO’s existing instruments.
As the U.S. radio astronomy community and NRAO increasingly turn their attention to planning the next
major radio instrument beyond ALMA—currently typified by the next-generation VLA, (“ngVLA”)
concept—and its relationship to the 2020 Decadal Survey, it is increasingly important that CDL’s longrange R&D efforts encompass programs that support the scientific and engineering requirements of the
emerging instrumental concept. At the same time, the maintenance and enhancement of the capabilities
of the ALMA and VLA interferometers must remain firmly within the scope of the Laboratory’s activities,
and several such R&D projects directed at these critical activities are described in this plan.

CDL Strategic Directions
Staffing: CDL staffing will grow in general accord with the staffing plan described in the successful AUI
proposal to NSF for the management of the Observatory. This plan consisted of two major components:



Stopping the erosion of the CDL engineering staff by backfilling staff positions left vacant by
retirements and other departures. (The specific expertise areas of replacement personnel will be
determined by Lab and Observatory senior management according to CDL need.)
Enlarging the size of the laboratory staff to enable us to address new emphasis areas and to rebuild
the staff in critical effort areas in order to forestall single-point personnel failures.

The growth path described in the AUI proposal was based on hiring a research engineer, engineer and
technician in each of five disciplines, for a total of 15 new staff members, over a five-year period FY2017-22.
In actuality, the execution of the staffing plan was accelerated beginning in FY2015, and in FY2016, one
engineer and one research engineer each were hired in the Superconductor-Insulator-Superconductor
(SIS) receiver and Digital Signal Processing (DSP) areas. During FY2017, the Laboratory’s strategic needs
is being studied further and new hiring initiated within the basic structure of the proposed personnel plan.
New Technical Areas: New technical areas for future CDL study are being considered during FY2017.
Programs focusing on these areas may begin in FY2017 and continue into this LRP timeframe. Naturally,
new research areas identified for investment will influence the detailed expansion plans discussed above.
Possible new focal areas include:
 Increased emphasis on the use of cryogenic MMICs, possibly through new institutional
partnerships;
 Exploring the potential application of Cryogenic Phased Array Feed (PAF) front ends for ALMA
and potentially, for VLA/ngVLA;
 Research and Development on higher efficiency and reliability cryo-cooler technology, with the
goal of significantly reducing operating costs and increasing operational robustness for large
interferometric arrays such as VLA/ngVLA;
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Expanded efforts in DSP to study:
o high-speed A/Ds, including developing and testing the latest devices;
o the possibility of fabbing devices.
o wideband beamformers for PAFs;
o correlators and array beamformers that use the latest Field-programmable Gate Array
(FPGA) technology and signal processing techniques;
o extending existing CDL studies to work with industry partners to develop Multi-Source
Agreements (MSA) on future common multi-layered hardware and software platforms.
This could provide a framework within which NRAO would develop custom designs
mixed/matched with commercial off-the-shelf software and commercial opportunities;
Possible development of real time image processing accelerators using field-programmable gate
arrays (FPGAs) and, potentially, application specific integrated circuits (ASICs). Ultimately, this
could lead to the development of demonstrators for the VLA and ALMA; and
Establishing an NRAO-managed repository for Intellectual Property blocks of all kinds of
applications and platforms, such as those for FPGAs, GPUs, and other multi-core devices using a
variety of languages.

Ongoing Technical Efforts
Integrated Receiver Development: The CDL continues to be a world-renowned resource for highperformance integrated receiver technology—not only for NRAO telescopes, but also for those of our
sister institutions abroad with whom we regularly share Monolithic Millimeter-wave Integrated Circuit
(MMIC) chip designs, advanced packaging techniques, and completed sub-assemblies. It is the plan of the
Integrated Receiver Development (IRD) group to continue the advance of these technologies by pushing
the state of the art in receiver architecture and fabrication, with a focus on high-performance, low-cost,
mass-production, and alignment with current trends in industry.
The alignment with industrial standards, which is a cornerstone of the IRD program, positions the CDL
to take the greatest possible advantage of the massive investments made in the commercial sector, while
simultaneously enabling us to return our own innovative developments to industry through licensing
agreements. The IRD program has already produced a number of commercializable concepts, for which
several patents have been awarded both in the U.S. and internationally, and at least one of which (the
reflectionless filter) is now being mass-marketed by a well-known U.S.-based commercial vendor. We look
forward to helping our industry partner to grow that business and expand its product offerings to include
more advanced designs and fabrication techniques in the next five years.
IRD will also continue to support and nurture NRAO-heritage by providing construction and repair
services on the multi-chip modules used in those facilities, as well as instrumental upgrades as funding and
staff resources allow. The IRD group is uniquely qualified in the Observatory to carry out the specialized
design and micro-fabrication tasks for such instruments, and takes very seriously its responsibility to keep
that institutional knowledge current via cross-training within the group as well as with our collaborators
in the newly-formed GBO and LBO.
During the next five years, IRD will build upon its past successful developments to enable even greater
capabilities than before, such as wider front-end bandwidth at higher operating frequencies, faster bitrates, greater power efficiency, and enhanced receiver stability in robust, modular designs. These are the
key characteristics needed in order to produce truly mass-producible, field-replaceable receiver units on
the next generation of cm-wave radio astronomy facilities.
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Low-noise Cryogenic Amplifier Development: For 30+ years, CDL has provided NRAO and the
astronomical community with the world’s lowest noise amplifiers from 0.1-115 GHz. These low-noise
amplifiers have been responsible for the high sensitivity and success of the VLA, GBT, VLBA, and ALMA,
and have also been used by nearly every other astronomical instrument requiring cm-wave low-noise
amplifiers built in the last 30 years, including the Wilkinson Microwave Anisotropy Probe, Combined Array
for Research in Millimeter-wave Astronomy, Degree Angular Scale Interferometer, Cosmic Background
Imager, Planck, and many others.
Discrete HFETs have been the workhorse for much of this cryogenic receiver effort, and their use in firststage front-end low noise amplifiers (LNAs) is expected to continue to provide the lowest receiver noise
performance up to frequencies ~100 GHz. The very best noise performance for these HFETs is expected
to continue coming from a limited set of 80nm gate length InP transistors fabricated by Jet Propulsion
Laboratory (JPL) on their Cryo-3 wafers fabricated under the NASA CHOP program. As part of its core
mission, the CDL plans to continue to produce amplifiers using these devices, in both current and new
designs, for the astronomical community.
FY2016 saw the start of a CDL production run of 150 first-stage amplifiers for ALMA Band-1 cartridges.
CDL’s production run is contracted to continue through FY2019.
Additional work that falls within the horizon of this plan will also involve overseeing the final development
and production of Band 2 LNAs as part of a planned build-out effort led by NRAO. Other projects
currently under consideration involve Ka-band amplifiers for LBO under United States Naval Observatory
(USNO) funding, as well as possible CDL involvement in the development of cryogenic amplifiers for
Russian space based VLBI mission Millilmetron.
In collaboration with both academic and industry partners, the CDL will also continue pursuing the
development of low-noise MMIC amplifiers being fabricated under a number of different processes. These
are likely to include the emerging 35nm InP Heterojunction Field-Effect Transistor (HFET) process
technology being developed jointly by JPL and Caltech at Northrop Grumman Corporation, the 130nm
InP HFETs being produced at Chalmers University, as well as devices manufactured under BAE System’s
50nm Metamorphic High Electron Mobility Transistor (MHEMT) technology. The evaluation of these
technologies will be especially important for ngVLA, as the supply of Cryo-3 devices may be insufficient to
complete this project. As part of the ngVLA efforts, we also intend to study the engineering limitations
and tradeoffs associated with significantly enlarged LNA RF bandwidths.
Millimeter and Sub-Millimeter Receivers: The current generation of millimeter and sub-millimeter
SIS receivers used on ALMA resulted from a long period of CDL development in collaboration with the
University of Virginia Microfabrication Laboratory (UVML). This included the introduction of niobiumbased superconducting circuits for radio astronomy, development of wideband SIS mixer integrated
circuits, and the use of sideband-separating SIS mixers which were pioneered at the CDL. ALMA and
other millimeter telescopes in North America, such as Arizona Radio Observatory (ARO), Large
Millimeter Telescope (LMT), and Sub Millimeter Array (SMA), require access to a U.S. superconducting
device foundry for instrument upgrades and new or second-generation suites of instrumentation. With
the suspension of SIS mixer fabrication at the Jet Propulsion Laboratory, UVML is the only the U.S. facility
capable of producing superconducting devices suitable for operation at millimeter/ submillimeter
wavelengths, and a strategy for preserving access to this facility is essential. Section 5.2.3 discusses the
implementation of this strategy.
As part of its core mission, the CDL will continue to support and supply SIS mixers to ALMA and—as
'work for others' performed outside of the cooperative agreement to other millimeter/ sub-millimeter
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observatories, including those participating in the VLBI EHT program. Also, as part of its core
development program, the CDL will continue to work with UVML to develop second generation SIS
mixers for ALMA Bands 6 and 10. For Band 6, this program will work toward developing mixers with
wider RF bandwidths by using Nb/Al‐AlN/Nb SIS junctions. Ultimately, these will be used in a balanced
sideband‐separating configuration to reduce the contribution of residual LO sideband noise to the
receiver noise temperature. For Band 10, our goal is to develop highly reproducible junctions for
sideband‐separating receivers that utilize Nb/Al‐AlN/Nb SIS junctions with high critical current density.
This will potentially improve ALMA observing speed at Band 10 by as much as a factor of four. For both
our Band 6 and Band 10 programs, balanced IF amplifiers will be used to minimize interaction between
mixer and amplifier without the additional loss of a wideband IF isolator.
Digital Signal Processing: The field of DSP has enjoyed a massive investment from commercial industry
and continues to grow substantially in popularity and importance. Essentially, all new instrument
development for radio astronomy requires advanced DSP and, in many cases, DSP development is a
dominant part of the project. NRAO has a long tradition of providing complex DSP instrumentation for
its telescopes. Recent examples include the 64-antenna correlator for ALMA, the VLBA Digital Backend,
the SNAP CASPER data acquisition board, and the boards that enable the phasing capability of the ALMA
Correlator.
Over the next five years, NRAO will continue to design and produce advanced DSP systems. Specifics
depend largely on project funding. In the short term, a design for an upgrade to the ALMA Correlator
will be produced. In the longer term, innovative designs for correlators for ALMA and the ngVLA will be
explored. In general, NRAO will continue to leverage developments by industry, including, but not limited
to, FPGAs, ASICs, data routers and data transmission systems, for use in astronomical signal processing.
NRAO will also continue to collaborate with other institutions in DSP-related projects. A recent example
is a collaboration with Haystack Observatory to produce a VLBI backend for the ALMA telescope. This
collaboration leveraged pre-existing expertise in both institutions to produce a system allowing ALMA to
take part in the EHT radio array, an attempt to image the immediate vicinity of the Milky Way’s central
black hole. During the next few years, NRAO hopes to collaborate with Bordeaux observatory in
upgrading the ALMA correlator to process a larger bandwidth. This effort will of course depend upon
project approval and funding by ALMA.
More research-oriented projects in this time span include wide-bandwidth beamformers for phased array
feeds; high-speed digital links that will enable large numbers of data channels to be efficiently transmitted
from the telescope focus to central processing stations; scalable architectures of digital subsystems that
facilitate future upgrades; new firmware and Graphics Processing Unit (GPU) algorithms for sciencespecific applications, such as pulsar search strategies, more accurate pulsar timing; DSP techniques for
detecting signal anomalies, such as those from radio frequency interference or fast radio bursts; and
greater use of distributed, real-time, signal processing through the use of new commercial signal routing
hardware. As these projects develop, they will spawn new ideas for signal processing in the LRP time
frame. This work has broad application across nearly all fields of astrophysics.
Electromagnetic Components and Optics: Feed horns, polarizers and quasi-optical elements lie in
the primary path of the signals that come off a radio telescope antenna on their way to the receiver.
These components must therefore have good matching properties, low insertion loss and broad
bandwidth. These performance characteristics are unique to radio astronomy and such components are
generally not commercially available.
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The CDL has designed and built such electromagnetic components for the EVLA, GBT and VLBA
receivers, and also for some ALMA bands. CDL-developed components have also found their way onto
other non-NRAO telescopes, such as the Shanghai 65-m telescope and the Effelsberg 100-m telescope.
Where necessary, novel manufacturing techniques have been developed to overcome challenges posed in
the fabrication of our component designs. For example, low frequency, secondary focus corrugated feed
horns for the VLA have been built out of aluminum sheet metal in order to meet weight limits. At V- and
W-bands (and at higher frequencies), the corrugations in feed horns or polarizers are so small that they
cannot be directly machined, necessitating the use of electroforming on machined mandrels. The CDL
has also been able to deliver optics designs meeting specifications when alternative options had already
been ruled out. CDL’s ALMA Band 2 optical design is a typical example: reflective optics could not be
used due to lack of space and the location of the Band 2 Infrared window on the cryostat; thus, a refractive
optics design was developed and adapted for the ALMA Band 2 receiver. A critical ingredient in all of
these efforts is CDL’s ability to carry out sophisticated electromagnetic analyses of optical designs, such
as main beam response, near and far sidelobes, as well as overall resulting receiver efficiencies and antenna
temperatures.
In addition to developing optical designs for proposed upgrades to ALMA and VLA receivers as well as
for expected new receiver designs under external “work for others” contracts—such as the proposed
new Ka-band receiver design for the LBO – CDL will be involved in optimizing telescope optics design for
ngVLA during the time frame of this plan. Various designs, including dual-offset antenna approaches, will
be analyzed, not only because of the advantage offered by an unblocked aperture, but also because more
real estate at the antenna focal plane will be available to accommodate receivers. (The current ngVLA
receiver plan calls for frequency coverage from 1.2–120 GHz, which is expected to require four or more
receivers with conventional feeds and polarizers.) Efforts emphasizing the development of very broadband optical components to reduce the number of receivers per antenna will also be studied. During the
same period CDL will also focus on mm-wave and sub-mm optical components in support of future ALMA
receiver upgrades and the planned build-out of ALMA Band 2.
HERA: The epoch of the first stars and galaxies can be uniquely probed using the redshifted 21cm
transition of neutral hydrogen. This transition is sensitive to the thermal and ionization state of HI gas and
thus provides a tracer of sources of energetic photons—primarily hot stars and accreting black holes which ionize and heat the high redshift intergalactic medium. HERA will provide a glimpse into this
important but as yet unexplored period of the early universe. The ultraviolet light and X-ray emissions
from these primitive objects altered the fundamental nature of the universe surrounding them, and HERA
is designed to detect these changes.
HERA is a ground-based instrument consisting of over 200, 14m diameter parabolic antennas currently
being deployed in South Africa. The principal organizations comprising the HERA collaboration include
the University of California at Berkeley, the University of Pennsylvania, the University of Washington, the
Massachusetts Institute of Technology, South African SKA, and NRAO. The HERA team recently received
an NSF MISP grant to continue the development and expansion of the instrument. Advanced signal
processing techniques are being employed to extract the hydrogen signature from strong foreground
contamination. During the time frame of the current LRP, CDL expects to continue working with the
HERA team on the development of a next generation system. The CDL will also work with MIT to
develop a low frequency extension to HERA designed to detect hydrogen during the so-called Epoch of
X-ray Heating (EoX). The latter work is being supported through a grant from the Gordon and Betty
Moore Foundation.
DARE: The DARE—is a proposed NASA MIDEX mission designed to detect the-statistical imprint on
the radio sky of the Epoch of Reionization. It is a collaboration between the University of Colorado, Ball
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Aerospace and Technology Corporation, NASA Ames Research Center, Goddard Space Flight Center
and the NRAO.
The key concept in DARE is that sky-averaged spectra of the deeply redshifted 21-cm background are
expected to exhibit broad absorption and emission features relative to the microwave background at low
radio frequencies. DARE is designed to detect these spectral features globally at low radio astronomy
frequencies (40-120 MHz, corresponding to 11 < z < 35) by making observations from lunar orbit above
the lunar far side; this avoids terrestrial radio frequency interference and ionospheric corruption. Since
the 21cm spectrum has broad spectral features whereas the foregrounds do not, the signal can be
extracted through Bayesian methods including Markov Chain Monte Carlo techniques. The instrument,
which consists of a dual-polarized wide-band dipole antenna, total power receiver, and digital
spectrometer is calibrated using modeling and tone-injection techniques. Dynamic polarimetry is being
studied as a way to measure the foreground spectrum.
If funded, the NRAO CDL will continue to assist in the development of the DARE antenna, front-end
electronics, and measurement techniques.
Phased Array Feed Development: Over the past few years, the construction and characterization of
PAF receivers has again become an area of intense activity at the CDL. Over the past few years, cryogenic
phased array feed receivers have been built and tested by the Lab and have demonstrated world-leading
sensitivity (measure by synthesized aperture efficiency normalized to system temperature). During
FY2016, a new low-noise cryogenic PAF, optimized for the optics of the Green Bank Telescope (GBT),
was developed and commissioned as part of the Focal L-band array for the GBT (FLAG) project. The
feed design consists of near-half-wave elements that are tuned to operate near 1.4 GHz and that are
shaped to optimize active impedance matching to the first-stage cooled low noise amplifiers (LNAs) in
each channel. Custom-designed, sideband-separating, digital downconverters digitize 150 MHz of
bandwidth with 8 bit analog-to-digital converters (ADCs) and transport the data through fiber optic links.
The data are received and channelized using poly-phase filter banks (PFB), both implemented in Casper's
ROACH II based FPGA system.
It is currently planned to continue this work over the next few years by leveraging the PAF group’s
expertise in hardware design, beamforming and in modeling phased arrays, to seek funding for applying
these techniques to new systems. Additionally, as signal processing costs continue to decrease we expect
to develop designs that will utilize phased array feed receivers on synthesis arrays.
Local Oscillator Group Work for ngVLA: During the time frame of this plan, the ALMA LO group
expects to support the ngVLA by studying and characterizing remote LO generation and stabilization.
CDL developed several LO and timing technologies in this area for ALMA. For synthesis arrays such as
ngVLA, these techniques can be extended over longer distances by including new technologies that will
improve performance and reduce costs.
ALMA Band 2 Receiver Construction: The 65 - 90 GHz region of the electromagnetic spectrum,
comprising the lower half of the so-called 3mm atmospheric window and corresponding to ALMA Band 2,
has, in recent years, been largely neglected by researchers at millimeter wavelengths. Nonetheless, a wide
range of scientific problems can be investigated through observations at Band 2: For example, the spectral
region contains some fundamental molecular transitions, such as the J = 1 → 0 transitions of deuterated
forms of some abundant interstellar molecules which enable "cold chemistry" in dense molecular cores
and protostellar clouds. The Band 65-90 GHz band also provides an important window for studying the
molecular ISM in highly redshifted galaxies.
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At this time (Q4 FY2016) the CDL is completing a prototype Band 2 receiver for ALMA. The project
scope includes demonstrating a working Band 2 receiver that conforms closely to ALMA baseline
specifications, and securing a sufficient supply of cryogenic LNA devices for an eventual production phase.
A preliminary design review of the prototype receivers is planned to be held towards the end of CY2016.
Additional characterization of the MMIC LNAs produced by JPL/CRAL as first stage amplifiers is planned
to continue through FY2017. Within the time frame of this LRP NRAO plans to propose and build several
pre-production units and to install them on ALMA antennas; this will then be followed by a critical design
and manufacturing review that will open the way to a full production run that will complete the build-out
of both the remaining Band 2 cold cartridges (incorporating optics and cryogenic low noise amplifiers) and
warm cartridges (incorporating 2SB downconverters and Local Oscillator) assemblies.

5.2 ALMA Development
The ALMA Trilateral Agreement obliges each Partner to contribute, on average, the equivalent of 5M
USD per annum toward the ongoing enhancement/upgrade of the ALMA Observatory. These
contributions are evaluated and cost-balanced every five years. The next evaluation period will conclude
in CY2021.
The goals of the North American ALMA Development Program align with those set forth by the ALMA
Science Advisory Committee (ASAC.) In broad terms, these goals are:
1. improve the ALMA archive,
2. enlarge bandwidths,
3. increase receiver sensitivity,
4. elongate antenna baselines, and
5. increase wide-field mapping speed.
Upgrades typically progress through three successive phases of development, and correspond to an
increasing level of technology readiness. The principal phases are:
 Conceptual study (including scientific justification, specification, and outline costing),
 Prototype/pre-production, and
 Rate production and implementation.
The North American ALMA Development Program typically funds conceptual studies (hereafter referred
to as “Studies”) on an annual basis. Prototype/pre-production and rate production initiatives (hereafter
referred to as “Projects”) are typically funded every two years. Calls, proposal evaluation, and the award
of Studies and Projects are governed by different (albeit similar) processes. The details of these processes
are set forth in the Principles of ALMA Development (ALMA Project Document Number AEDM 2015-0910.)
The total FY2017 Development Program award pool is 14M USD, and is the largest award pool since
inception of the NA ALMA Development Program. This situation is exceptional in that the large amount
is attributable to funds carried over from FY2016. $5.0M in FY2017 ALMA Development Programs funding
is included in the POP budget to maintain consistency with the NSF Solicitation. There funds will be held
in reserve until all proposals have been reviewed and approved.

Development Studies
The Development Cycle 5 (FY2017) Call for Study Proposals will be exceptional due to the unusually large
award pool (3.0M USD.) For this Call only, The Program will solicit proposals for another category of
Study; namely, the Strategic Study. The size of the individual awards will be enlarged to 0.4M USD, and the
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period of performance will be prolonged to two years (relative to the 0.2M USD award and one-year
duration of a convention Study) which will carry the period of performance into FY2018. The award pool
budget for Strategic Studies (Cycle 5 only) is 2.5M USD. These awards will fund investigations of emerging
technologies of specific, strategic interest which may lead to a Development Project. The award pool
budget for conventional Studies for Cycle 5, and subsequent annual Cycles, is 0.5M USD.
Ongoing Studies (NA ALMA Development Cycle 4): The Development Cycle 4 Call for Study
Proposals was released on 01 March 2016. The Study Proposal deadline was 01 May 2016. Notices of
Award will be made no later than 30 August 2016. The period of performance for Cycle 4 Studies will
commence on 01 October 2016 (FY2017) and should conclude by the end of FY2017. Some work may
continue into FY2018. It is anticipated that the 1.1M USD Cycle 4 award pool budget will fund
approximately six conventional Studies.
Future Studies: The Development Cycle 5 Call for Study Proposals will be released on 01 March 2017.
The Study Proposal deadline is 01 May 2017. Notices of Award will be made on, or about, 31 July 2017.
It is anticipated that the 3.0M USD Cycle 5 award pool budget will fund approximately eight Studies (six
Strategic Studies plus two conventional Studies.) Annual Calls for Study Proposals for Cycles 6 through
10 (FY2018 through FY2022, respectively) will be budgeted at 0.5M USD.

Development Projects
A Development Project is typically a large-scale (greater than 1.5M USD), multi-year initiative involving a
relatively mature technology, which may lead to full implementation in the ALMA Observatory. The North
American ALMA Development Program budget allocates approximately ten percent (10%) of the Project
award pool to meet subsequent implementation costs.
Ongoing Projects (NA ALMA Development Cycle 3): NA ALMA Development Cycle 3 funds the
engineering design and manufacture of a Band 2 Prototype Cartridge. The period of performance for this
Project was extended (on a no-cost basis) to 31 March 2017. The rationale for the extension is a technical
issue associated with the production of cryogenic Monolithic Microwave Integrated Circuit (MMICs) to
be used as Low Noise Amplifiers in the prototype Band 2 receiver. No Project Proposals were solicited
during the Development Cycle 4 Call for Proposals. It is anticipated that the 11.0M USD Project award
pool budget will fund at least two in the Cycle 5 Call for Projects (Band 2 pre-production and rate
production of seventy-three cartridges being one of the two).
Future Projects: The Development Cycle 5 Call for Project Proposals will be released on 10 October
2016 (FY2017.) The Project Proposal deadline is 30 January 2017. Notices of Award will be made on, or
about, 01 December 2018. ALMA Board approval is required for all Projects seeking funds in excess of
1.5M USD. The longer duration of the Project Proposal review and award process (relative to Studies)
takes into account the bi-annual meeting schedule of the ALMA Board. Semi-annual Calls for Project
Proposals for Cycles 7 and 9 (FY2019 and FY2021, respectively) will be budgeted at approximately 4.5M
USD each.

University of Virginia Microfabrication Laboratory
The UVML serves as the University of Virginia's center for research across a broad front of activity in
devices, circuits, microsystems, materials and processing methods. The laboratory resides in the University
of Virginia's School of Engineering and Applied Science. These activities share a 3,500 square foot clean
room facility for microfabrication and materials research as well as a variety of other facilities for
nanotechnology, microwave and optical analysis, and device design and testing. The research facilities are
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maintained and operated by the research staff of the UVML, which includes graduate and undergraduate
students, a full-time facilities manager and a full time equipment manager.
The UVML has unique, strategic capabilities in the design and fabrication of SIS heterodyne mixers. The
Laboratory has worked, and continues to work, closely with the NRAO in the design and development
of millimeter and submillimeter SIS mixers for radio astronomy applications. The NA ALMA Development
Program will provide approximately $0.45M per annum from FY2018 through FY2021 to support ongoing
research initiatives pertinent to radio astronomy, and to sustain associated, critical infrastructure.

5.3 VLA Development
ngVLA
The NRAO, in concert with its North American user community, is considering a future large area radio
array optimized to perform imaging of thermal emission down to milliarcsecond scales. This “Next
Generation Very Large Array” (ngVLA) will have ten times the effective collecting area of the current
VLA, operate from 1 GHz to 115 GHz, have ten times longer baselines (300 km), and include a dense
core on kilometer scales for high surface brightness imaging. The current VLA site in the southwest U.S.
is being considered as a possible location for the ngVLA.
Community Engagement in ngVLA Science: In FY2017-FY2020, NRAO will engage the North
American astronomy community in developing a science case and technical concept for the ngVLA in
preparation for the Astro2020 Decadal Survey. An ngVLA project office consisting of a project scientist
and project lead will be established early in FY2017. Next, nominations and applications for membership
in an ngVLA Science Advisory Council (VSAC) and a Technical Advisory Council (TAC) will be solicited.
The SAC and TAC are cornerstones of a program to fully engage the astronomical, computing, and radio
engineering communities to develop the ngVLA concept for submission to the Astro2020 Decadal Survey.
To provide a mechanism for members of the astronomy community to become major contributors to the
ngVLA design effort, the NRAO will fund ngVLA community design studies in FY2017. The results of the
studies will be used to help construct a final design concept by providing focused investigations on a
number of scientific and technical areas that require further exploration. In FY2017-19, NRAO will use
the design concept to develop high level technical requirements and the ngVLA system architecture. These
will be updated as the science use cases and requirements are refined prior to the Decadal Survey
submission. Given the scale of the ngVLA and the broad interest in it, strategic partnerships will need to
be formed in order to advance the project. This is expected to commence in FY2017-18. An ngVLA
proposal, including a science case, technical concept, management plan, estimates of construction and
operations cost, and a construction schedule, will be submitted to the Decadal Survey on the timescale of
mid-FY2019.
ngVLA Green Antenna Initiative: A major factor driving the operational costs of the VLA and ALMA
is the cost of electrical power, suggesting that significant effort should be devoted to minimizing electrical
power consumption in the design phase of the ngVLA. The major consumers of electrical power on the
VLA are the cryogenic compressors used in the receiver cooling system. Investigations into minimizing
electrical power consumption will have been initiated in FY2017, including manifolding the outputs of the
three helium compressors on a VLA antenna into a single helium supply tank, and installing variable
frequency drivers (VFDs) on the cryogenic compressor motors. VFDs are a type of motor controller that
drives an electric motor by varying the frequency and voltage supplied to the motor. Results from that
study will inform the next steps.
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Realfast Commensal Fast Transient System: The ability to observe fast transients (notably FRBs)
with the VLA is currently limited to relatively narrow bandwidths (256 MHz), and relatively long timescales
(5ms). In addition, the current implementation using the standard Correlator Back End (CBE) software
delivers 1TB per hour of observing, consuming considerable disk space both for the archive and for data
processing. In order to address these shortcomings, an NSF ATI proposal (PI Casey Law, UC Berkeley)
was recently approved to implement a hardware and software system on the VLA, called realfast. This
system will include hardware to support fast transfer of data from the correlator to elsewhere and to
enable fast analysis of this data; low-level software to collect and deliver visibilities over wider bandwidths
and shorter timescales than is possible currently (implemented within the CBE software); and all the
software necessary to do the analysis to look for FRBs. In addition, the system will provide a data spigot
that is flexible enough for other investigators to plug in their own back end hardware and software to do
different types of transient detection. These capabilities will be developed in a three-year cycle, beginning
in FY2017. Deliverables falling under the timeframe of this LRP are: purchase, install, and develop code for
GPUs, and support transient searches at 256 MHz bandwidth and 3ms timescales in the VLA’s D, C, and
B configurations (FY2018); develop a periodicity search pipeline and alert system, and support transient
searches at 512 MHz bandwidth and 1ms timescales in all VLA configurations (FY2019).
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6 EDUCATION AND PUBLIC OUTREACH
NRAO will conduct vigorous programs of public outreach and science, technology, engineering, and
mathematics (STEM) education throughout FY201822 that incorporate NRAO knowledge and
discoveries to strengthen education and public awareness of radio astronomy science, engineering, and
technology. To promote and support these activities, NRAO will develop alliances with local, national,
and international organizations that build on existing programs and infrastructure and develop innovative
approaches that increase NRAO's educational and media impact. Equity, inclusion, and diversity will be
central themes in the development, implementation, dissemination, and evaluation of all EPO efforts.
The NRAO EPO program in FY2018–22 will be strongly integrated with the Observatory’s science,
engineering, technology, its professional staff and its user communities. NRAO EPO programs play in
diversifying the future STEM workforce. ALMA and the VLA will be producing cutting-edge science, and
the CDL will be making key advances in radio science technology, providing unique opportunities to
improve public recognition and understanding of science, technology, and the people that make radio
astronomy possible.
The Observatory envisions an EPO portfolio that includes K-through college STEM education, authentic
research experiences, visitor and education center experiences, a vibrant and evolving online presence,
rich media engagement, and a suite of cross-cutting efforts that tie together major EPO efforts. Increased
U.S. visibility in Chile will be an important component of this EPO program. Collaborations with other
major U.S. astronomy facilities, such as LSST and JWST, will allow NRAO to achieve significantly greater
education impact.

6.1 STEM Education
NRAO will promote STEM education initiatives throughout FY2018–22 that are guided by national
learning standards and federal priorities. The EPO team will ensure these efforts leverage resources and
expertise through partnerships that significantly broaden reach and impact.
Focus areas for K through college STEM education will include: (a) Astronomy 101 that incorporates
radio astronomy; (b) multi-wavelength astronomy and the invisible Universe; (c) engineering practices
and challenges in radio astronomy; (d) big data and computing science in radio astronomy; (e)
Interferometry and array synthesis, and (f) authentic research projects in radio astronomy.
An AUI-NRAO STEM Learning Center (ASLC) initiative will align NRAO EPO efforts with evidencebased best practices in STEM teaching and learning, and will increase the reach and impact of programs.
Led by the AUI STEM Education Development Officer, ASLC is a collaboration among AUI, NRAO, the
Center for Astronomy Education at the University of Arizona, and the University of Colorado Boulder
Astrophysical and Planetary Sciences department and Physics Education Research group. The ASLC will
leverage astronomy’s status as a “gateway science” and has already developed dynamic curriculum
materials targeting college and high school learners. NRAO scientists, engineers, and EPO personnel will
participate in module planning, development, and dissemination efforts. To ensure widespread adoption
and train educators in effective instructional strategies, the ASLC will disseminate these materials via
professional development workshops at national meetings of professional societies such as the National
Society of Black Physicists, the American Association of Physics Teachers, and the National Science
Teachers Association.
AUI will sponsor a Sister Cities program of middle-school student and teacher exchanges between the
community around the VLA, and the community near ALMA in Chile, both indigenous populations in
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proximity to world-class astronomy facilities. AUI, NA ALMA, and NRAO EPO will re-launch this Sister
Cities program in FY 2016, supplementing professional exchanges between these communities near
NRAO facilities in Chile and the U.S.
The Astronomical League’s (AL) new Radio Astronomy Observing Program (RAOP) is a collaborative effort
between the AL and NRAO, led by the AUI STEM Education Development Officer. With 10,000+
members, the AL is the largest amateur astronomy organization in the world, and the RAOP is the first
ever AL radio astronomy “badged” program. RAOP will serve as a STEM project based learning and
educator professional development resource. It is envisioned to continue for many years to come,
introducing 1000’s of new learners of all ages to radio astronomy.
NRAO will also explore partnerships with commercial companies. Discussions are currently underway
with PASCO and Vernier, international STEM education equipment companies, to partner in the design,
development, and distribution of a small-scale radio telescope for schools and universities.
STEM education resources and findings will be published in peer-reviewed journals, conference
presentations, and educator professional development workshops. Collaborations will be promoted
between NRAO EPO and the STEM coordinators in state education offices, who disseminate materials
to thousands of teachers each year. These STEM education resources will be integrated with and shared
through the extensive network of online communities already established by NRAO.

6.2 Authentic Research Experiences
In the coming decade, the long-standing tradition of high-quality NRAO research experiences for
students and educators will continue and be expanded.
Research Experience for Teachers (RET): For FY2018-22, NRAO envisions a robust new RET
program focused on NRAO astronomy and engineering. A cohort model and team approach will be
implemented, rather than the traditional pairing of a single teacher with a single scientist. In addition to
the RET teachers supported by NSF grant funding, NRAO will support an additional two RETs each year.
NRAO will also strive to secure additional RET positions via new external grants and corporate sponsors.
The goal is to support 12 educators (K-14) each year, four each at NRAO Headquarters, the VLA, and
ALMA in Chile.
Research Experiences for High School/Middle School Students: Students make key decisions
about their ambitions in middle school. Engaging them in real-world science experiences can help them
conclude they can do science and math, and make them much more likely to consider STEM careers.
Similarly, high school students with the opportunity to do original scientific research are more likely to
enter and maintain a science career compared to students who do not have these experiences. NRAO
has a rich tradition offering research and field experiences for high school and middle school students,
and will do so in FY2018–22 at the VLA, ALMA, and NRAO Headquarters.
EPO Internships: NRAO will annually employ up to six undergraduate or graduate student interns to
learn key EPO skills, including news and media engagement, web development, science visualization, and
formal and informal STEM curriculum development.
Citizen Science (CS): Building on the success of programs such as the Pulsar Search Collaboratory,
NRAO will launch new CS efforts that broadly engage the public, and the informal and formal learning
communities. A team of astronomy educators, amateur radio astronomers, NRAO astronomers,
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engineers, and software developers has already developed a portfolio of next-generation CS ideas, the
most promising of which will be launched in FY2018.

6.3 Visitor & Education Center Experiences
With interest in space-themed tourism growing in New Mexico, and a national spotlight on the
importance of STEM learning, opportunities for a new VLA Visitor & Education Center will be pursued
that will accommodate more visitors, larger student groups, new exhibits, and a vigorous program of
teacher professional development.
VLA Visitor & Education Center: Recent studies have indicated the potential to double attendance
at the VLA Visitors Center to ~ 40,000 visitors annually. In FY2018–22, NRAO will continue to operate
the existing VLA Visitor and Education Center and will actively pursue external funding opportunities to
expand its capabilities and educational offerings.
NRAO Traveling Exhibit: Beginning in FY2019, NRAO will seek external funding to design, develop,
and market an NRAO traveling exhibit set – one each for the U.S. and Chile – that will significantly
expand the Observatory’s reach. This exhibit will focus on ALMA and VLA science and engineering, and
be aggressively marketed to science and nature museums that serve a broad audience base. Beginning in
FY2020–21, external funding will be sought to design, develop, and deploy smaller exhibits suitable for
libraries and smaller science centers and museums, permitting NRAO to reach more under-represented
groups and financially disadvantaged communities.

6.4 Evolving Online Presence
The advent of Internet-based communities and citizen sharing of online content has changed how EPO
is designed and disseminated. The Observatory’s online presence will continue to expand and extend its
reach throughout FY2018–22, including its:






EPO website – https://public.nrao.edu
Facebook – https://www.facebook.com/TheNRAO
Twitter – https://twitter.com/TheNRAO
YouTube – https://www.youtube.com/user/NRAOEPO
Vimeo – http://vimeo.com/nrao/videos

The EPO creative team interprets STEM topics into vibrant, accurate learning experiences for users of
all ages and demographics. NRAO’s online communities engage daily with the Observatory, and the EPO
content reaches tens of thousands of people every week. Educators engage in dialogue with the public,
bridging a diverse audience with NRAO technical staff, and responding to public requests for deeper
STEM content and resources.
Moving forward, AUI recognizes that a growing percentage of the public employ mobile devices as their
sole Internet connection, and by extension, to the online NRAO products. A major effort is underway
to re-engineer the NRAO (and AUI) website to be device-responsive and to produce mobile apps that
uniquely engage with NRAO themes and topics. These interactive development efforts will also lead to
larger, standalone touchscreen installations, such as kiosks in regional libraries, airports, malls, and
science centers.
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6.5 Media Engagement
The NRAO Public Information Officers (PIOs) will continue to enable the public to share the excitement
of ALMA and VLA scientific discovery by interacting with telescope users, astronomers, and technologists
to gauge the newsworthiness of scientific discoveries and technology advances, identify and tell the most
compelling stories. This process will continue to generate numerous media releases and announcements
accompanied by visualizations—images, illustrations, videos, and animations—created by the NRAO
creative team. The NRAO PIOs will continue to use advanced newswire distribution systems, employ
our existing deep contacts in the science news industry, and work closely with the NSF Office of
Legislative and Public Affairs.
Journalists, television news crews, and documentary filmmakers visit NRAO facilities many times each
year. NRAO PIOs will continue to cultivate and manage such opportunities across the Observatory.
Exciting and visually appealing NRAO news items are also hooks for K-college STEM learners. In FY2018,
NRAO will begin meta-tagging news and EPO products with links to the Next Generation Science
Standards, enabling STEM educators to quickly identify where in the curriculum NRAO resources can
best be integrated.
A large fraction of the NRAO staff are interested in participating in STEM outreach, but are uncertain
how to do so. A robust EPO Resource library and training program will be crafted to enable staff and
users to access appropriate presentations, lesson plans, activities, student project ideas, and other STEM
education resources. The EPO Resource Library will include a FAQ and a list of “Expert Wanted”
opportunities, such as science fair mentors, that employees can browse. Beginning in FY2017, NRAO
will offer annual STEM communications training for interested employees and students. This program
will be modeled after the effective NSF Science: Becoming the Messenger program and will be led by EPO
staff.
The Hispanic population is the fastest growing U.S. sector, and more than 37 million persons speak
Spanish at home. Internationally, NRAO has a vested interest in Chile, home to ALMA. By 2020, up to
70% of the world’s ground based astronomy infrastructure will be in Chile. NRAO EPO will continue to
foster positive relationships with Chilean communities, striving to develop a strong STEM literate
citizenry and workforce within Chile.
In an effort to broaden the impact of NRAO resources, all education materials created by NRAO in
FY2018 and beyond will be translated into Chilean Spanish. Through partnerships with Hispanic groups
in the U.S., these resources will be further translated for Mexican Spanish speakers, and disseminated in
Chile, U.S., and elsewhere, as appropriate.

6.6 Evaluation
NRAO EPO products and programs will use a rigorous system of formative, summative, and embedded
evaluation in determining and reporting EPO effectiveness.
AUI has established an external EPO Advisory Board, representative of EPO stakeholder groups,
including persons with expertise in STEM education research. The Advisory Board will conduct bi-annual
face-to-face reviews of the NRAO EPO programs – in FY2018, 2020, and 2022 – and will make
recommendations via a formal written report. Abbreviated reviews will take place in alternate years
(FY2019, 2021). Advisory Council reports will be shared with the EPO team, the NRAO Director, and
AUI. The EPO team will meet annually for a multi-day, face- to-face workshop to review
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recommendations made by the Advisory Board, share evaluation metrics and resources, and plan future
EPO activities.
Validated EPO metrics developed by NSF and others – such as those available in the Online Evaluation
Resource Library and in publications such as the Framework for Evaluating Informal Science Education
Projects – will be used by EPO personnel to measure and report program impacts. EPO staff will work
with partners and external evaluators to develop additional tools as needed. EPO personnel engaged in
STEM education and outreach activities will publish in peer-reviewed journals and present their work at
appropriate conferences, participating in research on learning across formal and informal education. By
leveraging and contributing to this research, more can be done to engage learners of all ages in meaningful
ways. Recent national STEM education initiatives, like the Committee on STEM Education National
Science and Technology Council’s Federal STEM Education: 5-Year Strategic Plan, provide a framework to
guide modification of existing programs and new development.
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7 OBSERVATORY-WIDE SERVICES
Observatory-wide services include headquarters, as well as dispersed activities housed at each NRAO
site, that support the overall Observatory including: Data Management and Software (DMS, Section 7.1),
Program Management (PMD, Section 7.2), Administration (ADMIN, Section 7.3), Human Resources (HR,
Section 7.4), the Office of Diversity & Inclusion (Section 7.5), Computing & Information Services (CIS,
Section 7.6), and the Director’s Office (DO, Section 7.7).

7.1 Data Management & Software Department
During the timeframe of the Long Range Plan, the NRAO Data Management and Software Department
will play a key role in the evolution of NRAO from a raw data producing Observatory to one in which
SRDP—normally images of sufficient quality for scientific analysis—are the primary science operations
data product of the Observatory. To facilitate this, and in general to improve the ease of use of the
Observatory, we will improve user interfaces to the Observatory, most notably the NRAO Archive, PST,
and OPT, and visualization in CASA. Given that the basic infrastructure of CASA is now about 25 years
old and we will require a vital platform for data processing for the foreseeable future, we will undertake
a program of CASA refurbishment. DMS will also create the software, including specialized pipelines,
required to support the VLA Sky Survey (described in Section 4.2).
In view of the ever-increasing data-processing load both at the NRAO and at the home institutes of our
users, the NRAO will provide integrated systems for External Data Processing on both commercial cloud
services and NSF funded High Performance Computing (HPC) facilities. We will put into production
observing systems for High Time Resolution Processing and Agile Triggered Observing, the former for
observations of transient objects, and the latter for follow-on observations triggered by events from LSST
and other observatories. And to position NRAO for both the mid-term and long-term futures, DMS will
augment efforts in Algorithm and Platform R&D.
The motivations for these initiatives are:
1. Increase the uptake of NRAO data and data products by all members of the astronomical
community;
2. Increase the scientific productivity and capability of our current and planned instruments to carry
out cutting-edge research into the key science questions of this decade and beyond;
3. Increase the efficiency and utility of our instruments and user services in order to meet the
growing needs of our community within our operating budget.
4. Position ourselves to be an integrated member of the international Observatory system in the era
of LSST and SKA precursors, and to prepare ourselves for the next generation (ngVLA, SKA).

Science Ready Data Products
The NRAO will continue the move from delivering raw observational (UV plane) data to PIs, to providing
science-quality images for PIs. This has two principal advantages:
1. It makes ALMA and the VLA accessible to non-radio astronomers (both as PIs and from archive
data re-use by others).
2. Even for radio-astronomers fully conversant in data calibration, flagging, and imaging, it should
make them more efficient users of telescope time (from observation to publication), effectively
shifting effort from time consuming data reduction activities to scientific analyses.
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We call this curated observing because the Observatory takes responsibility for the production of, and
quality of, derived products in the archive. To fulfill this vision NRAO will:
1. Modify the VLA PST and OPT to allow non-experts to prepare proposals and scheduling blocks
mostly using scientific parameters (sky regions, sensitivity, resolution, frequency), and minimizing
the use of instrumental (sidebands) and data reduction parameters (weighting functions).
2. While the ALMA equivalent to the PST and OPT (OT), Phase I & II) already has this as a design
goal, and is the responsibility of the European Executive, NRAO will work with our scientific
community to request changes where necessary to ensure that this vision is fulfilled.
3. Ensure that the ALMA and VLA pipelines produce well-characterized images, normally sufficient
for scientific use and publication, for all common observing modes.
4. Whenever the flagging, calibration, or imaging algorithms (in CASA) or heuristics (in the pipeline)
change significantly, improved products will be made available, either upon request or via
reprocessing all archive data.
In addition to producing well-characterized images, the NRAO in conjunction with our community
stakeholders will work to produce higher-level data products derived from the images. The deliverables
of the ADMIT ALMA development project and the VLASS enhanced data products (produced by the
community) are examples that are being pursued.
We recognize that there will always be cases where unusual science goals or technical requirements
require human-directed data reduction. We also understand that some radio astronomy experts will want
to verify the quality of the automatic reductions versus what they can do “by hand,” perhaps in a nonNRAO supported software package. This requires that:
1. It should be possible for users to re-execute the pipeline, tweaking parameters, when the standard
pipeline is “almost” good enough.
2. For users who want to reduce their data with the NRAO pipelines or CASA, NRAO will provide
an implementation ported to commercial cloud and national HPC infrastructure, via Extreme
Science and Engineering Discovery Environment (XSEDE), as well as in-house cluster facilities, see
External Data Processing below.
3. For users who want to process data using software packages other than CASA, or have very
unusual processing requirements, the Observatory will continue to provide the raw data in
SDM/BDF format. Additionally, CASA will continue to provide limited support for translation into
UVFITS and FITS-IDI formats.

Improve User Interfaces
DMS will replace the current NRAO AAT with an easy to use, modern, user interface that can search for,
and return data from, ALMA and the VLA. (At present, ALMA data is in a separate Archive without a
common interface). DMS will also investigate fully linking the archived data sets with the published
literature, e.g., through the dataset identifiers now in use in the Astrophysics Data System. Through such
links scientists can easily find the data underlying research papers and, while searching the archive, find the
research papers in which the observations are presented and analyzed.
As part of the plan during the LRP timeframe, DMS will completely revamp the PST and OPT for the VLA,
improving their performance and ease of use, and eliminate the “session” concept which has proven to be
problematic in practice. Parameters will be added to make the automatic SRDP data processing be well
aligned with the science goals of the program. DMS will look for opportunities to increase the commonality
with the ALMA equivalent tools (which are the responsibility of the European Executive).
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Another user interface improvement is for scientific visualization, primarily of Images, inside CASA. DMS
will upgrade the CASA viewer with a replacement based upon the forthcoming delivery of CARTA, an
ALMA development product. It will be easier to use and have more analysis capabilities. Moreover, it will
scale to large data volumes with a client/server architecture (where the server can run on a central
computing resource), and the capabilities of the viewer will be more easily extended via a plug-in
mechanism.
Besides use within CASA, the viewer will be integrated into the new NRAO Archive for display of SRDP
generated images.

CASA Refurbishment
CASA is NRAO’s flagship post-processing package for the Jansky VLA and ALMA. CASA is also the base
for development of the processing for SRDP. An active forward-looking development path for CASA is
critical for leveraging the investments of NRAO and our community moving forward to the next decade.
While CASA is primarily developed for ALMA and the VLA, it also supports a diverse set of observatories
both through the direct use of the CASA package and also through the widespread adoption of the
underlying casacore libraries.
Scientists pushing the frontiers of radio interferometric imaging algorithms around the world also use the
casacore libraries. The existence of this common infrastructure provides a conduit for the rapid exchange
and collaboration on implementations and algorithmic developments.
The underlying technology of CASA (including much of casacore) dates from the early 1990s. Many
architectural decisions should be revisited to ensure that CASA can continue to meet the processing and
algorithm needs of ALMA and the VLA, and to provide a platform for ngVLA development. For example,
the CASA libraries are not thread-safe, a significant impediment to performance improvements in an SMP
and multi-core co-processor world. Similarly, the I/O system is layered on top of a homebrew “Table I/O”
package, which requires that performance tuning be done by team members rather than by re-using work
of vendors or open source communities. Also, many of the original architects of CASA are at retirement
age, or are no longer engaged in technical work.
We will start an initiative to re-architect casacore, taking into account current best practices and building
in scalability sufficient for ngVLA. While maintaining high-levels of abstraction of radio-astronomy
concepts, it will be built with performance and portability as primary objectives, both to enable ALMA/VLA
data rate increases and to enable it to be a platform for ngVLA development.
When the new infrastructure is in hand we will gradually port applications to the new framework. We
will also have to provide some conversion tools as the on-disk data formats are likely to be completely
different.
Given the widespread adoption and interest in the current casacore, we will explore the creation of a
consortium to develop its replacement.

External Data Processing
This initiative will provide the ability for users to access and process our data and data products from
distributed centers (e.g. through XSEDE) and the “Cloud”, currently Amazon’s Web Services. This will be
critical to get our users large amounts of data and processing capabilities without NRAO itself becoming
a supercomputing center. Evolving into a supercomputing facility in its own right is outside NRAO’s
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mandate and funding. To accommodate the high speed networking, distributed access, many-Petabyte class
storage, and parallel processing capabilities implied by large collaborative surveys, high data rate proposals
and new computationally complex imaging algorithms, the NRAO must transition to a model which
incorporates resources on external facilities.
To facilitate migration to external computing resources NRAO will work closely with national facilities
through the NSF supported Extreme Science and Engineering Discovery Environment project (XSEDE,
http://www.nsf.gov/news/news_summ.jsp?cntn_id=121181). The XSEDE project, through a partnership of
17 institutions, provides integrated tools, digital services and collaborative support to efficiently utilize 16
supported supercomputing facilities, as well as commercial cloud providers, currently Amazon AWS.
Initially NRAO will work with cloud providers and XSEDE to ensure efficient execution of CASA pipelines
on those platforms. The NRAO intends to establish itself as an XSEDE Science Gateway
(https://www.xsede.org/gateways-overview). A Science Gateway will allow NRAO to request aggregate
XSEDE allocations on behalf of our user base and is a prerequisite to providing a common interface and
portal to XSEDE enabled Service Provider resources. Suitably scaled allocations will be requested for:
1. Computational resources to accommodate high throughput, time sensitive observations and
computationally intensive imaging cases.
2. Storage resources to support long term, large scale collaborative observations (e.g. surveys) and
large volume transient candidate snapshots.
3. Visualization resources for large cube analysis at specialized immersive visualization facilities.
4. Development support resources for assistance in improving CASA performance, development of
advanced parallel imaging algorithms and development of distributed visualization and analysis
tools.

High Time Resolution Processing
This initiative covers the hardware, software, networking, computing infrastructure, and algorithms
needed to commensally search for transients in the VLA data stream.
Adding commensal transient detection aspects to observations will drive the data rates dramatically higher.
At 5ms time resolution, visibilities would be produced at a rate of about 33 PB per 1000 hours of observing
(this is about 50% of the capacity of the VLA correlator). Producing and saving images in high spatial
resolution observations would result in a much higher data rate (200 PB per 1000 hours of observing).
This greatly exceeds NRAO’s computing capacity (for example, at the moment NRAO has about 2 PB of
disk storage split between archive and short-term (staging for processing) resources.
The VLAs transient detection system will build upon the recently accepted “realfast” transient system
(Law et. al.), funded under the NSF ATI program. The system will consist of:




A special purpose fast-transient backend at the VLA site which processes the visibility stream at
high time resolution (<= 5ms). It will operate in a triggered fashion, i.e. it will continuously process
the data from a large buffer, and write data sets for further processing when the trigger is
activated.
The long-term visibility and image storage requirements will not appreciably affect the average
data rate stored into the archive given the current understanding of the frequency of these
phenomena.
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As noted above, the development of the fast transient system for the VLA will be in close collaboration
with external groups, who will take the lead in the initial implementation. This should be a mutually
productive collaboration.
The situation for fast transients and ALMA is less clear. The fastest read-out rate for interferometric data
from the ALMA correlator is 16ms, so it may be a less attractive platform for millisecond scale transient
detections, even before discussions about the likely observing frequencies of scientific interest. Should it
turn out that ALMA is well positioned for such observations, NRAO staff would play the key role in the
software implementation of this capability as we are responsible for the monitor and control of the
baseline correlator and the overall observing system.

Agile Triggered Observing
The ability for our telescopes to respond (by observing) to triggered alerts with the minimum possible
latency. This is critical for our instruments to respond to transient alerts from other telescopes,
particularly in the era of Advanced LIGO and LSST.
The technical challenges are relatively straightforward: NRAO will connect to a publish/subscribe event
notification system (probably VOEvents, as that is the system proposed for use by the LSST), and when a
given event passes established filtering criteria, the currently executing SB would be stopped (either
gracefully or immediately, depending upon observatory policies), and a special SB will be filled in with
parameters from the event and executed upon the telescope. The principal software systems affected
would be the control subsystem, the scheduling subsystem (which are a responsibility of the NRAO for
ALMA), and perhaps the Phase 1 and 2 observing preparation tools.
In additional to the technical developments, a considerable amount of policy work will be needed.

Algorithm and Platform R&D
Imaging and image deconvolution steps constitute the dominant computing and data I/O bottlenecks in an
end-to-end processing of data from modern interferometric telescopes. Standard algorithms ignore many
effects and are insufficient for full-sensitivity wide-field wide-band imaging with current telescopes such as
the VLA and ALMA. We at NRAO have developed advanced imaging algorithms that account for all the
wide-field and wide-band effects that affect the imaging performance of NRAO telescopes. These
algorithms however are inherently more expensive and increase computing load by 10 to 100 fold. The
imaging performance of future telescopes like the ngVLA will be even more severely limited when these
effects are ignored. Moreover, there are algorithm areas which have been underserved in recent years,
such as automated RFI detection and excision. In addition to the improved algorithms, we will investigate
novel computing platforms that may be needed for them to execute effectively. We will increase the effort
available in these areas in the plan period.

NRAO | Long-Range Plan FY2018–22

67

7.2

Program Management

The Program Management Department (PMD) supports Headquarters, NM Operations, LBO, CDL, DMS
and GBO in the implementation and continuous improvement of Project Management and Systems
Engineering (PM/SE) practices (including process, tools and techniques in the PMD Standard Operating
Procedures). PMD supports each of these organizations, sites, and departments by being responsible for
their PM/SE in every construction/production or Research and Development Project that is done, and in
other types of projects in which PMD involvement is requested. Furthermore, PMD supports each of
these departments and sites operations and their management, assisting them in accomplishing reporting
responsibilities regarding development of required reports, Observatory-wide Risk Management, and
other activities as requested. The tasks are divided into areas of responsibility under PMD: Program
Management Department, Proposal Development and Project Management, which includes both Project
Management and Systems Engineering processes. By the first year of this Long Range Plan, Observatorylevel Documentation Management planning and execution will be realigned under the Director’s Office to
better facilitate all reporting requirements, regardless of their originating CSA and grant.
By 2018, the GBO and the LBO are expected to separate from NRAO and operate as separate entities
underneath AUI (or similar organization). NSF will remain the owner of the GBO and LBO, but will be a
minority partner in these Observatory’s operations. Continuing research and development work in Green
Bank will be fundamental to the future of the facility. Continued and additional work for others will be
crucial to the future of the LBO. While GBO and LBO are no longer under the NRAO umbrella, PMD
services continue to be extended to them through the Internal Common Costs recovery rate mechanism
through the first year of the Long Range Plan. Included within this plan are the PMD activities associated
with ensuring the GBO and LBO can stand alone as Observatories, while maintaining the key PM and SE
high standards that have been developed for NRAO. Current plans are that PMD staff are aligned within
both GBO and LBO and will be supported wholly by those organizations once they separate.
Achieving maturity in project management and systems engineering processes will be critical to supporting
future work for all observatories as efficiently and cost effectively as possible with the transparency
required by external funders. Therefore, the PM and SE maturity goals articulated for NRAO in general
are equally applicable to GBO and LBO. In addition, the evolution of PM and SE frameworks to operate
independently within the GBO and LBO organizations will require the establishment of observatoryspecific PMD. It is anticipated that the groundwork established through the NRAO-wide PMD efforts will
be leveraged by GBO and LBO, with standard operating procedures and reporting requirements tailored
to the observatory specific requirements. This uniformity in underlying processes will result in basic
consistency in reporting to the parent organization (such as AUI) and to NSF as the owner of the
observatories. PM reporting and metrics on overall project and research and development efforts at
NRAO, GBO and LBO will be vitally important input to the various organizations contractually funding
these observatories.
With a sustained PMD influence over several years, disciplines will mature and be routinely practiced
deeper into the project lifecycle. Project closure, a stage at the end of the lifecycle, is vital to the continued
maturity of PM and SE disciplines as it provides the feedback required for continuous improvement.
Disciplined closure includes reporting on project deliverables, project metrics, lessons learned,
retrospective comments, and captures other useful comments from project participants. The long term
goal of PMD is to optimize the use of project metrics to establish the normal variance for project scope,
budgets, and schedules and provide the lessons learned. As more projects close with Standard Operating
Procedures (SOP) applied, this knowledge base will grow and be used for statistical assessment of project
performance. As the knowledge base and experience with the SOPs grow, PMD will be able to tighten
project variance and improve project performance.
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The SOPs are available observatory wide and will be tailored by 2018 for each Observatory, GBO and
LBO. The NRAO PMD processes have created interfaces with processes used in other departments
across the observatory. As the SOPs are adopted and more broadly applied, a natural progression will
be for the interfaces between departmental processes to improve, or for processes and interfaces with
other departments to be created where they may not currently exist. PMD will continue to mature and
revise the SOP’s to meet the needs of the observatory and will continue to provide support, training,
mentoring and leadership to continually improve the observatories ability to execute projects. From
FY2018–2022, the Program Management Department focus will be on managed processes and
optimization of Project Management (PM) and Systems Engineering (SE) frameworks. An assessment of
process maturity will be completed by FY2018.
PMD staff will continue to coach and mentor project leads to ensure that projects are initiated and led
with appropriately integrated PM/SE frameworks. Flow down from strategic plans to long range plans to
POP milestones will influence the prioritization of projects and the development of project roadmaps.
Resource allocations across the organization will be managed from a program to project perspective.
As NRAO undertakes large scale initiatives such as the ngVLA, VLASS and a potential radar system for
the GBT, as well as groundbreaking, ongoing R&D efforts in DSP, HERA, ALMA Band 2 receiver
construction, CASA development, and SRDP, the maturity of PM/SE processes will guide the innovative
development of efforts toward cost effective and value-driven results. Standardization of specifications,
design reviews, testing, acceptance reviews, interface controls, risk management, verification management,
quality, performance and testing management will become the norm, with adaption of processes using
accepted tailoring protocols.
The achievement of managed process maturity enables process optimization and continuous improvement
efforts to become part of the organizational culture. PMD will facilitate process improvement efforts
through focus on value streams across the organization. This focus on value stream delivery in particular
supports the work of CDL in advancing the state of the art in receiver architecture and fabrication, with
a focus on high-performance, low-cost, mass-production, and alignment with current trends in industry.

7.3 Administration
Administration encompasses these NRAO groups: Observatory Business Services (OBS), Budget (BUD),
Environmental Safety & Security (ES&S), Contracts & Procurement (CAP), Computer & Information
Services (CIS) - see section 7.6, Management Information Systems (MIS) and the Technology Transfer
Office (TTO).
Observatory Business Services: The OBS division provides facilities planning and general business
administration for Charlottesville operations and Observatory-wide requirements. OBS will continue in
FY2018-22 to support these functions. It is anticipated that the NSF Large Facilities Group will conduct
a Business Systems Review in the first or second year of the plan.
General Business and Administration: The business and administration duties include: approval of
the Observatory Commitment Authority list (prepared by CAP), and preparation and approval of Blanket
Travel lists (managed by AUI Fiscal); procurement and management of non-medical insurance; invoice
processing for Charlottesville; cash receipts of non-NSF monies (grants and other funding sources); petty
cash; credit card processing; employee relocation; and general clerical support.
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Charlottesville Facilities: The Charlottesville facilities activities include managing all operational aspects
of the facilities, lease management and landlord relations, office assignments, and assuring the safety,
security, and usability of the Headquarters (HQ) site at Edgemont Road and the CDL on Boxwood Lane.
With the growth of the NAASC and Data Management Services, and the cessation of ALMA construction,
space utilization between the two facilities will be adjusted and rebalanced over the duration of this plan.
The lease at CDL on Boxwood Lane was extended in 2016 to expire on September 30, 2023; the lease
on the Edgemont Road building expires October 31, 2023.
A study will be initiated in the first year of the plan as to whether NRAO will continue with the HQ and
CDL at their present locations or elsewhere (neither lease has an extension clause) It has been a long
term vision to combine the two into one location. Over the course of this plan this vision will be
considered and a process established to evaluate locations to combine these operations and begin the
design process for a new facility.
Sustainability: NRAO is committed to sustainability efforts to benefit its workplace, the environment,
and the communities in which it operates. Each facility and location provides unique challenges—suburban
industrial, academic campus, and desert. NRAO’s goal to ensure that its carbon footprint is minimized
through viable approaches that combine social, ecological, and economic benefits. At present the approach
to sustainability varies at each site. Basic efforts are in place at all locations for the recycling of paper,
cardboard, plastic, and batteries. The observatory location in New Mexico has a sustainability committee.
Efforts at all locations are coordinated through the Observatory’s Associate Director - Administration.
Initiatives that will be researched during the FY2018-22 planning cycle will include: diminishing energy use
in NRAO buildings for motors, compressors, lights, computing, and HVAC, and research regarding the
use of solar power at the VLA (considered and rejected as not cost effective in 2013, but will be
reconsidered as the technology improves). In 2014 the NSF engaged Noblis to conduct an energy
assessment at the GBO and VLA. That report included recommendations for upgrades and improvements;
no new funds were provided by NSF to carry out the upgrades and improvements, but some have been,
and will continue to be, accomplished with the use of programmatic funds. Examples include replacing
motors with newer energy efficient models, compressor upgrades, replacing refrigeration systems and
some new windows. Consideration must be given to RFI issues for any electrical improvements.
Budget: The Budget Division manages, conducts and develops the Observatory-wide budgeting activities
for NRAO, which includes North American ALMA Operations and coordination with budgeting activities
of the OCA and the JAO in Chile, as well as other AUI radio astronomy programs. The division monitors
for cash flow, budget conformance, and develops recommendations for adjustments; defines, manages and
monitors ICC recovery, including the annual submissions to NSF; coordinates detailed financial analysis
and research, and any special research and other projects as required; monitors budgets status and ledger
reports; assists project managers and various budgeting entities in submitting accurate and viable budget
proposals. Consistency of sound Observatory practices and procedures is ensured while adopting best
practices applicable to Federally Funded Research and Development Centers. The risk insurance brokers
and risk insurance program is managed in this division. Budget managers are located at each site.
During this plan the division will build a Next Generation VLA financial model. Additionally, the transition
of ALMA to full operations requires participation of the division Assistant Director and the Senior Budget
Manager with the Associate Director – Administration in the review of ALMA operating budgets through
the ALMA Heads of Administration Group. Effective with CY2017, ALMA Budgets will be prepared and
managed in Chilean Pesos rather than US Dollar.
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Following up on the ICC study to be conducted in FY2017 with GBO, the division will continue to refine
the ICC mechanism as a tool to allow the newly-separated LBO and GBO observatories to purchase
shared services from NRAO as needed.
Contracts and Procurement: The CAP seeks to procure for NRAO products and services in an
efficient manner, utilizing competition to obtain the best product at the lowest price consistent with the
specifications, performance, and delivery schedule. The goal is for the result of all procurements to provide
the best overall value to NRAO. The division has a procurement manual in place incorporating 2 CFR
Part 200 regulations to promote a common understanding of procurement objectives and to insure
uniform interpretation of Cooperative Agreement requirements, NRAO policies, and other government
laws and regulations. These policies provide a basis for establishing management control, and they set
standard procedures for procurement personnel in placing orders and in developing contracts. The
Division has procurement staff at each of the sites. The division also manages the Import/Export
compliance program for the Observatory, assuring policies and procedures are in place and providing
training and support to Observatory employees. The division also establishes and tracks awards from
outside funding sources that supplement the main Cooperative Agreement funding and objectives.
During FY2017, the division will prepare a Small Business and Socio-Economic Goals Procurement Plan,
which will be initiated in the first year of the plan. The division will also review the progress and measure
the outcomes from the initiation of the JDEdwards Contract Billing module implementation beginning in
FY2017, and based upon the outcome, consideration will be given to acquiring the Advanced Contract
Billing module.
Environment, Safety and Security: The mission of the NRAO ES&S Office is to support NRAO’s
long-term commitment to its safety and security responsibilities to NRAO employees, visitors,
contractors and casual visitors. The mission of ES&S includes support of NRAO’s commitment to
environmental protection of the Observatory facilities. Site Safety Officers are located in Socorro. The
ES&S department provides safety officer support each NRAO Facility, including the Central Development
Lab and Edgemont Road locations in Charlottesville. In addition, ES&S provides Executive counsel for
safety for the ALMA operations in Chile as a permanent member of the ALMA Safety Advisory Group.
A security model will be developed for each NRAO location, recognizing the diversity of the locations
and the unique circumstances and assets of each. The division will also provide planning support regarding
planning, permitting, environment, safety and security for the ngVLA.
Management Information Systems: The MIS Division provides the Observatory-wide business
systems support to all aspects of Observatory operations including general ledger, electronic timekeeping,
payroll, human resources, accounts payable, business computers (Windows-based and SQL), and
supportive computer hardware. MIS is also responsible for providing financial reporting via business
systems, user support, and enhancements along with upgrades for business computer systems. MIS utilizes
the Oracle J.D. Edwards EnterpriseOne 9.0 product as the NRAO Enterprise Resource Planning (ERP)
business software.
In year one of this plan MIS will transition its hardware and software systems to Charlottesville or Socorro.
As necessary or planned by management, upgrades and enhancements to the software and/or hardware
will occur during the plan.
NRAO commits in this LRP to a review of its JD Edwards/Oracle ERP system. The timing and depth of a
formal RFP process has not yet been decided. During FY2017 NRAO may, in conjunction with AUI, begin
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the exploration of the capabilities of leading enterprise planning software systems. After evaluating them
against the current JD Edwards/Oracle software a formal RFP decision can then be made.
Technology Transfer Office: A TTO was established in January 2014, with the hiring of a Technology
Transfer Manager. The charge of the manager is to review, update, and improve technology transfer
policies, procedures, and forms, and to patent and promote the technologies, software, and trade
processes of NRAO for potential sale, licensing, or spinoff. During the course of the plan efforts will
continue to educate employees on the opportunities for invention disclosures that may lead to licensed
products. The iCorps lite training will be offered as appropriate to assist employees in determining the
whether markets exist for their patents.

7.4 Human Resources
Human Resources will take a leadership role and provide services in support of NRAO’s vision by
promoting the concept that our employees are our most valuable resource and will be treated as such.
The human resources department will act as a catalyst to enable all staff to contribute at optimum levels
toward the success of NRAO. The Human Resources Department provides professional services and
administrative expertise in response to the changing needs of the organization, to optimize the
contribution of our employees to its mission and to support their well-being.
The Department of Human Resources’ goal is to attract, retain and develop a talented and diverse
workforce to enable NRAO to efficiently accomplish its mission. HR adds value by providing human
resource management tools, building management infrastructure, promoting employee development and
managing transition and change. We consult and work in partnership with management to solve peoplerelated business issues. We develop programs to build employees’ capabilities to perform their current
jobs and prepare for future opportunities, initiatives and challenges.

Recruitment/Talent Acquisition
NRAO is committed to attracting and maintaining a diverse workforce at all levels. To meet the challenges
of the 21st century, NRAO must continuously strive for a workforce that reflects our community and
promote a work environment that places high value on individual respect, dignity and professional growth.
NRAO’s ability to attract, develop and retain a quality, diverse workforce is the key to NRAO’s success.
The Recruitment/Employment function of the HR Department is the first point of contact prospective
employees experience with NRAO. The strategies and tactics deployed in the recruitment and hiring of
qualified candidates are key in contributing not only our commitment to diversity but to achieving the
overall mission of the Observatory. HR will continue its recruitment outreach to the veteran and disabled
population. NRAO has exceeded the federally mandated goal for veterans hires and we will continue our
successful veterans outreach efforts. The establishment of rigorous and diverse advertising sources has
been beneficial in increasing diversity in applicant pools across the Observatory. HR partners closely with
the Office of Diversity and Inclusion and will continue to monitor and evaluate applicant pools and
demographic information to ensure continued outreach to underrepresented populations. HR will
continue to monitor and assess the goal of achieving parity with the nation’s demographics for people of
color and women. HR will continue to evaluate the effectiveness of the recruitment guide that mandates
the establishment of search committees who have been provided training on unconscious bias. The
challenge ahead begs the question of HR and managers as to how to effectively optimize the skills, mix of
talent, and the varying types of workers that will make up our future workforce, while at the same time,
offering a workplace and work culture that is accepting, inclusive and embraces team members who
demand a culture of openness and respect.
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Blue Sky Recruitment
Human Resources will work with hiring managers across the Observatory to initiate a Blue Sky
recruitment initiative. This model is intended to engage and search for potential candidates in the event
that positions become available in the future. Blue Sky recruiting typically focuses on hard to fill, highly
specialized skill sets with a two to three-year term limit. This population of candidates is accustomed to
short term/project work and are amenable to working in a variety of work places. In order to attract this
talent through the Blue Sky recruitment model, it will be imperative for NRAO to offer alternative work
arrangements when possible. Integrating and leveraging the part-time and contingent workforce will need
to be a focus area for NRAO.

Total Rewards Strategy
Our Total Rewards Strategy (TRS) combines various elements, including: compensation, benefits, worklife effectiveness, performance management, recognition, talent development and career opportunities.
This model serves as the framework for defining our strategic long range plans in our goals to attract,
motivate, engage and retain employees in service of the NRAO mission. Our employee demographics
continue to change within the organization as the next generation of talent, the Millennials, continue to
join our workforce.
The Millennials, whom are defined as those ages 18-34 in 2015, now apparently number 75.4 million,
surpassing the 74.9 million Baby Boomers (ages 51-69) with Generation Xers (ages 35-50) projected to
pass the Boomers in population by 2028 according to an April 26, 2016 article written by Pew Research
Center. This shifting demographic requires a strategic and planned approach to re-defining our tactics in
the coming years with regard to our TRS.
We will continue to identify and benchmark peer and competing organizations to assess our compensation
and benefits strategies and programs. Regulatory changes continue to drive change of our plan designs in
both the compensation and benefits disciplines. We expect these changes will continue over the next five
years in order to keep pace with global and generational landscape shifts.
Compensation: Ongoing analysis and updating of employee pay, development of career paths (job
families), and maintaining sound job descriptions are key components to attracting and retaining top talent
within and across all our locations. We will continue to provide transparency regarding our methodology
and processes of designing and determining classifications and pay, proactively implement all regulatory
changes and work to anticipate and adapt to the changing needs of our staff.
Benefits: Health care reform and the increasing cost of health care year over year continues to place
pressure on the organization for creative approaches in plan delivery to its employees. We will be
proactive in articulating a benefits strategy to address not only health care reform and the increasing cost
of health care but also the changing demographic of the workplace. We will also take a more integrated
and cost effective approach to leave management by putting processes and policies in place to more
efficiently manage our leave processes.
Work Life Effectiveness: We will take steps to establish a specific philosophy which actively supports
efforts to help employees achieve success by creating the sense that work is a thing to do/they want to
show up vs. a place to go/they have to show up. We will continue to enhance the employee work
experience in support of employee success at both work and home by enhancing our employee
engagement activities in support of good employee relations. Key to this strategy is deployment of the
Employee Climate and Engagement Survey every three years and the subsequent actions taken towards
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changes or enhancements. Implementation and support of our Employee Engagement policy supports our
goal of work life effectiveness and performance management.
Performance Management and Recognition: We aim to maintain a working culture where
employees connect with their work, and really care about doing the best job they can. Relationships
between managers and their staff, the organization of our daily work and effective organization-wide
employee relations practices are key to the performance management process. We continue to support
the organization in sound performance management and recognition practices adapted to the evolving
demographics of the organization.
Talent Development and Career Opportunities: Our organizational performance improves by the
increased commitment and discretionary effort of their employees when managers have the necessary
access to the training, coaching and guidance they need, and a thoughtful, structured program of
engagement opportunities with their staff. HR will continue to drive the succession planning process by
enhancing and expanding those areas which support maintaining a pipeline of talent. Key activities will
support identification of those who obtain or who have the potential to develop critical skills necessary
for the future of the organization. Strategic planning will continue to support management development
and training efforts with key deliverables identified for each year’s Program Operating Plan.

Human Resources Technology and Big Data
The future of the Human Resources Department will be defined by our efforts from within to develop
each member of our department as tech savvy “citizen developers”. We will ensure we create strong
partnerships and working relationships with the Information Technology Departments of the organization
as we move into an era of more effectively using social media, cloud computing, mobility, and
understanding how to collect, utilize, protect, and manage big data. Our data and analytics will center
around creating information in areas such as hiring, performance, attendance, employee surveys, and
employee life events so that we may more effectively understand, measure, and manage the entire
employee life cycle. This will also be enabled by more effective utilization of our human resource
information systems and ensuring we have the right system(s) in support of the organization.

HR Analytics
HR or “people” analytics reflect the use of people-related data to improve and inform management,
business and HR decisions across the Observatory. HR will utilize analytics as outlined below:
 Prioritize and target applicants who are most qualified for a specific position
 Evaluate and monitor “Time to Fill” vacancies
 Evaluate and monitor employee turnover
 Identify the factors that lead to greater employee satisfaction and productivity
 Discover the underlying reasons for employee attrition and identify high-value employees at risk
of leaving
 Establish and monitor effective training and career development initiatives

Workforce Management
More than ever, today’s teams and workforces span not just talents and tasks but generations and
geographies. Workforce management (WFM) includes the effective staffing, forecasting, scheduling, and
real-time adjustments required for NRAO to be as efficient as possible. The objective of workforce
management is to get the right number of people and the right workers, in the right place at the right
time, doing the right tasks.
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With the correct technology, processes, and procedures, NRAO can effectively manage the workforce
for optimal performance and lowered labor costs. Workforce management is both an art and a science—
it is not just about making schedules. It is a highly automated process that enables you to have the required
data to make informed decisions. WFM can be learned and continuously improved upon to get
continuously great results, but it requires the full support of the Observatory.
There is no doubt that the typical workforce is changing drastically. For the past few years, the nine-tofive, permanent workforce has slowly been replaced with contingent workers and more flexible employee
schedules. Many employees would like the option of working from home, coming in early or leaving later,
largely setting their own work hours to better suit their lifestyles. An organization with the ability to offer
flexible working schedules, increases its opportunities to attract good talent.
As the workforce continues to change, it is going to become increasingly important to think creatively in
regards to staffing and scheduling. An important prerequisite is in understanding that effective WFM goes
far beyond the mechanics of putting staffing plans and schedules together. A strategic partnership between
HR and managers across the Observatory is essential to the establishment, monitoring, and constant
evaluation of an effective WFM Plan.

Alternative Work Arrangements
An alternative work arrangement refers to any work arrangement that differs from the organization's
standard work schedule and location. The key to successful alternative work arrangements is the flexibility
to tailor the arrangement to the particular needs of the individual and NRAO. NRAO seek to provide
employees with a means to achieve a balance between professional and personal responsibilities in a
manner that benefits both the employee and NRAO. The potential benefits to NRAO are: increased
employee motivation and productivity; increased employee commitment; ability to attract high performing
individuals; and reduced absenteeism and staff turnover. The potential benefits to the employee are:
reduction in stress due to conflicting personal and professional priorities; and increased job satisfaction,
energy and creativity. There are many types of alternative work arrangements. In considering which
alternative work arrangements to offer employees, NRAO plans to consider the arrangement's
practicality, fairness, and flexibility within the environment of the organization. Typical alternative work
arrangements include flexible work schedules, compressed work week, and job sharing. NRAO has
telecommuting and remote work policies in place that can be leveraged to attract and retain employees
who work in positions that are suitable for flexible work arrangements. A constant review of job
descriptions prior to posting vacancies can facilitate conversations with hiring managers as to including
alternate work arrangements in job postings with the intent of casting a wider net to attract geographically
dispersed candidates.

Training/Development/Learning
In regards to the alignment of NRAO’s goal of training the next generation of scientists and engineers, it
is critical to adapt a “learning” culture that is embraced at all levels across the Observatory. The pressure
to improve learning and development opportunities in the work place is critical in attracting and retaining
world class talent. Advances in technology, shifts in demographics and the need to continuously upgrade
work skills, drives the need for NRAO to put training and development as a priority. Learning is an
essential tool for engaging employees, attracting and retaining excellent staff and developing long-term
leadership. Millennials and early career staff are accustomed to a self-directed learning environment and
expect learning opportunities to be part of their working lives and careers.
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The Human Resources Department will develop an Observatory-wide Professional Development Program
utilizing a central pool model. In response to the professional development survey that was administered
in FY16, inconsistences regarding professional development opportunities across divisions were noted.
NRAO is committed to assisting employees in maintaining their work skills and also in developing new
skills. The Professional Development Central Pool will provide employees and their managers the
opportunity to participate in development initiatives that will mutually benefit employees and NRAO.
NRAO realizes and appreciates that a well trained workforce is essential to its reputation and the
investment of our staff improves retention and morale. With the implementation of a professional
development central pool, there will be opportunities to secure offerings that will benefit groups as well
as individual opportunities. HR will be responsible for administering the program and will evaluate and
monitor usage and offerings.
Human Resources and the Office of Diversity and Inclusion have partnered with a vendor to provide online training to all staff. The on-line training modules will be available for all staff and managers will work
with staff to select appropriate training modules that are relevant to their specific roles and responsibilities.
On-line trainings are efficient and allows a great deal of flexibility in accommodating work schedules. The
Unlawful Harassment Training will be one of the mandatory training topics. Compensation 101 and
Performance Management Training were provided to managers/supervisors in FY16 and will be offered to
all staff starting in FY2017. Succession Management training will also be offered. Additional training within
the recruitment and hiring area will be offered upon implementation of a new applicant tracking system.
Unconscious Bias Training will continue to be mandatory for all search committee members. FY16/17
training will continue into the LRP period.

NRAO International Staff
HR will work in conjunction with the Joint ALMA Office HR to maintain the successful integration of all
ALMA staff in Chile and to enhance International Staff experience. Additionally, HR will work closely with
JAO HR to ensure that the balance of North Americans working in Chile is improved. This will be
achieved by developing recruitment protocols across the executive areas.
The unique nature of ALMA places more HR responsibilities on NRAO than any other ALMA Executive.
AUI is the legal employer of all Chilean Local Staff (LSM) working for ALMA, so HR oversees LSM HR
policies and procedures and supports the development and training of JAO HR staff in Chile. These
responsibilities are in addition to HR’s responsibilities over NRAO international staff working in Chile.
In 2017 - 2018, HR will participate as a strategic partner in the Chilean staff collective bargaining
preparations and bargaining process. Helping ensure the maintenance of a positive labor relations
environment is a top priority. HR works collaboratively with the NRAO Office of Chile Affairs and JAO
HR team to make this happen. HR will work in conjunction with JAO HR and the ALMA Executives to
maintain the successful integration of all staff working for ALMA in Chile and to enhance the International
Staff experience.

Succession Planning
In considering that the average age of the NRAO workforce is ~47; and also considering that staff possess
unique and specialized skills that are very difficult to replace, succession planning is a critical strategic
priority. With this in mind, HR will develop a comprehensive Succession Planning Guide and will continue
with its succession planning initiatives that includes succession training for managers. Recognizing that a
robust succession plan is a component of good HR planning and management, HR will meet with
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management across the Observatory to ensure that succession planning is incorporated in to performance
management and staffing discussions.
There are many reasons why organizations need to be thinking about succession planning. The most
important reason, of course, is that we rely on staff to carry out our missions, provide services and meet
our organization's goals. We need to think about what would happen to those services or our ability to
fulfill our mission if a key staff member left.
Another reason to focus on succession planning is the changing realities of workplaces. The impending
retirement of the baby boomers is expected to have a major impact on workforce capacity. Emerging
realities about the workforce include:






Vacancies in senior or key positions are occurring in numerous organizations simultaneously and
demographics indicate there are statistically fewer people available to fill them
Baby boomer retirements are on the rise just at the time when the economy is growing and
increasing the demand for senior management expertise
There is no emerging group of potential employees on the horizon as in past generations (i.e. baby
boomers, women entering the workforce, large waves of immigration)
Many organizations created “flatter” organizations by eliminating middle manager positions during
restructuring in the 1980s and 90s. This resulted in a deficit of talent as a source and no longer
have this group as a source to fill senior level vacancies
Early career managers interested in moving up do not have the skills and experience required
because they have not been adequately mentored in some cases due to the “flatter” organization
model where there are limited resources to perform this type of coaching role.

HR is strategically poised to continue providing the leadership and partnership necessary to align HR best
practices with NRAO’s goals and initiatives. HR will continue to monitor, access, and review policies,
practices and programs to ensure efficacy and relevance. HR will also continue to monitor and access
methodologies for attracting and retaining diverse, high caliber talent and commits to personal and
professional development in order to stay abreast of HR trends, compliance and global issues that impact
our workforce.

7.5 Office of Diversity & Inclusion
NRAO, as a national laboratory, has a responsibility to reflect, as much as possible, the national population.
NRAO attempts to meet this challenge by continually improving its efforts to build and maintain a diverse,
world-class workforce. In addition to recruiting and retention strategies described in the Human
Resources section, NRAO is committed to the development and implementation of educational and
training activities and programs designed to improve representation of underrepresented minority (URM)
populations in STEM fields. These two broad goals - increasing the numbers of underrepresented students
in STEM fields, and increasing the diversity of NRAO’s workforce - are closely tied, and require planning
and coordination among multiple departments within the observatory. The ODI works across
departments to develop and support programs that create a climate in which all employees are respected
and valued for their unique experiences and expertise. These goals also call for collaboration with
minority-serving institutions (MSIs), professional organizations (e.g., the AAS, NSBP, SACNAS, etc.), and
other observatories, in order to ensure that URM populations are recruited into, and supported in the
pursuit of, STEM studies and careers.
ODI’s five-year, long range plans include a variety of related programs and activities; each intended to
build upon the strengths and successes of the others.
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In FY2018-22, and beyond, Diversity & Inclusion efforts across the Observatory will continue to focus on
the following key areas: broader impacts, new and on-going pipeline initiatives, workforce hiring,
retention, training, and workplace culture. ODI will:







develop opportunities to leverage and coordinate existing resources, talents, and projects across
Observatory departments (e.g., EPO and SSR);
expand outreach programs focused on African-American, Native American, Hispanic American,
and other underrepresented populations;
develop and offer diversity and cultural-competence training for all staff;
support HR’s diversity recruitment efforts;
assess and enhance NRAO’s workplace culture;
manage and improve ongoing ODI programs, with the goal of responding to the needs of the
community and the observatory

The Diversity Council
The Diversity Council is an advisory board composed of the AD-HR, AD-SSR, AD-EPO, AD-PMD, ADSocorro, AD-CDL, Director-GBO, AD-OCA, and AUI VP Administration. The council will provide
guidance and advice to the ODI Director, and will support and coordinate observatory wide efforts to
improve and enhance diversity in all aspects of observatory operations, and facilitating communications
between all departments at NRAO.

Diversity & Inclusion Advocates/D&I Committee
The Diversity & Inclusion (D&I) Advocates promote the advancement of diversity and inclusion within
their NRAO site, and across the observatory. The advocates work directly with the ODI Director to
support specific D&I initiatives throughout the Observatory, in addition to providing recommendations
that address site specific D&I issues. The D&I Advocates act as the site’s lead spokesperson for the site’s
diversity & inclusion efforts. During FY2018-22, ODI will continue to offer training and professional
development opportunities to D&I Advocates.

Diversity & Inclusion Training
During FY2018-22, NRAO will continue to develop and roll-out training opportunities designed to
improve employee awareness of the importance of a diverse and inclusive workforce, and to continue to
support a climate in which all employees, including those from URM populations, are appreciated and
welcomed. Opportunities will include online training modules, in-person training, brown bag lunches,
invited speakers, and informal, interactive discussions on identified topics of interest. While efforts will be
made to offer in-person training at each site, we will also make use of NRAO’s sophisticated media
infrastructure to broadcast training opportunities to all sites. In FY2017 and beyond, ODI will continue to
explore new technologies that will improve NRAO’s ability to share diversity & inclusion-related
information and training across the observatory. Diversity awareness will also continue to be incorporated
in supervisor and management trainings, and NRAO’s On-Boarding program

Achieving Parity in the NRAO Staff
A key objective for the NRAO workplace is to achieve parity with the nation’s demographics for people
of color and women. HR and ODI will carefully vet all NRAO position advertisements to make them as
broadly appealing as possible, and work with senior management to craft and support unbiased search
committees. During FY2018-22, ODI and HR will work together to continue to create, and maintain, a
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training program that (a) emphasizes the relevance and importance of a diverse workplace, and (b) offers
learners opportunities to better understand and overcome unconscious biases that affect hiring decisions.

Partnerships and Collaborations
During FY2018-22, NRAO will continue to strengthen partnerships and collaborations with both local and
national organizations in order to increase opportunities for identifying and supporting URM students in
the pursuit of STEM studies and careers. On a local/regional level, ODI will work with EPO and the OCA
to maintain existing programs, and develop new D&I programs. These programs include opportunities for:
k-12 students from indigenous communities around NRAO telescopes to learn about radio astronomy,
and careers in radio astronomy; undergraduate students from URMs to participate in training experiences
in observatory support activities; and training opportunities for local teachers to incorporate astronomy
into their classrooms.
In FY16, ODI worked with one of its Minority Serving Institutions (MSI) partners, Hampton University, an
Historically Black College/University (HBCU), to develop an intro-level radio astronomy course. This
course is the first step toward Hampton’s goal of creating an Astronomy program at the university. In
FY2017, NRAO will continue to provide expertise in support of this effort by providing instructors for
the weekly classes, and visits to the CDL and Green Bank. In future years, NRAO will continue to
collaborate with Hampton University, and expand its partnerships with other HBCUs and Hispanic-serving
institutions (HSIs). These partnerships will focus on recruitment of URM students into STEM fields, with
a particular focus on those areas that support radio astronomy observatories.

Local and National Programs
NRAO has a strong interest in developing educational and training relationships with the communities in
which the observatory operates. Over the five-year period covered by this long-range plan, ODI will
collaborate with the following organizations to continue to develop and support the STEM pipeline:
African American Teaching Fellows (AATF): The mission of the AATF is to recruit, support,
develop and retain a cadre of African American teachers to serve the schools of Charlottesville and
Albemarle County. During FY2018-22, NRAO will continue its partnership with the AATF by supporting
its annual summer institute, and will coordinate with EPO to explore opportunities for utilizing curriculum
materials as part of their teaching goals to strengthen the relationship between NRAO, AATF and the
local public schools.
Louis Stokes Alliance for Minority Participation (LSAMP): The VA-NC LSAMP program is
targeted toward underrepresented minorities in STEM. Students are identified through the University of
Virginia’s recruitment from MSIs.
During FY2018-22, one to two students, annually, will be sponsored by NRAO for an NRAO-LSAMP
fellowship. The NRAO-LSAMP fellow(s) will have opportunities to conduct hands-on research, observe
at the GBT or VLA, use advanced software applications and/or participate in classroom activities.
National Astronomy Consortium (NAC): The NAC is a program led by NRAO in collaboration
with the National Society of Black Physicists (NBSP) and a number of minority- and majority-serving
universities and observatories. The goal of the NAC program is to build a pipeline of students from
underrepresented and underserved groups to STEM fields that support ‘full-spectrum’ astronomy. The
NAC uses a cohort model, multiple mentors, professional development, and lifelong career mentoring to
increase participation of underrepresented groups in astronomy-related careers. The NAC program is
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coordinated by the ODI Director, in conjunction with the NAC Advisory Board. NRAO hosts a yearly
cohort of four to six students at one or more of its sites; NAC students interact with other REU students
to take advantage of shared resources, and to increase peer networking opportunities.
In each year from FY2018-22, the NAC program will continue to increase the number of minority- and
majority-serving partner institutions in the consortium, and will recruit students through visits to MSIs,
the Society for Advancement of Chicanos/Hispanics and Native Americans in Science (SACNAS)
conference, and the AAS.
The NAC will also host an annual NAC conference in Aug/Sep. This workshop is designed to maintain
and increase participation from MSIs and Majority White Institutions and Universities, and to build and
sustain an enduring pipeline of underrepresented future STEM leaders.
National Society of Black Physicists (NSBP) Conference: ODI has an interest in participating in
the NSBP’s national conferences. AUI has assisted NSBP in previous years with hosting these conferences,
and if conferences are scheduled in FY2018-22, ODI will be present to inform participants about NRAO’s
NAC, NINE, and other programs that focus on development of the STEM pipeline for minority students.
Physicists Inspiring the Next Generation (PING): The PING program is a collaboration between
NRAO, the National Society of Black Physicists (NBSP) and AUI. The two-part program supports multiple
levels of the physics and astronomy pipeline: an 8-week research experience for undergraduates (ODI)
and a 2-week summer camp experience for middle-school students (EPO).
In 2014-2016, the PING program operated in Green Bank, WV. In summer 2017, the EPO department,
with support from ODI, will develop a pilot program to transition PING to Socorro and the Very Large
Array. ODI’s role will be to recruit undergraduate students, from underrepresented groups (i.e., African
Americans, Native Americans, Hispanic Americans, and women), for the 8-week summer research
experience, and to serve as role models and instructors for the middle school students’ summer camp
experience. The undergraduate students will be partnered with an astronomer or engineer at the VLA,
or in Socorro, to engage in cutting edge research. In FY2018-22, ODI will continue to support EPO in this
program.
Socorro Electronics Division’s Laboratory Experience for Undergraduates (SEDLE): The
SEDLE program is designed to offer promising underrepresented undergraduate students an opportunity
to gain laboratory experience with NRAO’s world-class Socorro Electronics Division. In FY2018-22, ODI
will continue efforts to expand participation in STEM fields by offering summer lab experiences to women
and Native American students from Hispanic-serving institutions (HSIs). ODI will recruit students through
SACNAS, and direct contact with 2- and 4-year HSIs beyond the Socorro region. Selected students (1-2/
year) will be integrated into a small team of engineers and technicians for 10-12 weeks, and will be
expected to complete a project and prepare a report.

International Partnerships
National and International Non-Traditional Exchange (NINE) Program: The NINE’s primary
objectives are to 1) provide supported short programs (typically nine-weeks duration) designed to teach
sustainable skills in any STEM functional area associated with radio astronomy that can ultimately be
applied in the home location, 2) to form long-term mentor/mentee relationships with staff at NRAO, and
3) position the participant to successfully develop a NINE Hub, capable of providing training in the STEM
field of experience.
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Elements of the NINE program are as follows:






Exchange of students and postdocs
Exchange of faculty/instructors and other professionals in line with our mission of broadening
participation for under-represented populations
Workshops to foster collaboration, professional development and networking
Virtual classrooms and continuous distance learning environments
Fostering of long-term mentoring relationships

The NINE Program provides learning opportunities throughout all disciplines affecting the full spectrum
of activities associated with designing, constructing, and operating, radio astronomy observatories (Human
Resources, Education and Public Outreach, Electronics, Engineering, Technicians, Operators, Project
Management, Systems Engineering, and many others.)
In FY2018-22, the NINE program will continue to develop relationships with national and international
partners, including the development of additional hub(s).
NINE – Chile: In FY2017, ODI will collaborate with the OCA to develop a NINE hub in Santiago. The
OCA Hub will coordinate training opportunities for URM students at various universities and
observatories in Chile; particularly in Region 2. In FY2018-22, ODI will continue to collaborate with the
OCA to further develop and implement the OCA Hub.

7.6 Computing & Information Services
Computing and Information Services (CIS), reporting through the Associate Director for Administration,
oversees operational computing support needs for the observatory. This includes planning, policy,
standards (for software, hardware, and system administration), computer security, allocation of the shared
central budget, web services, staff training, inter-site computing related travel, procurements, and
maintenance contracts. CIS also manages the telecommunications infrastructure (voice, video, data and
mobile communications) for the observatory. In addition, CIS covers the responsibility of upgrading
computing infrastructure for desktop and servers, as well as printers and the central storage and
associated backup needs of the staff.
In the FY2018-22 period, unprecedented staff and infrastructure demands will be met by the close
partnership with DMS for provisioning and supporting critical science support services such as Archive,
High Performance Computing, next generation networks, and web based delivery services. The
opportunity to partner with national computing research centers is an essential strategic goal for CIS,
given the data and compute intensive nature of new and enhanced observatory instruments. Activities
outlined in the plan will be accomplished within the guidance budget, with additional detail given in the
preceding DMSD section.
The following sections outline the activities coordinated by CIS to ensure an optimum computing, storage,
and communications environment is provided to the observatory.

Computing Standards and Policy
To provide a uniform structure to carry out our mission, CIS has the responsibility to develop, evolve,
and enforce standards, policies, and conventions designed to maximize consistency between sites, while
enabling the diversity and agility needed in an active research environment. Policies address computer
use, information security, major software procurements, computer hardware purchasing, etc. Standards
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include supported computer hardware configurations and application software suites. The evolution of
web-based applications, Software as a Service, mobile access, and distributed/cloud computing will require
constant vigilance and leadership from CIS in the coming years to inform, and be informed by, the user
community.
CIS supervises the maintenance of all off-the-shelf computer hardware and software observatory-wide
and maintains alignment through the Common Computing Environment.

Common Computing Environments
Common Computing Environments (CCE) is a major facilitator in minimizing and leveraging the differences
between site-specific computing environments within the observatory. Historically, such differences
risked unnecessary incompatibilities, duplication of effort, and valuable time lost for staff and user
interacting with divergent systems. It is important to ensure that the NRAO-wide cooperation continues
to expand from network, to hardware, Operating Systems and on up thorough code libraries and
applications as well as software development tools. Computing environments are never static: new
operating systems emerge, new versions are released, new tools and work habits become prevalent, and
emerging technologies are folded into the existing operations, while others are retired.

Networking and Telecommunications
CIS has consolidated many of our long-distance phone services under a single contract through the GSA
Federal Telecommunication Service Networx contract that will be in place through the majority of this
LRP. We also provide web meetings, audio conferencing, international and domestic toll-free service,
mobile phones and calling cards to key employees under this program. In addition to providing the lowest
service rates available, this consolidation has resulted in easier account management with consequent
lower overhead.
During the 2018-22 timeframe, the archive synchronization from the ALMA Santiago Central Office (SCO)
to the multiple regional centers will be initiated. It is envisioned that observed data will be replicated to
the NAASC from Santiago in real-time over a Gigabit data connection shared with NOAO.
Finally, CIS supports approximately 20 videoconference systems, providing video communication between
the conference rooms and auditoria at the major sites, leveraging the intranet infrastructure. The video
systems are also widely used to relay scientific and technical colloquia throughout the observatory and
beyond. Over the next few years we will be pushing this technology to the desktop and over to external
hosted providers to improve and enrich the collaboration experience for staff and NRAO users alike.

Computing Security
Adopting a solid computer-security policy is a prerequisite in securing any enterprise from on-line threats.
Since 1999 the NRAO has had a policy in place that provides a framework to balance the conflicting
requirements of accessibility for the wider community with the continuing need for appropriate security
in an increasingly hostile yet access-enabled environment. This policy was augmented in 2009 by welldefined data sensitivity ratings and annual all-employee training sessions are given annually to ensure
current and relevant awareness of the cyber-security threat landscape is maintained.
All NRAO operational sites are networked together. It is therefore essential that security be maintained
consistently and aggressively; lack of diligence at one site will otherwise compromise security at all sites.
This is achieved through the security policy by a Computing Security Committee (CSC) composed of
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representatives chosen from each major observatory activity, including Management Information Services
(MIS) due to their responsibility for NRAO financial systems.
The CSC has specified and implemented detailed practices to minimize security exposure. Since the
implementation of these practices, there have been no serious computer-security incidents impacting
science observations. However, intrusion attempts, probes, viruses, malware, spyware, and similar
assaults continue to come from the Internet with a sustained frequency and with increasing scope and
sophistication. The growing risk from increased use of mobile and wireless equipment is widely
acknowledged in the computer industry, and is also being addressed in the context of the CSC and the
security policy to ensure stewardship of sensitive data is not compromised.

7.7 Director’s Office
The Director’s Office provides executive management for all aspects of the Observatory, leadership for
scientific research, and community relations. The Director’s Office includes the Director, Chief Scientist,
the Communications Office, and Spectrum Management.

Chief Scientist
The Observatory Chief Scientist is responsible for extensive scientific documentation and reporting,
Observatory scientific representation in numerous science community venues, leading scientific
prioritization within the annual budget cycle, and serving as a consultant for EPO.

7.7.1 Communications Office
The Communications Office (COM) is responsible for certain aspects of the effective communication of
NRAO science, vision, accomplishments, and plans to the science community, NRAO/AUI staff, and key
external stakeholders, including NRAO advisory committees and the NSF.
COM will continue to collaborate with scientific staff around the Observatory to communicate NRAO
science results and opportunities to astronomers and the broader science community. To better serve
and grow our user community, COM will continue to improve, edit, and publish our electronic newsletter,
NRAO eNews and periodic electronic announcements series, NRAO Announcements, which currently have
9,000+ subscribers.
COM will collaborate with scientific staff to organize an effective Observatory presence at major
FY2018-22 science meetings, including: the semi-annual American Astronomical Society (AAS) meetings,
the American Association for the Advancement of Science (AAAS) Annual Meeting, the bi-annual SPIE
Astronomical Telescopes and Instrumentation conference (even-numbered fiscal years), and the tri-annual
International Astronomical Union General Assembly (FY2018, FY2021). COM and CIS will jointly organize
an NRAO exhibition and technical presence at the annual International Conference for High Performance
Computer Networking, Storage, and Analysis, colloquially known as the SuperComputing (SC)
conference.
COM will design and publish an NRAO Annual Report. This Report will feature science highlights from
the community and NRAO scientific staff for the year; major accomplishments at NRAO operational
facilities; construction project status; R&D progress for next-generation facilities; community support
activities; and public outreach and diversity highlights. This Report will be widely distributed to
observatories and universities in the U.S. and abroad, as well as NSF and the U.S. Congress.
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Improving internal communication will continue to be a priority. COM will continue to work with the
management team to develop and implement more effective communication across the Observatory. The
NRAO Intranet will be further developed as a tool for improving internal communication.

7.7.2 Spectrum Management
NRAO's spectrum management effort is the buffer between observers and the wider world of commercial
radio communications. Spectrum management aims to provide interference-free radio astronomy bands
and radio-quiet conditions in the vicinity of radio telescopes. This is increasingly challenging when vast
numbers of consumer devices—cell phones, laptops, automobiles—are beginning to transmit at
frequencies up to 80 GHz.
The intersection of these competing interests occurs at many levels in many venues. NRAO filed
comments with the Federal Communications Commission (FCC) on issues related to new spectrum for
wireless broadband: At the low end the US is relocating and compressing the TV broadcast spectrum with
a pivot around the 608 – 614 MHz (TV Channel 37) radio astronomy band, even while identifying spectrum
up to 86 GHz for so-called 5G service to commence in 2020. Meanwhile, NRAO has been negotiating
with multiple operators wishing to launch thousands of wireless broadband satellites downlinking in
spectrum immediately adjacent to the radio astronomy band at 10.6-10.7 GHz, and negotiating with
aircraft operators seeking to be allowed to equip aircraft with in-flight 60 – 70 GHz WiFi (aka WiGig)
service. The FCC recently granted radio astronomy a major victory in insisting that a satellite telephone
operator must cease to interfere with the 1610.6 – 1613.8 MHz OH band, whose use has been
compromised for the past 20 years.
Representatives from observatories and their national administrations have gathered each year since 1960
in Geneva to coordinate radio astronomy-related activities at sessions of the International
Telecommunication Union’s Radiocommunication Sector (ITU-R). Owing to the depth of interests on its
staff, its broad range of operations and its long history of engagement, NRAO has been the major source
of radio astronomy’s input to these sessions. The NRAO spectrum manager is the Chair of IUCAF (the
International Scientific Committee on Frequency Allocations for Radio Astronomy and Space Science www.iucaf.org) an ICSU-chartered body that is jointly funded by IAU, URSI and COSPAR, during the
period 2015 – 2021.
Learning the rules and intervening in a wide range of environments requires a degree of attention to detail
that is well-suited to the work of a large national observatory: henceforth, NRAO will represent the
interests of the newly created GBO and LBO in national and international forums. Spectrum challenges
to radio astronomy observations are multiplying and becoming more complex. NRAO is deeply
committed to continuing its spectrum management work and looks forward to the opportunity to make
the case for the importance of radio astronomy observations in an ever more crowded radio spectrum.
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APPENDIX A: RESOURCE PROJECTIONS
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APPENDIX B: MAJOR MILESTONES
Locator
3.0

Initiative

Department/Division

Science Support and Research
TTA Integrated Proposals/Observing Scheduling Block Tool Upgrade
SUS Science Ready Data Product Capability Development
Web-based Documentation and Training Material Development

4.0

Observatory Telescope Operations

4.1

Atacama Large Millimeter/submillimeter Array
Steady State Operations at the beginning of Cycle 5

2018 2019 2020 2021 2022
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Full ALMA Operations will be achieved no later than Cycle 7
4.2

X

Very Large Array
Operations RFI automated tracking and analysis Database

X

Antenna Infrastructure Renewal (painting, ACU replacement, drive motor replacement)

X

Purchase new rail crane

X
X

Purchase new hatch, generators, and generator switchgear

X

Replacement of E,W,N array arm switches

X

Site’s well pump controller upgrade*

X

VLA antenna azimuth bearings replacements

X

Install automatic grease distributors on Antennas

X
X

Control Building roof replacement ***

X

Tube exchanger for the Control Building cooling tower Replacement*

X

Spare compressors for the site HVAC systems ***

X

additional insulation and new doors **

X

Front End SOIDA test rack purchase****

X

Heavy vehicle replacement

X

Replace CNC knee mill *

X

Replace generator switchgear & hatch gear *

X

Replace standby generators

X

Well pump power controller*

X

Replace exterior doors and windows

X

Technical Upgrades Solar Capable Receiver Installation

X

4-Band Dipole Installation
5.0

Observatory Development Programs

5.2

ALMA Development

5.3

VLA Development

6.0

Education and Public Outreach

X

Calls for Study Proposals

X

Notices of Project Awards
Call for Project Proposals

X

Observatory-wide Services

7.1

Data Management and Software

7.2

7.3

7.5

Office of Diversity and Inclusion

X

X

X

Establish Stem Education Division

X

Establish News and Media Division

X

Establish Multimedia Engagement Division

X

Establish Visitor Center Operations Division

X

CASA refurbishment

X

Basic Data Package for VLASS complete

X

X

X

X

X

Provide integrated systems for External Data Processing

X

X

X

X

X

Enhance curated observing capability

X

X

X

X

X

Replace the current NRAO AAT

X

Overhaul the PST and OPT for the VLA

X

Implement Tailored SOPs for GBO and LBO

X

Process Maturity Assessment Complete

X

Next Generation VLA financial model development

X

X

X

X

X

ALMA Budgets prepared and managed in Chilean Pesos (v. US Dollar)
Small Business and Socio-Economic Goals Procurement Plan Initiation

X

X

X

X

X

MIS transition to Charlottesville or Socorro

X

Initiate a Blue Sky recruitment initiative

X

Annual NAC conference
Summer Programs (NAC, NINE, PING, etc. )

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Computing and Information Services
Archive synchronization from the ALMA Santiago Central Office to the multiple regional centers

7.7.2

X

Administration

Human Resources

7.7.1

X

Program Management

7.4

7.6

X
X

ngVLA Proposal Submittal to Decadal Survey

7.0

X

Communciations Office
Observatory presence at major scientific meetings and conferences

X

X

X

X

X

Design and publish an NRAO Annual Report

X

X

X

X

X

Represent NRAO, GBO and LBO at international conventions

X

X

X

X

X

Sectrum Management

* Initially scheduled for FY2017 in recomp proposal.
**Initially scheduled for FY2019 in recomp proposal.
***Initially scheduled for FY2018 in recomp proposal.
****Initially scheduled for FY17 and FY18 in recomp proposal.
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APPENDIX C: ACRONYMS
Acronym
AAS
AAT
AATF
ADC
ADMIN
AGN
ALMA
ARC
ARO
ASKAP
AST
AUI
BDPs
BUD
CAP
CARTA
CASA
CASPER
CBE
CCE
CDL
CHILES
CIS
cm
CO
COM
COSPAR
CSA
CSC
CY
DARE
DESI
DKIST
DMS
DSOC
DSP
DTS
EHT
EOC
EPO
eRosita
ERP
ESA’s
ES&S
EUV

Definition
American Astronomical Society
Archive Access Tool
African American Teaching Fellows
Analog-to-digital converters
Administration Department
Active Galactic Nucleus, or Active Galactic Nuclei
Atacama Large Millimeter/submillimeter Array
ALMA Regional Center
Arizona Radio Observatory
Australian Square Kilometre Array Pathfinder
NSF Division of Astronomical Sciences
Associated Universities, Incorporated
Basic Data Products
Budget Office
NRAO Contracts and Procurement Office
Cube Analysis and Rendering Tool for Astronomy
Common Astronomy Software Applications
Center for Astronomy Signal Processing and Electronics
Correlator Back End
Common Computing Environments
Central Development Laboratory
Cosmos HI Large Extragalactic Survey
Computing and Information Services
centimeter
Carbon Monoxide
Communications Office
Committee on Space Research
Cooperative Support Agreement
Computing Security Committee
Calendar Year
Dark Ages Radio Explorer
Dark Energy Spectroscopic Instrument
Daniel K. Inouye Solar Telescope
Data Management and Software
Domenici Science Operations Center
Digital Signal Processing
Data Transmission System
Event Horizon Telescope
Extension and Optimization of Capabilities
Education and Public Outreach
extended Roentgen Survey with an Imaging Telescope Array
Enterprise Resource Planning
European Space Agency’s
Environmental Safety and Security
Extreme Ultraviolet
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Acronym
EVLA
FCC
FEHV
FETMS
FLAG
FPGA
FY
GBO
GBT
GCN/TAN
GHz
GO
GOST
GOUS
GPU
GRB
GSA
HBCU
HDST
HERA
HFET
HI
HPC
HR
HSI
HVAC
IAU
ICC
IF
IGM
IRD
ISM
ITU-R
IUCAF
JAO
JPL
JWST
kpc
LBO
LIGO
LMT
LNA
LO
LOBO
LPR
LRP
LRU

Definition
Expanded Very Large Array
Federal Communications Commission
Front End Handling Vehicles
Front End Test and Measurement System
Focal L-band Array for the GBT
Field-programmable Gate Array
Fiscal Year (October 1 through September 30)
Green Bank Observatory
Green Bank Telescope
GRB Coordinate Network/Transient Astronomy Network
Gigahertz
General Observing
General Observing Setup Tool
Group Observation Unit Set
Graphics Processing Unit
Gamma-ray bursts
General Services Administration
Historically Black Colleges and Universities
High Definition Space Telescope
Hydrogen Epic of Reionization Array
Heterojunction Field-Effect Transistor
Neutral Hydrogen
High Performance Computing
Human Resources
Hispanic Serving Institution
heating, ventilating, and air conditioning
International Astronomical Union
Internal Common Cost
Intermediate Frequency
Inter-Galactic Medium
Integrated Receiver Development
Interstellar Medium
International Telecommunications Union - Radiocommunications
International Scientific Committee on Frequency Allocations
Joint ALMA Observatory
Jet Propulsion Laboratory
James Webb Space Telescope
kilo-parsec
Long Baseline Observatory
Laser Interferometer Gravitational Wave Observatory
Large Millimeter Telescope
Low Noise Amplifier
Local Oscillator
Low Band Observatory
LO Photonic Receiver
Long Range Plan
Line repairable unit
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Acronym
LSAMP
LSST
LWA
mas
MeerKAT
MHEMT
MHz
MIS
m
mm
MMIC
MOU
Mpc
MSA
MSI
Myr
Jy
NA
NA ARC
NAASC
NAC
NANOGrav
NASA
ngVLA
NINE
NOAO
NRAO
NRL
NSF
NWNH
OBS
OCA
ODI
OPT
OSF
OT
OTFM
P2G
PAF
PanStarrs
PAPER
PB
pc
PdBI
PFB
PFT
PHT

Definition
Louis Stokes Alliance for Minority Participation
Large Synoptic Survey Telescope
Long-Wavelength Array
milliarcseconds
Karoo Array Telescope
Metamorphic High Electron Mobility Transistor
Megahertz
Management Information Services
meter
millimeter
Monolithic Millimeter-wave Integrated Circuit
Memorandum of Understanding
Megaparsec
Multi-Source Agreements
Minority Serving Institutions
Mega-years
micro-Jansky
North American / Not Applicable / Not Available
North American ALMA Regional Center
North American ALMA Science Center
National Astronomy Consortium
North American Nanohertz Observatory for Gravitational Waves
National Aeronautics and Space Administration
Next Generation VLA
National and International Non-traditional Exchange Program
National Optical Astronomy Observatory
National Radio Astronomy Observatory
Naval Research Laboratory
National Science Foundation
New Worlds, New Horizons in Astronomy and Astrophysics
Observatory Business Services
Office of Chile Affairs
Office of Diversity & Inclusion
Observation Preparation Tool
Operations Support Facility (ALMA)
Observing Tool
On-The-Fly Mosaicing
Phase 2 Group
Phased Array Feed
Panoramic Survey Telescope & Rapid Response System
Precision Array to Probe the Epoch of Reionization
Petabyte
parsec
Plateau de Bure Interferometer
Poly-phase filter banks
Proposal Finder Tool
Proposal Handling Tools
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Acronym
PI
PING
PMD
POP
PST
QA
R&D
REU
RF
RFI
RHESSI
RMS
RSRO
SAA
SCO
SACNAS
SIS
SKA
SMA
SMBH
SOIDA
SOP
SOS
SPO
SRDP
SRO
SRP
SSR
STEAM
STEM
submm
SUS
TAC
TCDB
TDEs
THz
TRS
TTA
m
URSI
U.S.
USNO
UVML
VFDs
VLA
VLASS

Definition
Principal Investigator
Physicists Inspiring the Next Generation
Program Management Department
Program Operating Plan
Proposal Submission Tool
Quality assurance
Research & Development
Research Experiences for Undergraduates
Radio Frequency
Radio-Frequency Interference
Ramaty High Energy Solar Spectroscopic Imager
Radio, Millimeter, and Submillimeter
Resident Shared Risk Observing
Science and Academic Affairs
Santiago Central Offices
Society for Advancement of Chicanos/Hispanics and Native Americans in
Science
Superconductor–Insulator–Superconductor
Square Kilometre Array
Sub Millimeter Array
Supermassive Black Hole
Stack of Obsolete Instruments Dithering Around
Standard Operating Procedures
Student Observing Support
Scientific Program Order
Science Ready Data Products
Shared Risk Observing
Science Review Panels
Science Support and Research
STEM + Arts
Science, Technology, Engineering, and Mathematics
submillimeter
Science User Support
Time Allocation Committee
Telescope Configuration Database
Tidal Disruption Events
Terahertz
Total Rewards Strategy
Telescope Time Allocation
micrometer
International Union of Radio Science
United States
United States Naval Observatory
University of Virginia Microfabrication Laboratory
Variable Frequency Drivers
Karl G. Jansky Very Large Array
Very Large Array Sky Survey
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Acronym
VLBA
VLBI
VLITE
VSAC
WFIRST
WFM
WIDAR
WISE
WSRT
WVR
XSEDE
z
3D

Definition
Very Long Baseline Array
Very Long Baseline Interferometry
VLA Low Band Ionospheric and Transient Experiment
ngVLA Science Advisory Council
Wide-Field Infrared Space Telescope
Workforce Management
Wideband Interferometric Digital ARchitecture
Wide-Field Infrared Survey Explorer
Westerbork Synthesis Radio Telescope
Water vapor radiometer
Extreme Science and Engineering Discovery Environment
Redshift
Three-dimensional
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