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Executive Summary
The NRAO Vision
Throughout its 50-year history the NRAO has enabled many scientific breakthroughs and
discoveries. The NRAO vision is to continue this tradition of enabling studies of the universe by
providing unique radio astronomy data and related resources to the scientific community. To
implement this vision, the NRAO will operate the Atacama Large Millimeter Array (ALMA), the
Expanded Very Large Array (EVLA), the Very Long Baseline Array (VLBA) and the Robert C.
Byrd Green Bank Telescope (GBT) as a system of complementary telescopes accessible to all
astronomers, and it will facilitate easy access to the NRAO telescopes and data via end-to-end
(e2e) operational support. Looking beyond ALMA, the NRAO is also working with the
community to study and develop the SKA, the next-generation astronomical facility in the
centimeter/meter wavelength range.

Long-Range Plan FY 2007–FY 2011
The NRAO’s primary goals for the next five years are maximizing the scientific output of its
existing telescopes—the GBT, VLA, and VLBA—while completing ALMA and EVLA
construction on time and on budget. The NRAO will develop the North American ALMA
Science Center (NAASC) and achieve an integrated approach to science delivery for
all astronomers. The NRAO will continue to seek community guidance through advisory
committees and scientific workshops in order to identify the most important science goals and the
best paths to reach them. The NRAO will collaborate with universities and other observatories to
develop the next generation of radio telescopes and instrumentation. Funding permitting, the
sensitivity of the VLBA will be increased by a factor of 3–5, and the GBT will operate efficiently
at wavelengths as short as 3 mm with next-generation instrumentation.

i

I. The NRAO Vision
A. Introduction

NRAO Mission Statement
The National Radio Astronomy Observatory will enable cutting-edge research in the study of
the universe using radio astronomy techniques, attract and train future scientists and
engineers, and stimulate public interest in science.

NRAO Will Implement Its Mission By
•

Designing, building, and operating large-scale forefront radio telescope facilities for use
by the scientific community;

•

Developing the electronics, software, and other technology systems that enable new
astronomical science;

•

Preserving the radio spectrum for scientific research;

•

Facilitating optimal science use by all astronomers of the NRAO facilities by providing
easy access to the facilities and their data archives;

•

Supporting the reduction, analysis, and dissemination of the results obtained by the users;

•

Fostering the community of researchers using radio astronomy facilities for forefront
research;

•

Supporting the development of a society that is both scientifically and technically literate
through educational programs and public outreach based on astronomy; and

•

Supporting a program of staff scientific research that enables leadership and quality in all
these areas.

The National Radio Astronomy Observatory (NRAO) is the premier radio observatory in the
world. The suite of NRAO telescopes—the EVLA, ALMA, VLBA and GBT—comprises unique
facilities that make possible direct observations of a great variety of phenomena and fundamental
physical processes in the universe. The key science issues that will be addressed include
•

the conditions and processes giving rise to the formation of stars and planets

•

the properties and formation of the first galaxies and quasars in the Epoch of Reionization
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•

the validity of General Relativity and other fundamental physics, as revealed by the
precise measurements of pulsars and other compact objects

•

refinement of precision cosmology via improved measurements of the foreground
emission which contaminates cosmic microwave background measurements

•

independent assessment of the equation of state of dark energy by using water
megamaser astrometry for high-precision determination of the Hubble constant

•

identifying the processes and physical conditions which create the chemical building
blocks of life through studies of interstellar pre-biotic molecules

In the modern era of multi-wavelength astronomy, the NRAO aims to facilitate access and ease of
use by all astronomers in the community by implementing end-to-end operation support of the
entire suite of telescopes and providing calibrated images in archives that are compatible with
Virtual Observatory standards.
The NRAO is presently engaged in the construction of ALMA and the EVLA, which will be
among the most capable instruments in all of astronomy and will complement forefront facilities
at other wavelengths such as the James Webb Space Telescope and the Giant Segmented Mirror
Telescope. The EVLA and ALMA are scheduled for completion in 2012 and 2013, respectively.
The NRAO is also actively developing and enhancing the scientific capabilities of its two other
forefront instruments, the GBT and VLBA.
The NRAO is also looking beyond the completion of these activities to the next-generation
meter/centimeter-wavelength facility, the Square Kilometre Array (SKA). The considerable
scientific, technical, and managerial expertise in the NRAO is an invaluable resource for the
astronomy community in the U.S., and indeed in the world, for the advancement of the SKA. The
NRAO is actively engaging the community in developing the scientific case for the SKA, in
addressing the technical and organizational challenges involved, and in organizing meetings to
focus the attention of the U.S. and international astronomy communities on the opportunities
presented by the SKA.
To broaden the impact of the NRAO, the Observatory will also apply its expertise to benefit the
general public, ranging from inspiring and training young people in science and technology to the
more direct industrial and commercial applications of techniques developed for radio astronomy.
With the support of the National Science Foundation, the NRAO has carried out its mission in a
highly effective manner. Each NRAO telescope—the GBT, VLA (soon to be EVLA), VLBA,
and the future ALMA—is the best of its type in the world. The NRAO instrumentation is widely
regarded as state-of-the-art. Activities to support the use of the NRAO data, to foster the
community of users, and to inform and educate the public have also been highly effective.
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B. Long Term Scientific Vision
1. Science with NRAO Facilities in the Next Ten Years: 2007-2016
Observations at radio wavelengths address some of the most fundamental questions in
astrophysics. The cosmic microwave background radiation, the dark ages before the onset of the
first stars or galaxies, the baryonic and dark matter content of proto-galaxies, the process of
reionization of the universe by galaxies, and the earliest stages of star and planet formation are all
observed using radio techniques. Combined with observations at other wavelengths, radio
observations made with the suite of NRAO facilities—GBT, EVLA, VLBA, and ALMA—will
enable astronomers to answer key questions of astronomy and fundamental physics:
•

How and when did galaxies and supermassive black holes form and evolve in the early
universe?

•

How do stars and planets form, and where did the chemistry of life originate?

•

What is the nature of dark matter and dark energy?

•

What are the strong-field limits of General Relativity, the properties of ultra-dense
nuclear matter, the variability of physical constants over the age of the universe, and
other unsettled issues of fundamental physics?

The NRAO facilities working together study a wide range of astronomical phenomena in detail.
ALMA will accurately image a wide range of mm/submm phenomena with 0.02 arcsec
resolution. It will resolve details in circumstellar disks as planets form by mapping their mm and
submm continuum and line emission, complementing near- and far-IR observations of the later
stages of the debris disks and exoplanets. It will detect spectral lines in normal galaxies out to
redshift z = 3.
Both the EVLA and ALMA can reveal structure within the gaseous components of the earliest
galaxies and quasars by imaging redshifted molecular-line radiation and the dust continuum,
whereas optical/infrared (OIR) imaging and spectroscopic observations will define stellar
components and AGN activities. The EVLA will image the earliest stages of star and planet
formation at cm wavelengths before they become transparent at shorter wavelengths. The EVLA
will follow the growth of dust grains to cm-sized planetesimals in debris disks. Together, these
EVLA and ALMA observations will provide a complete picture of how stars, galaxies, and
quasars form and evolve. The EVLA will also image the energy outflows from compact binaries,
gamma-ray bursts, AGN, novae, and supernovae. It will study cosmic magnetic fields in jets,
spiral galaxies, and clusters of galaxies.
The VLBA (and the High Sensitivity Array that combines the VLBA with the GBT and EVLA)
can measure accurate distances and proper motions of megamasers in the nuclei of distant
galaxies, complementing OIR approaches to determining the Hubble constant and the expansion
rate of the Universe. Other VLBA astrometric measurements will study the distribution of dark
matter in the Local Group of galaxies and will use pulsars, masers, and binary stars to map the
structure and kinematics within our Galaxy. The VLBA will image the relativistic jets in blazers
that will be detected in gamma rays by GLAST.
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The 100 m GBT, the largest fully steerable radio telescope in the world, is a very sensitive and
highly versatile instrument for surveys, detection, and pathfinder observations. The GBT will
easily detect dust emission from highly obscured young star-forming galaxies (submm galaxies)
out to epochs of peak cosmic star-formation activity, using the λ = 3 mm Penn-Goddard
bolometer array and complementing shorter-wavelength bolometers such as SCUBA and
SHARC. Most weak submm galaxies are heavily obscured by dust, making optical spectroscopy
difficult. The GBT will determine their redshifts directly from their millimeter-wave molecular
lines using the Maryland Zpectrometer, a very wide-band spectrometer. The excellent surfacebrightness sensitivity of the GBT will speed studies of the evolution and structure of cluster gas
by mapping the Sunyaev-Zeldovich effect at ~0.1 arcmin resolution, complementing X-ray and
optical lensing observations. The GBT has significantly advanced the field of astrochemistry
through the detection of a number of pre-biotic, interstellar molecules. Further advances are
expected as the GBT is highly sensitive to extended molecular line emission from cold,
interstellar clouds as well as from hot, compact cloud cores.
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2. Science Opportunities Beyond 2016
As we look ahead ten years or more, we expect that the exploration of the radio band will remain
an exciting scientific frontier. By 2016, ALMA and the EVLA will have been in operation for 34 years, and should be in a mature state with high scientific productivity. In addition to present
scientific objectives, these powerful facilities are likely to make discoveries that open new areas
of research not currently envisioned.
The future science opportunities already identified address basic questions concerning the
formation and evolution of matter and energy in the universe, leading ultimately to the formation
of life here on Earth and elsewhere. Furthermore, with history as our guide, we know that the five
decades of the radio spectrum present a rich vein for new and unanticipated discoveries. Any
future radio facility must provide unique radio capabilities and also must complement other
efforts to explore the remaining part of the electromagnetic spectrum as well as non-photonic
(gravitational waves, neutrinos, etc.) emissions. The NRAO remains committed to working with
both U.S. and international scientific communities to define, design, build, and operate the next
generation of large radio facilities. We outline below some of the major science initiatives and
radio instruments that the NRAO may be involved with beyond this decade.
The Square Kilometre Array (SKA) will be two orders of magnitude more sensitive than any
existing radio telescope. In the past several years, an international group of scientists has been
defining the key science objectives of the SKA. The five primary science objectives of the SKA,
as described by Carilli and Rawlings (2004, New Astronomy Reviews, 48, 979) are:
1. The cradle of life: The SKA has the capability to explore a full range of topics in
astrobiology starting with the formation of planets and the study of pre-biotic molecules,
and possibly ending with the detection of signals from other technological civilizations.
2. Strong-field tests of gravity using pulsars and black holes: With the superb sensitivity of
the SKA, astronomers will be able to make a nearly complete census of all pulsars in the
Galaxy. Follow-up timing observations of a grid of millisecond pulsars should provide
the first direct detection of gravitational waves in a frequency range inaccessible to laserinterferometry gravity observatories (e.g., LIGO and LISA). Pulsars orbiting black holes
will most likely allow measurements of black-hole spin as well as stringent tests of
gravity in the strong-field regime.
3. The origin and evolution of cosmic magnetism: The SKA is in an almost unique position
to study magnetic fields in our Galaxy, nearby galaxies, galaxy clusters, and the
intergalactic medium. Magnetic fields are an energetically important but littleunderstood part of most astrophysical phenomena including the formation of galaxies,
the acceleration of cosmic rays, and the formation of stars.
4. Galaxy evolution, cosmology, and dark energy: Thanks to the λ = 21cm line of neutral
hydrogen (HI), the SKA has a unique window to probe the evolution of galaxies and
structure of the universe. The SKA will detect the HI gas in about a billion galaxies over
a significant volume of the universe (z < 1.5), allowing astronomers to study how
galaxies were built up over cosmic time. The SKA will also study the nature of dark
energy over this same redshift range by mapping the space distribution and evolution of
galaxy clusters.
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5. Probing the Dark Ages: The SKA will have a powerful capability to probe a special time
in the universe (z = 6 to 14) when the first stars and black holes were formed and began
to ionize the neutral gas. Using the redshifted λ = 21 cm line the SKA will be able to
carry out detailed tomography of this epoch and explore the formation of the first
massive and luminous structures in the universe.
With the science case in hand, current discussions of the SKA are focused on design and cost
considerations. The technical challenges are formidable. Designing an affordable instrument with
the requisite sensitivity, field-of-view, angular resolution, and frequency coverage requires that
we break away from conventional approaches. These activities are coordinated through the U.S.
SKA consortium and the International SKA Steering Committee. The NRAO is working with the
community to address these technological challenges and expects to present plans for a nextgeneration instrument to the next astronomy and astrophysics decadal panel.
Looking yet further ahead there may be exciting science opportunities enabled by a return to the
lunar surface. In 2004 President Bush called for a new vision for space exploration, starting with
human and robotic missions to the Moon, with an ultimate goal of exploring Mars. This has
triggered a new “space race” with Japan, Europe, and China all announcing plans to return to the
Moon.
One area that may benefit from the lunar environment is the study of the intergalactic medium
(IGM) during cosmic reionization. Reionization corresponds to the epoch of first light in the
universe and is considered the next major frontier for observational cosmology. Recent
observations of Gunn-Peterson absorption toward the highest-redshift quasars and the large-scale
polarized signal of the cosmic microwave background have set the first observational constraints
on cosmic reionization, narrowing its redshift range to z = 6–14. While it is widely recognized
that the most direct way of studying this key epoch of cosmic structure formation is through
redshifted HI emission from the neutral IGM, this redshift range poses a major technological
challenge.
The redshifted λ = 21 cm (ν = 1420 MHz) signal is expected to be in the frequency range
between 80 and 180 MHz, with required brightness-temperature sensitivities at arcminute
resolution approaching a few mK. These requirements make severe demands on Earth-based
instruments, some of which can be relaxed by building a facility on the far side of the Moon.
Freedom from terrestrial radio-frequency interference and scintillation in the Earth’s ionosphere
are the two most significant advantages. Compared to other possible science experiments, a lunar
radio array has the added advantage of being relatively cheap to build, deploy, and operate. In the
coming years the NRAO scientists and engineers will investigate the possibilities afforded by a
lunar radio observatory while also pushing Earth-based instruments to their limits.
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C. Technical Vision
Advances in radio astronomy instrumentation and software will likely continue to be evolutionary
in nature. A breakthrough in material science, for example, that would allow much cheaper
collecting area cannot be ruled out, but one cannot plan on the unexpected. The cost of digital
signal processing, data storage, and signal transmission will continue to decline, and radio
telescope designs must change to benefit from these cost reductions. Low-noise receivers are
close to fundamental limits set by atmospheric and cosmic background noise, or even by
fundamental photon noise at the shortest wavelengths. However, the best receivers are relatively
big and heavy. The development of smaller, lighter receiver packages will clear the way for the
implementation of beam-forming array feeds and allow the use of smaller reflector antennas in
synthesis arrays. Both of these developments will increase the field of view of the NRAO’s
instruments.
Radio astronomy will always be starved for sensitivity. With system temperatures and
instantaneous bandwidths approaching their fundamental or practical limits, the only free
parameter for big increases in sensitivity is collecting area. Vigorous work around the world over
the past decade on a wide variety of antenna sizes and types indicates that there are no dramatic
reductions in the cost per square meter to be gained by adopting antenna designs much different
from the current generation of radio telescopes. Sensitivity increases for general-purpose
instruments such as the EVLA, GBT, VLBA, and ALMA will continue to come from significant
incremental advances in all relevant parameters (collecting area, bandwidth, and system
temperature). Careful engineering, at which the NRAO excels, and innovations at all levels of
system detail will be the driving forces to the next generations of instruments. We are convinced
that this same philosophy holds at the scale of the SKA, so the current suite of the NRAO’s
centimeter-wavelength telescopes are ideal departure points for SKA development.
The NRAO will push to wavelengths shorter than the planned suite of ALMA receivers. In
cooperation with the University of Virginia Microfabrication Lab, we will be developing SIS
mixers based on new superconducting materials that work well above one THz. We have made
substantial advances in optical-laser-based millimeter-wave signal sources for use in phasestabilized local oscillator systems. This work will be extended to higher frequencies with the help
of University of Virginia optical detector/mixer experts.
The extremely wide bandwidths of our new radiometers and spectrometers put severe demands
on the gain stability of our low-noise RF amplifiers. The widely used indium-phosphide (InP)
heterostructure FETs have intrinsic 1/f-like gain fluctuations that limit the sensitivity of our
widest bandwidth radiometers. We plan a vigorous investigation of heterostructure bipolar
transistors (HBT) at cryogenic temperatures. Our understanding of HBT devices indicates that
they should have much lower 1/f noise (and gain fluctuations) while possibly being competitive
with InP HFETs for relevant applications.
For all of our aperture synthesis arrays, advances in image fidelity and dynamic range are as
important as ever, so work on new and better algorithms and techniques for atmospheric and
ionospheric corrections, wide-field imaging, and polarization calibration are key areas for
continued development. Spectroscopic fidelity (spectral baselines) will benefit from more
compact receiver packages and digitization closer to the antenna feed.
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Radio astronomy has benefited enormously from rapid advances in digital signal processing and
data-transmission technology driven by the consumer industry, but we have generally been ten
years or more behind current technologies because of the long design and construction times of
our spectrometers, correlators, and long-distance signal links. Closer cooperation with university
experts and more sharply targeted applications of these technologies are parts of our future
strategy for staying closer to the state of the art in signal processing. We expect to expand our
collaborations with Berkeley in the field of signal processing and with Haystack Observatory in
data storage and long-distance signal transmission.
Antenna metrology will be an important technology that can help reduce the cost of collecting
area and allow it to be used at higher frequencies. Laser ranging has proved its accuracy, but we
must reduce the complexity of its implementation and increase its read-out speed by substantial
factors. More sophisticated servo systems combined with accurate metrology will improve the
performance of less rigid and less thermally stable structures at short wavelengths.
RFI mitigation will place increasing demands on signal-processing technology and on the
development of practical interference-excision algorithms. There is a wide variety of interfering
signal types modified by changing propagation conditions that must be understood in some detail
before our countermeasures can be very effective. We have made significant progress with
straightforward techniques such as pulse blanking and post-correlation data processing, but this is
only the beginning of a painstaking process of new algorithm development and implementation.
Solutions will involve a combination of hardware and software signal processing. Collaborations
with colleagues around the world will continue to be particularly productive in the field of RFI
mitigation.
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D. Programmatic Vision
After 50 years of existence as the world’s premier radio observatory, the NRAO has accumulated
a wealth of scientific, technical, and managerial expertise that is an invaluable resource and a core
competency of the astronomy community. The NRAO will provide this community its
considerable capability in collaborative projects, not just observing time on its telescopes. As
scientific opportunities are constantly evolving, the NRAO has positioned itself to respond with
agility to advance science and provide the best possible value to the community. The NRAO’s
programmatic vision includes the following evolutionary changes:
•

Through active consultations with the community, the NRAO will adapt its allocation of
observing time and modes of operation to produce the best possible science results, with
emphasis on addressing the most important scientific questions of the day, and in a way
which complements work at other wavelengths to the maximum extent. As scientific
priorities are constantly evolving, the NRAO will frequently revisit its operation and
priorities to optimize the Observatory’s scientific impact.

•

Access to the system of the NRAO telescope facilities and its data archive will be made
easier for all astronomers. An integrated and cost-efficient approach will be implemented
for the delivery of user support that is uniform for all the NRAO telescopes and tailored
for astronomers of all backgrounds and experience levels. This Integrated Science Center
development will proceed in the near term and is described in Section F.2 of the Long
Range Plan.

•

The NRAO will continue to strengthen its collaborations with the university community
in instrumentation development, long-range R&D, and next-generation concept
development. Such collaborations are already well established, including GBT
instrumentation development, university-based Long Wavelength Array prototypes, and
collaborations on SKA development. The NRAO will expand such collaborations which
encourage the invaluable exchange of ideas and resources between universities and a
national observatory, and importantly help to foster the next generation of astronomers
conversant in radio astronomy techniques and instrumentation.

•

In addition to providing observing time on the telescopes, the NRAO will offer its
considerable science and technical capability as a resource to the community. The
remarkable breadth and depth of skills at the NRAO can help fill gaps that may exist
within the smaller university groups. For example, the NRAO may be able to offer shortterm engineering services in cases for which it is impractical for a university group to
hire a new staff member.

•

Whereas R&D and small-instrument development should be done collaboratively with
university groups, the NRAO has unique skills, experience, and resources for large
project management. In this role, the NRAO can remove a burden from universities and
smaller institutes and allow them to concentrate on R&D and student training. The
NRAO expects to continue to offer its services for large-scale projects such as the SKA.

•

Besides the primary mission to advance radio astronomy, the NRAO will be proactively
working to contribute its expertise to scientific education, technical workforce
development, and technology transfer.
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As noted above, the NRAO is working closely with the U.S. and international community to
develop the SKA. A consensus appears to be developing that the SKA may consist of three
separate instruments – An Epoch of Reionization (EoR) array, which would cover up to
~300 MHz, an “SKA-Mid,” which might cover ~300 MHz to ~3 GHz, and an “SKA-High,”
which might cover ~3 GHz to ~30 GHz. Although still very much under discussion, the initial
focus of SKA may be on “SKA-Mid,” and the precursor EoR experiments that would in time
define more precisely the ultimate EoR array. The U.S. community should play a significant role
in the development of both instruments. The NRAO expects to collaborate fully with the
community in these initiatives and to make its management, engineering, and scientific
capabilities available to advance the SKA project.
Many have recognized that the significant investment already made in the EVLA, GBT and
VLBA should be leveraged for the development of the “SKA High Frequency,” i.e., the
component of SKA which can observe up to ~30 GHz or higher. These instruments already
possess ~2 x104 m2 of collecting area, which represents one-tenth of a more realistic expectation
of 20% of a square kilometer of collecting area in this high frequency range. The NRAO will
work closely with community groups to develop a cost effective way to add to the existing
collecting area, via the “LNSD” (large number of small diameter dishes) approach.
Given its extensive scientific, technical and management expertise and capability, the NRAO is
well positioned to become the North American executive for the SKA when the construction
phase begins.
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II. Long Range Plan for FY 2007–2011
A. Overview
In the next five years, both ALMA and EVLA I will be nearing completion and entering earlyscience operations. The focus of the NRAO will be shifting from construction to operation of
these major new facilities. The NRAO will be commissioning all of the data-processing tools and
user-support infrastructure that will enable the astronomical community to take full advantage of
their transformational capabilities. At the same time, the NRAO will continue to upgrade its
complementary facilities—the GBT and the VLBA—to match the forefront science requirements
of astronomy and astrophysics. Very importantly, the NRAO will interact with the community
through advisory committees and scientific workshops to identify key scientific goals and will
endeavor to help the community to achieve these goals as effectively as possible.
For the longer term, the NRAO will be working with the astronomy community to identify key
scientific areas that require new astronomical facilities in the cm/m wavelength range, such as the
SKA. To realize these next-generation facilities, the NRAO will play a significant and leading
role by devoting its considerable scientific and technical resources towards collaborative research
and development efforts with the community in design, prototyping, and eventual construction.
To implement these long-term objectives, the NRAO has formulated the following specific goals
for the next five years to guide our activities:

NRAO FIVE-YEAR GOALS, 2007–2011
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.

Deliver forefront science with the GBT, VLBA, and VLA/EVLA.
Continue ALMA construction on budget and on schedule, begin early science.
Continue EVLA I construction on budget and on schedule, begin early science.
Extend GBT capability, including observations at λ = 3 mm and new instrumentation.
Increase the sensitivity of the VLBA by a factor of 3–5.
Achieve an integrated approach to the NRAO science delivery for all astronomers.
• North American ALMA Science Center
• Array Science Center
• Green Bank Science Center
• Coordinated end-to-end operations
Formulate future plans with the community for the Decadal Review, including
EVLA/VLBA/GBT as the backbone of an “SKA High Frequency demonstrator.”
Foster the NRAO user community through: predoc program, student support program,
Jansky Fellowships, visitors program, university instrumentation program, data-analysis
support (funding permitting).
Extend the technology R&D program in collaboration with universities.
Develop new EPO programs that use radio astronomy to improve public understanding of
science.
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Goal 1: Deliver forefront science with the GBT, VLBA, and EVLA.
To achieve this objective, the NRAO will continue to operate and maintain its telescopes
efficiently and endeavor to enhance their capabilities. In addition the NRAO will hold regular
scientific workshops in collaboration with the community to identify important science initiatives
and ensure that its proposal-review and time-assignment policies and procedures will facilitate the
best and most-important science.
Key Objectives:
1. Encourage key and legacy projects through regular proposal calls and allocations of
observing time.
2. Hold staff scientific workshops to review development priorities every other year,
beginning in the fall of 2006 (early FY 2007).
3. Prioritize telescope capability-enhancement projects as part of the annual budget process
and work to budget funds for these activities: FY 2007–11, continuing.
Goal 2. Construct ALMA on budget and on time; deliver early science.
To meet this top-priority goal, the NRAO will continue strong project management, will ensure
that the re-baselined project plan is followed closely, and will work closely with the community
via science advisory committees such as the ASAC and ANASAC to achieve early-science
objectives.
Key Objectives:
1. Complete construction of the AOS Technical Building in April 2007.
2. Accept the first Vertex antenna at the OSF in June 2007.
3. Complete and deliver the first three front-ends by the end of FY 2007.
4. Install and make operational a quadrant of the correlator in the AOS TB by August 2007.
5. Begin two-antenna interferometry at the OSF in Q3 of FY 2008.
6. Begin Early Science operation in 2010.
7. ALMA Observatory start of full science operation in September 2012.
8. Complete NAASC staffing and prepare the astronomy community to use ALMA.
Goal 3. Construct EVLA I on budget and on time; deliver early science.
EVLA construction is a major priority for the NRAO, and progress has been very good to date.
To meet this goal, the NRAO will continue careful project management, analysis of scientific
priorities, and implementation of recommendations by its advisory groups.
Key Objectives:
1. Complete retrofit of antennas to EVLA design:
• Total of 12 in FY 2007.
• Total of 17 in FY 2008.
• Total of 23 in FY 2009
• Total of 28 in FY 2010.
2. Conduct on-sky tests with the prototype correlator by the end of FY 2007.
3. Set priorities for EVLA science and observing modes in FY 2007.
4. Complete the EVLA correlator and make it operational in FY 2010.
5. Finish the receiver bands and conclude the project in FY 2011.
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Goal 4. Extend GBT capability, including observations at λ = 3 mm and new instrumentation.
The GBT has been a great scientific success in its early years of operation and clearly has
considerable untapped potential. To meet this goal will require continued development of the
Precision Telescope Control System (PTCS) and the completion of new instrumentation such as
the Zpectrometer and the Penn Array camera. Science and instrumentation workshops will be
held to determine development priorities and the opportunities for collaboration with university
laboratories.
Key Objectives:
1. Commission the Zpectrometer wide-bandwidth spectrometer and the Penn Array
bolometer camera in FY 2007.
2. Determine priorities and strategy during FY 2007 for next-generation instrumentation
development following the September 2006 GBT Future Instrumentation Workshop.
3. Continue the PTCS project to achieve λ = 3 mm performance.
4. Achieve improved servo performance in FY 2007.
5. Achieve improved surface accuracy, FY 2007–FY 2009.
Goal 5. Increase the sensitivity of the VLBA by a factor of 3–5.
Continued scientific success of the VLBA requires improvements in sensitivity. We can meet
this goal by developing new high-bandwidth digital backends, installing disk-based recording
systems, and upgrading receivers. The NRAO will pursue these upgrades in collaboration with
our international colleagues.
Key Objectives:
1. Develop a plan in FY 2007 for the VLBA to reach 4 Gbps by FY 2011.
2. Upgrade two Mark 5A recorders to Mark 5B by the end of FY 2007.
3. Develop and pursue plans for internationalizing the VLBA during FY 2007.
4. Replace the VLBA correlator to achieve 4 Gbps by FY 2011.
5. Develop firm plans for eVLBI in FY 2008 and FY 2009.
Goal 6: Achieve an integrated approach to the NRAO science delivery for all astronomers.
To meet this goal, the NRAO will implement e2e Operations that facilitate access to all the
NRAO facilities by the astronomy community. e2e Operations will combine science support
across all the NRAO instruments so that the Observatory can develop and exploit commonality
and the resultant economies of scale.
Key Objectives:
1. Achieve mature e2e organization and process in FY 2007.
2. Transfer the proposal submission tool to the e2e Operations Division in FY 2007.
3. Complete all pipeline pilot projects in FY 2007.
4. Expand archive collection in FY 2007–08.
5. Achieve operational pipelines FY 2009–11.
6. Produce an Integrated Science Center concept by Q3 of FY 2007.

7.

Continue to participate in the NVO.
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Goal 7. Formulate future plans with the community for the Decadal Review.
To meet this goal, the NRAO is working actively with the community to develop plans for the
SKA and/or an SKA Demonstrator project. As concepts mature and progress toward
development and construction, the NRAO expects to assume a progressively larger role.
Key Objectives:
1. Continue the series of community (“Chicago”) meetings during FY 2007.
2. Appoint an SKA project scientist and working group during FY 2007.
3. Actively participate in the development of a concept during FY 2008–09 for consideration
by the next Decadal Review panel.
Goal 8. Foster the NRAO user community.
One of the NRAO’s principal missions is to develop the user community, including fostering the
next generation of scientists. This goal will be achieved through the pre-doctoral program, the
student support program, the Jansky Fellowship program, the visitors program, community
outreach for the EVLA and ALMA, the university instrumentation program, and data-analysis
support (funding permitting).
Key Objectives:
1. Expand the Student Support Program to include both the GBT and VLBA in FY 2007.
2. Review the scientific visitors program in FY 2007 for scope and effectiveness.
3. Expand the Jansky Fellowship program in FY 2007 to include opportunities for one-year
terms in Chile.
Goal 9. Extend the technology R&D program in collaboration with universities.
To enable the next generation of advances in radio astronomy, a strong R&D program for
instrumentation and techniques is required. In addition to invigorating in-house efforts, the
NRAO will actively collaborate with university laboratories in R&D. Such collaborations are
highly beneficial to both parties in that they may provide skills complementing the NRAO’s and
opportunities to support and foster university instrumentation labs, including student training.
Key Objectives:
1. Research HFET and HBT noise theory, FY 2007–11.
2. Develop MMIC technology for cm- and mm-wave receivers, FY 2007–09.
3. Develop tightly integrated front ends combining several passive and active components in
single block.
4. Develop technology for λ = 350 µm receivers, FY 2007–09.
5. Develop wide-bandwidth digitization and advanced correlator techniques, FY 2008–11.
6. Support university projects such as PAPER, FY 2007–11.
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Goal 10. Develop new EPO programs that use radio astronomy to improve public understanding of science.
Another principal mission of the NRAO is to enhance public science education and to build a
scientifically literate society. The Education and Public Outreach division will achieve this goal
through new and ongoing educational programs, a proactive program of press releases for
scientific discoveries, and new World Wide Web and brochure initiatives.
Key Objectives:
1. Fully integrate EVLA and ALMA into existing EPO programs, FY 2007–09.
2. Increase public access to the NRAO through digital outreach technologies such as the
World Wide Web, FY 2007–09.
3. Seek funding for a new visitor center at the VLA, FY 2007.
4. Achieve a combined annual visitation rate of 100,000 at the Green Bank and VLA Visitor
Centers, FY 2007–11.
The detailed goals for each telescope and project, described in the Long Range Plan, follow from
these overarching goals.
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B. Scientific Objectives
The NRAO’s priorities for the next five years are driven by the need to enable forefront science
and technology opportunities. Our goal for the end of 2011 is to operate four state-of-the-art
telescopes for the NSF that span the discovery space of radio astronomy and uniquely
complement ground- and space-based observatories at other wavelengths. The EVLA and
ALMA will be nearing full operation and will bring, respectively, a ten-fold and hundred-fold
improvement in sensitivity over existing arrays. The GBT will be mature in first-generation
capabilities and poised to exploit the technological breakthroughs of large-format imaging
systems. Such systems will give the GBT the point-source sensitivity of the interferometer arrays
plus the ability to conduct surveys of larger areas and to image more extended sources. The
VLBA will have marked sensitivity gains from wider bandwidth hard-disk recording systems and
will be prepared for real-time fiber-connected operation that will greatly improve sensitivity and
ease of use.
These facilities will thus have greatly improved scientific capabilities compared to the present.
The four telescopes—GBT, EVLA, VLBA, and ALMA—will operate with great synergy,
covering the discovery space of resolution, sensitivity, and frequency to image structures from
degree to sub-milliarcsecond scales in the submillimeter to meter wavelength range. The facilities
will be complementary to gamma-ray, X-ray, optical, and infrared facilities for multi-wavelength
research ranging from gamma-ray bursts to galaxy formation to studies of star formation.
Our key science opportunities for each telescope are listed below.

ALMA
•

Detect spectral-line emission from CO or CII in a normal galaxy like the Milky Way at a
redshift of z = 3 in less than 24 hours of observation and image the redshifted dust
continuum emission from forming galaxies at epochs as early as z = 10.

•

Image the gas kinematics in protostars and in protoplanetary disks around young Sun-like
stars at a distance of 150 pc, roughly the distance of the star-forming clouds in Ophiuchus
or Corona Australis. This will enable the study of their physical, chemical, and magneticfield structures and the detection of tidal gaps created by planets undergoing formation in
the disks.

•

Produce precise images of a wide range of mm/submm phenomena at an angular
resolution of 0.02 arcsec.

EVLA
•

Detect the galaxies responsible for the bulk of star formation out to z ~ 4 from
deep-field surveys down to 1 µJy, and trace the formation and evolution of
galaxies and active galactic nuclei (AGN) by imaging the molecular lines and
continuum emission from such galaxian structures at similar redshifts.
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•

Image the earliest formation and evolution of circumstellar disks and thermal jets in
deeply-embedded protostars, where the surrounding envelope is optically thick at ALMA
wavelengths, and demonstrate the growth of dust grains to cm-sized planetesimals in
debris disks.

•

Trace the energy outflow from neutron-star and black-hole binaries as well as from
explosive phenomena such as soft gamma-ray repeaters, quasars and AGN, novae, and
supernovae via high-resolution imaging.

•

Study the origins of cosmic magnetic fields by imaging magnetic fields in individual
galaxy clusters, in nearby spiral galaxies, and in relativistic jets.

GBT
•

Constrain the equation of state of high-density matter in neutron stars and make the most
stringent tests of general relativity in strong gravitational fields by discovering and timing
millisecond pulsars in globular clusters.

•

Identify a sample of circumnuclear H2O masers in distant (D ~ 100 Mpc) Seyfert galaxies
as part of an effort to measure the current expansion rate of the universe (H0) to 3%
accuracy and constrain the nature of dark energy.

•

Find the redshifts and molecular-gas masses of “submm galaxies,” candidates for dusty
proto-galaxies at high z, by spectroscopy instantaneously covering the entire band from λ
= 1.15 to 0.75 cm (26 to 40 GHz), using the Zpectrometer redshift machine funded by an
NSF ATI grant to the University of Maryland.

•

Study the evolution and structure of cluster gas as a function of redshift by imaging the
Sunyaev-Zeldovich effect, using the λ = 3 mm Penn-Goddard Array bolometer camera
now under construction.

VLBA
•

Image the circumnuclear water megamasers in distant AGN and determine directly their
black-hole masses and geometric distances out to z ~ 0.8.

•

Image the motions and evolution of jets in gamma-ray blazars at high radio frequencies to
determine the origin of gamma-ray emission and flares that will be detected by the
GLAST satellite.

•

Constrain the mass content and distribution of the Local Group, including the dark-matter
halo, by astrometric measurements of the proper motions of the galaxies, as demonstrated
for M33 recently.

•

Provide a detailed structural and kinematic map of our Galaxy by astrometric
measurements of pulsars, circumstellar masers, and binary stars.

•

Investigate and characterize the role of dark matter in the cosmos by studying
gravitational lensing.
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C. Telescope Science Operations Objectives
1. Atacama Large Millimeter Array
The NRAO has a 50-year record of successful construction and operation of large radioastronomical facilities that are beyond the scope of university-based research groups. The
Atacama Large Millimeter Array (ALMA) is recognized by the community as the next required
and transformational step in ground-based astronomy. ALMA represents an order of magnitude,
or more, improvement in all areas of millimeter astronomy, including sensitivity, resolution, and
frequency coverage, fundamentally enabled by the unprecedented quality of the Chilean site. No
millimeter telescope in operation or under construction has the power of ALMA for imaging the
formation and evolution of stars and planets, for detecting and studying galaxy formation back to
the first light in the universe, and for analyzing the chemical and physical conditions in cold
interstellar gas—the fundamental fuel for star formation.
ALMA construction is well underway, and the project has been thoroughly reviewed and
rebaselined, resulting in a well-understood cost to complete. The ALMA project is now planning
for the transition to operations. Unlike the EVLA and GBT, ALMA is not an addition to an
existing NRAO site but represents a major new facility at a new site. ALMA also differs from
previous NRAO operations in its international scope and design, including the location of the
telescope in Chile.
Since ALMA operations and the North American ALMA Science Center are new entities at the
NRAO, we use the following sections to describe in some detail the global ALMA operations
plan and then provide more detail on the specifically North American activities relating to ALMA
operations, including a list of primary goals in the coming five years.

ALMA Operations: Description
The ALMA Operations Plan (AOP) is dictated by the trilaterally approved ALMA Project Plan
(APP). The AOP was reviewed as part of the rebaselining efforts of 2005 and 2006, and it is
currently being revised to reflect the new baseline and Japanese participation through
collaboration of the Joint Alma Observatory (JAO) and the Executives. The basic principles of
ALMA operations defined in the APP are:
•

•

•

•

ALMA is a service observing facility for which the scientific demand will be very high.
Astronomers are not normally required to be present when their observations are
executed.
ALMA operational activities in Chile are limited to what is required to acquire, certify,
and archive the scientific data of the scientific teams proposing the observations; this
includes certain business functions and other activities requiring proximity to the array.
For safety reasons, the number of ALMA staff working at the array site at 5000 meters
elevation must be kept to an absolute minimum.
The main interface between the user communities and ALMA is through the Regional
Support Centers, including proposal handling and support for data reduction and archival
research.
Development work on hardware and software is contracted to the Executives.
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In this vision for ALMA operations defined by the APP, the JAO is primarily a service
organization for conducting those activities in Chile that are needed to deliver the scientific data
products required by the ALMA user communities. The interface to ALMA for each user
community is an ALMA Regional Center (ARC).
Global ALMA operations then has four components with the following responsibilities:
•

Array Operations Site (AOS), Chajnantor: ALMA telescope site—array reconfiguration,
site security, correlator. Emphasis is placed on modular design to mitigate high-site
maintenance.

•

Operations Support Facility (OSF), San Pedro: Operate array, select schedule blocks,
ensure adequate calibration, quick-look data monitoring, Quality Assurance 0 (QA0),
basic module repair, standard antenna maintenance, safety, administration.

•

Central Office (SCO), Santiago: Pipeline data processing, QA1, archive, business,
science office.

•

ALMA regional Centers (ARCs), Charlottesville, ESO, Tokyo: Proposal functions,
scheduling-block preparation, basic user support and feedback, archive copy and
research, QA2, hardware and software maintenance and repair, contribution to OSF
staffing, hardware and software development.

For North American users the ARC is located at the NRAO in Charlottesville and is operated by
the NRAO in cooperation with Canada. The ARC is responsible for core operations functions
defined by the trilateral project plan. The North American ARC is embedded in the North
American ALMA Science Center (NAASC) that provides additional support for the North
American community in order to maximize the scientific return of ALMA.
The NRAO is widely recognized as the foremost repository of scientific and technical expertise in
radio astronomy. Embedding the NAASC within the NRAO allows for savings arising from the
economies of scale that come from the pre-existence of a major astronomical observatory and
capitalizes on this expertise in many areas, including scientific-staff administration (the DSAA),
hardware and software development, and common EPO and educational programs, such as the
very successful Jansky Postdoctoral Fellowship program. Beyond these savings, incorporating
the NAASC into the NRAO leads to a much more vibrant scientific environment, with scientists
having access to expertise covering the frequency range from 75 MHz to 900 GHz. Such an
environment will foster unique astrophysical research, allow for more creative technical
development, provide a broader knowledge base for user support, inspire young postdocs and
students, and aid in the recruitment of quality staff.

Introduction to the North American ALMA Science Center (NAASC)
The NAASC serves as the access portal to ALMA for the North American scientific community,
providing the services to the North American ALMA user community that optimize the scientific
return of this truly unique facility. The NAASC will be the point of contact for North American
ALMA users from proposal submission to calibrated-data distribution and analysis.
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The primary goals of the NAASC over the next five years are:
•

Refine the ALMA operations plan both globally and in North America, and present a
staffing and funding profile for ALMA operations to the NSF by the end of FY 2006.

•

Establish the infrastructure and staffing of the NAASC in preparation for the routine
operations of ALMA scheduled to begin in 2012.

•

Assist in ALMA science verification and commissioning as defined in the AOP starting
in 2008, assist in early science observations scheduled for 2010, and capture expertise
from the construction project as it becomes available.

•

Educate the technical and non-technical communities on the importance of millimeterwave astronomy and on the use of ALMA.

•

Act as primary testers of ALMA user-related software.

•

Establish the ALMA archive and VO interface in collaboration with the NRAO e2e
Operations Division.

•

Work with the JAO to establish standard spectral-line catalogs and calibration databases.

•

Establish close ties with the scientific community, including the future ALMA
development program and potential grants-with-observing-time.

•

Support the first call for proposals, currently scheduled for late 2009.

Communications among the NAASC and the North American community, the global ALMA
project, and the rest of the NRAO have been well established through a number of mechanisms.
The ALMA North American Science Advisory Committee (ANASAC) acts as the conduit
between the NAASC and the North American science community, both informing the community
of the detailed progress of the project and providing key inputs into issues specific to North
American ALMA operations. Contact with our Canadian colleagues is maintained through
frequent telecons and an annual face-to-face meeting. Contact with the JAO and the other
Executives is the responsibility of the ARC head and is maintained through frequent telecons and
site visits. Coordination across the NRAO is the responsibility of the NAASC head and includes
working with the NRAO-wide efforts in e2e data-processing and archiving, the DSAA on
scientific-staff issues, the EPO division, and the NTC to ensure full utilization of the broad
expertise and talents at the NRAO, in keeping with the long-range goal of a fully integrated
NRAO science center.

Organization of the NAASC
The NAASC organization is shown in Figure C.1.1.
The North American ALMA Regional Center (NA ARC) is a subset of the NAASC. The NA
ARC operations are shown in purple. This division provides the ARC core functions as described
in the AOP. Indeed, for day-to-day operations, the NA ARC is considered to be an integral part of
overall ALMA operations. The ARC staff provides science support for their regional
communities. The AOP calls for scientists from the ARCs to rotate through Chilean operations,
assisting in ALMA operations and thereby providing the necessary close ties among the sites, and
keeping the ARC staff familiar with the realities of ALMA operations and capabilities.
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Figure C.1.1. Organization of the NAASC.
The NA ARC also manages the Technical and Data Management Divisions that provide hardware
and software maintenance, repair, and development (MR&D) services to ALMA. As specified in
the AOP, each ARC will maintain and repair the hardware and software that it delivers to the
project. The ARC staff, collaborating with and guided by the North American user community,
will also continue hardware and software development over the lifetime of ALMA. The tan boxes
indicate these combined services.
The NAASC includes functions beyond those called for in the AOP. These are the enhanced
services required to realize the transformational nature of ALMA and maximize its scientific
return for the North American community. These activities are organized within the Science
Development Division shown by light green boxes.
The tasks for each division are described in more detail below.

Science Division
The Science Division of the NAASC conducts only those functions required of and funded by the
NA ARC. The principal tasks for this division are given in the following three lists.
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Proposal and Scheduling Functions:
•
•
•
•
•

Design and implement tools for proposal construction and test the Proposal Submission
Tool (PST)
Provide assistance to users of the PST and conduct PST workshops
Issue calls for proposals and assist in global reviewing and ranking of proposals
Help successful proposers to generate observing scripts
Verify and correct observing schedule blocks and send them to the OSF

Four astronomers and two data analysts make up the staff handling these proposal functions
User Science Support:
•
•
•
•
•
•
•
•

Participate in Commissioning and Science Verification
Evaluate the pipeline and offline data-reduction software
Review and edit cookbooks and web-based help pages
Maintain the NAASC website
Staff astronomer-on-duty shifts at the OSF
Provide quality assurance at level QA02
Provide user feedback to the observatory
Provide post-observation user support for data reduction

Four scientists make up the staff supporting user science. Our experience at the VLA/VLBA is
that this staffing level would provide a minimal level of user support, essentially an electronic
helpdesk. We plan to provide more complete user support in the Advanced User Support
subdivision of the Science Development.
Archive Operations:
•
•
•
•
•
•
•

Maintain the NA archive hardware and database
Support data transfer from the main ALMA archive
Maintain archive software
Provide user support for the ALMA User Database
Improve the archive using local and user feedback
Provide web documentation on archive and VO functions
Provide archive VO expertise

The archive group has a staff of five: a database manager, two developers, and two archive
technicians. The current staffing is aimed at providing ARC core functionality for the North
American ALMA archive. The goal is to incorporate these functions into a broader NRAO-wide
science data archive and VO interface, and the NAASC staff will work closely with the NRAO
e2e Operations Division in these efforts.
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Data Management Division
The success of ALMA depends critically on its software systems, and the NAASC is responsible
for supporting the software that interfaces most directly with ALMA users—software to submit
and review proposals, construct observing programs, receive and distribute pipeline-produced
reference images, operate a data archive, analyze images, and organize communications with
users via email and the internet.
The principal tasks assigned to Data Management are:
•
•

Maintain and improve software constructed by NA (scheduling, real-time system,
pipeline, correlator, and off-line)
Develop software for new observing modes

Although the list is short, the tasks are large. The dominant role of data management in the
NAASC is similar to the role that computing plays in the science-support centers of the NASA
astronomy missions, ESO’s Very Large Telescope, and user-support groups of the other NRAO
telescopes, whose future evolution is to be patterned on the NAASC. The data-management unit
will have a team of 12: a unit head, a “software coordinator” who is responsible for project-wide
(Chile, Europe, and Japan) and the NRAO-wide software coordination, and ten software
engineers. The staffing ramp-up has been set by the need to capture qualified personnel as they
move off of the construction project.

Technical Division
Some engineering tasks, particularly for the Front End and Back End IPTs, require specialized
staff and test equipment that is located in North America but that would be expensive to replicate
and maintain in Chile. Such tasks will be subcontracted to the Executives. In NA this support
work will be managed and largely carried out by the NRAO Technology Center (NTC) located in
Charlottesville along with the NAASC. The following maintenance tasks are expected:
•
•
•
•
•

Cold cartridges for bands 3 and 6: replacing SIS mixers, LNAs, frequency multipliers;
reassembly and re-test
Warm-cartridge LO assemblies: replacing warm multiplier assemblies with MMICs, PLL
components, power amplifiers; reassembly and re-test
Board-level troubleshooting and repair of all types: power distribution, monitor and
control, etc
Maintaining all parts of the photonic LO system
Maintaining all parts of the digital data transmission system

The total staff required for these activities, based on experience during construction and in the
NRAO Technology Center, is 13 employees, including a Technical Head. The staffing ramp-up
has again been set by the need to capture qualified personnel as they move off of the construction
project. The construction staff will clearly be the most qualified to work with the ALMA
hardware in operations. The skill set for construction is perfectly matched to that needed in
operations, so we need to retain the best engineers and technicians as they are released from the
construction project.

Long Range Plan for FY 2007–2011
C. Telescope Science Operations Objectives

23

Hardware and Software Development
Continuing technical upgrades and developing new capabilities will be required to maintain
ALMA as a state-of-the-art facility for millimeter/submillimeter astronomy over the course of its
projected life of 50 years. The ALMA board has recognized this need, and the AOP includes
budgetary provisions for supporting relevant development projects. These projects will be
proposed by the Executives, in partnership with the JAO, to the ALMA Board. Some will then be
selected by the ALMA Board and conducted within the proposing communities.
ALMA development projects are intended to keep pace with ever-improving technology. They
include new receiver bands or improvements to existing bands, improved digital systems (LO/IF
and correlator), computing upgrades with matching modern software, and new techniques and
software for data calibration and imaging.
In North America we plan to involve the user community in the design and implementation of
ALMA development in two ways. First, the community will drive scientific priorities through
regular, open, and international workshops as well as through the ANASAC. Second, some of
the hardware and software development tasks can be contracted out to the community on a
competitive basis. The ANASAC has been asked to present a report to the NRAO outlining
potential methods and mechanisms for community involvement in ALMA development.

Science Development Division
The tasks for the Science Development Division are:
•
•
•
•
•
•
•

Advanced User Support: expert user assistance, large-project support, reprocessing large
and/or complex datasets
Advanced software development in data analysis and visualization, scientific simulations,
and observation planning tools
Professional development: postdoc and student programs
Organize and assist university groups to do demonstration science
Maintain ALMA presence at meetings
EPO support: Schedule talks, organize workshops and summer schools
Maintain the ALMA users database

The Advanced User Support staff performs the service functions that enable NA ALMA users to
fully explore and exploit the telescope’s capabilities. A very modest staff of three astronomers
and four programmers is required to support these activities. The training activity includes three
ALMA postdocs, four Jansky Fellows, and two pre-doctoral students. The ALMA contribution to
the NRAO EPO division involves a staff of five. The Science Development Division represents a
small (13%) increase in the cost of ALMA operations with a large return—a fully functional
science center—thereby maximizing the scientific productivity of ALMA and the
competitiveness of the U.S. community.
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User Grants-with-Observing-Time
The User Grants Program is meant to support ALMA data reduction, analysis, and publication by
the U.S. user community; it is analogous to the NASA programs for the HST, Spitzer, and
Chandra. Such programs have been critically important to NASA missions, leading to a very
healthy and productive user community. Such a program was strongly endorsed by the last
Decadal Report for Astronomy and Astrophysics for new NSF-funded facilities.
The ALMA North American Science Advisory Committee (ANASAC) has been charged with
determining the desire and scope for such a program. Their report is due August 1, 2006, and its
recommendations will be incorporated into the NAASC plan.
Several independent approaches arrive at the same cost estimate of about $10 million annually
when ALMA is in full operation (CY 2013+). This amount would provide about $30,000 to each
of about 300 programs of average size, eight hours of observing each, and is comparable with
support provided by current NASA missions. The ANASAC is considering the amount in detail,
with one possible option being to fix it as a percentage (e.g., 15%) of the NSF PI grants program
budget.
This program is not for funding the NRAO but for funding going directly to the user community.
The NRAO is acting as an advocate for the community in this regard, with direct guidance from
the ANASAC. We view this program as essential for the success of ALMA in the U.S.

Chilean Operations
In the steady state of ALMA operations, more than half of the ALMA operations budget will go
to Chilean operations. The JAO is currently revising the operations budget based on the trilateral
agreement and the rebaselined project. The dominant budget elements for the next year will be
purchases of start-up operations equipment and for hiring and training the first key operations
personnel, for example, the Head of Operations and Head of Administration, who will further
develop the details of the ALMA Operations Plan.
In order to do business in Chile, the NRAO/AUI has established an office of Chilean affairs. In
the steady state, this office has a staff of eight people, including a secretary, a scientific liaison to
the Chilean community, and business and personnel administration. This office is currently
supported by ALMA construction but will transition into operations over the coming few years.

Operations Milestones
Table C.1.1. NA ALMA Long-Range Milestones FY 2007–2011
Item

FY
2007

Start of Commissioning/Science
Verification
Start Astronomer-on-Duty tours to Chile
Early-Science Decision Point
Issue Call for Proposals
Start of Early Science (cycle 1)
TAC Support
PST: external test
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FY
2008
X

FY
2009

FY
2010

FY
2011

X

X
X
X
X
X

X

X

X

X

X

X

X
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Item

FY
2007

PST: pre-support testing
PST: generate/update cookbook
PST: helpdesk support
ObsTool: external test
ObsTool: pre-support testing
ObsTool: generate/update cookbook
ObsTool: start helpdesk support
Start schedule-block validation
Offline: external test
Offline: pre-support testing
Offline: generate/update cookbook
Offline: start helpdesk support
Start of the ARC Mirror Archive
Pipeline: Heuristics face-to-face meeting
Science Workshop
mm/submm Summer School
NA ALMA Development Workshop

X

X

X
X

FY
2008
X

FY
2009

FY
2010

FY
2011

X
X

X

X

X
X
X

X
X

X
X

X
X

X
X

X
X
X
X

X
X
X

X
X
X
X
X
X
X

X
X

X
X
X
X
X
X

Staffing the NAASC is driven by the milestones presented in Table C.1.1. Specifically, ARC
staff must be intimately familiar with all of the software systems that they are responsible for
documenting and supporting. These include the Proposal Submission Tool (PST), the Observing
Tool (ObsTool), and the offline data-reduction and analysis software. External tests are planned
for each of these systems until approximately one year before their planned deployment, which is
tied to the Early Science Decision Point (ESDP). The exception is the offline system, which must
be ready for use at the start of the Commissioning and Science Verification (CSV) phase.
NAASC staff will participate in CSV as a means of training for their required Astronomer-onDuty support.
The Early Science Decision Point, currently scheduled for February 2009, is a trigger point for
many NAASC functions. Most immediately, the ESDP will trigger the first Call for Proposals for
the initial ALMA observing modes. Prior to this decision point, the NAASC staff will have
thoroughly tested each of these software systems and generated preliminary user “cookbooks”
supporting web-based material. These will be updated yearly. The start of Early Science, eight
months after the ESDP, will mark the start of NAASC user support of all these systems, via a
help-desk model.
NAASC staff will also provide vital feedback to the pipeline software team on pipeline heuristics.
Yearly face-to-face meetings are planned with the pipeline heuristics team to prepare for
deployment of the science pipeline in 2011. That milestone corresponds to the start of the ARC
mirror archive.
The NAASC will also perform science enhancing functions beyond basic user support. These
were described in the preceding section. Tasks that drive the staffing level are supporting
NAASC Science Workshops (with the first having taken place in January 2006, and the next
scheduled for June 2007), starting NAASC summer schools in 2008, and starting the ALMA
student and postdoc programs.
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2. Green Bank Telescope
During the period FY 2007 through FY 2011 we will continue our phased approach to GBT
developments. In the first two years we will focus on providing excellent capabilities for
observations to λ = 6 mm (50 GHz) with some initial λ = 3 mm work. More complete capabilities
at λ = 3 mm will be delivered in the subsequent three years. The plans as described here are more
modest than presented in the FY 2006 Program Plan because they reflect a decreased budget and
consequent loss of some key technical staff in FY 2006. Nevertheless, it is still a very ambitious
development program.

Development Plans FY 2007–2008
Our key science-operations objectives during this period are:
Azimuth-track refurbishment complete and telescope performance restored: This is a major
engineering effort culminating in a three-month shutdown planned for summer 2007. During this
period the antenna will be fixed in azimuth, but we expect to provide limited transit-telescope
operation. Some other engineering work may be performed at the same time, specifically
upgrading the antenna drive interlock/fault-monitoring systems and possibly the turret rotator if
mechanical-engineering effort allows. At the end of this period the track will be restored to the
original specification. Antenna performance will be re-characterized and new pointing models
will be developed in the month following the shutdown.
Production Ka-band (26–40 GHz) and Q-band (40–50 GHz) continuum and spectral-line
operations: By fall 2006 we should have completed refurbishing the Ka-band (26–40 GHz) and
Q-band (40–50 GHz) receivers. The GBT will offer unique capabilities in these bands, well suited
to much-anticipated observations of extremely high-redshift carbon monoxide (CO).
Zpectrometer for Ka-band complete, commissioned, and converted to common-user status:
The Zpectrometer is the wide-band analog spectrometer under construction by Prof. Andy Harris
at the University of Maryland. Green Bank staff will provide software development, interfacing,
and other support. The Zpectrometer covers the full 14 GHz-wide Ka band with a set of analog
lag correlation spectrometers in a multichannel correlation-radiometer architecture. The
Zpectrometer’s bandwidth and stability, combined with the GBT’s collecting area, enable
sensitive and efficient spectral searches for molecules in high-redshift galaxies. The instrument is
optimized for observations of low-excitation spectral lines from the CO molecule in the redshift
ranges 1.88 < z < 3.43 and 4.76 < z < 7.87. These ranges are of intense current interest because
they may correspond to the eras when most of the stars in the universe formed and when galaxies
were assembled, respectively. In FY 2007 we will perform initial observations including
engineering, commissioning and science verification by the instrument team in collaboration with
GB staff and PI science by the instrument team. In FY 2008 the Zpectrometer will begin its
transition to a facility instrument.
Penn Array complete and commissioned and early-science observations underway: The
Penn Array is a 64-pixel bolometer camera for the λ = 3 mm band that is being developed by a
consortium of the University of Pennsylvania, NASA-Goddard, NIST, Cardiff University, and the
NRAO, and funded largely through the NRAO University-built Instrumentation Program. The
camera has an 8 × 8-pixel array with full spatial sampling; the field of view is approximately
30" × 30" and the angular resolution is about 8" per pixel. The detector array is made up of state-
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of-the-art Transition Edge Sensors (TESs) with SQUID multiplexers, all cooled to a cryogenic
temperature of 0.25 K. The sensitivity of the array should be better than 500 µJy/√sec per pixel.
It will undergo initial engineering commissioning and early-science observations in FY 2007 and
FY 2008.
Initial development of dynamic scheduling: To date, the GBT has had a limited form of
dynamic scheduling in which, for example, a high-frequency and a low-frequency proposal are
paired over two days and the high-frequency observers choose which day they will use. Optimal
use of the GBT for high-frequency observing requires full dynamic scheduling. We anticipate that
dynamic scheduling will be implemented in three stages: a prototype (Stage I), an initial barebones implementation of the system (Stage II), and full implementation (Stage III). Stages I and
II will occur in FY 2007 and FY 2008, respectively.
Continued telescope performance improvements: Progress on the Precision Telescope Control
System (PTCS) project, designed to achieve full λ = 3mm operation of the antenna, slowed in FY
2006 following the loss of some key personnel. However, progress was made in measuring and
correcting large-scale surface errors, with the result that the antenna performance is acceptable for
50 GHz operation and, under benign conditions, adequate for initial Penn Array commissioning.
During FY 2007 the PTCS project will concentrate on antenna-trajectory generation and servo
improvements, which will benefit observations at all frequencies. We will also perform a detailed
characterization of the surface errors on small to intermediate scales, which now appear to
dominate the error budget. A campaign to correct these errors will be undertaken in FY 2008.
RFI Mitigation: The installation of the complete GBT RFI Monitoring Station, with directional
and omni-directional antennas covering frequencies between 100 MHz and 3 GHz, will provide a
useful tool for developing RFI excision techniques for GBT data. This facility will enable
continuation of the work that Rick Fisher pioneered as well as investigations of new technologies
for active interference nulling. This is a naturally collaborative effort to which universities and
other observatories (Haystack, ATA, DRAO, Arecibo, Effelsberg, Parkes) could contribute, and
results could be applicable to other NRAO facilities and other telescopes as well.
User-friendliness, “end-to-end” processing, and virtual-observatory initiatives: The GBT
will participate fully in the NRAO-wide initiatives in these areas. Where appropriate, we will
move to common proposal submission and observation preparation tools, and we will collaborate
on development of data-analysis pipelines, a full searchable archive, and the NVO.

Development Plan FY 2009–2011
The key goals for FY 2007 through FY 2008 will be to provide outstanding science capabilities at
wavelengths longer than 6 mm, while the Penn Array will produce key science results and
demonstrate the ability of the GBT to perform at λ = 3 mm. The main goal during the three-year
period FY 2009 through FY 2011 will be to convert the Penn Array to common-user operation
and provide full λ = 3 mm observing capability with improved antenna performance and
spectroscopic instrumentation. We also expect to start work on “next generation” GBT
instrumentation. The details of this period are necessarily less certain and will undoubtedly
evolve. Nevertheless we expect to make progress on the following major projects as well as a
number of smaller initiatives.
Conversion of the Penn Array Receiver to common-user status: After our experience with
commissioning and initial operation of the Penn Array in FY 2007 and FY 2008, the operational
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modes and required data-reduction and processing steps will have been well understood and
prototyped. Beginning in FY 2009 we will convert this instrument to full common-user
operation, including a data-reduction pipeline.
Initial λ = 3 mm spectroscopic observing capabilities: Construction of a W-band (68–92 GHz)
dual-feed heterodyne receiver is already underway. Its commissioning will require improved
antenna performance and the availability of scientific staff members who are currently
commissioning the 25–50 GHz heterodyne instrumentation and the Penn Array. We expect to
complete construction of this receiver by the end of FY 2008. It will be commissioned and
brought into operation at the start of FY 2009 for the Winter 2008/09 observing season.
When it is installed, the W-band receiver will have its own copies of the extremely sensitive
continuum (Caltech Continuum Backend II) and wideband spectral-line (Zpectrometer II)
backends to give it the fullest range of observing modes.
Precision Telescope Control System: To achieve the required performance for full Penn Array
and W-band receiver operation, we will need to complete the full PTCS implementation as
proposed at the 2003 PTCS Conceptual Design Review, modified by subsequent experiences.
The “next generation” instrumentation program: By FY 2009 we should be in a position to
start the next generation of GBT instrumentation development. We held a workshop in September
2006 to revisit GBT development priorities in light of recent scientific, technical, and
software/data-handling advances, and to plan the second generation of GBT instrumentation,
which will include wide-field imaging arrays. We might expect the following major
developments:
Advanced Pulsar Backend
This would be a successor to the current GASP / CGSR-II pulsar machines. A proposed
specification would be:
•
•
•
•
•
•

Very wide (~1 GHz) bandwidth. A point of reference is ~600 MHz of usable bandwidth
between 1650 and 2250 MHz
High bit sampling
Full Stokes capability
Some built-in RFI excision capability (e.g., transient wideband and narrowband RFI
removal. Our bandwidths now are limited by very strong narrowband RFI)
Ability to provide filter-bank-style output
Ability to output coherently de-dispersed sub-bands

The machine would probably be a combination of DSP-style hardware (i.e. FPGAs) and a
computer cluster. Significant software would be required. The existing machines (GASP and
CGSR-II) provide some of this capability now, but only over 64–128 MHz of bandwidth. They
do all of their processing on compute nodes and have no built-in RFI excision. The new machine
would provide a major advance in observing capability in this scientifically important area of
research.
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The Next Generation of Array Receivers
The combination of high sensitivity, unblocked aperture, and wide field-of-view of the GBT is
ideally matched to focal-plane array receivers. These would be major construction projects that
we might hope to initiate during the FY 2009 to 2011 timeframe, likely in collaboration with
university consortia.
A large spectroscopic focal-plane array at millimeter wavelengths would enable a powerful new
set of scientific capabilities with the GBT, both as a stand-alone instrument and in combination
with millimeter-wave interferometers. Such an array would enable observers to map a number of
molecular transitions in clouds in the Galaxy and in nearby galaxies at 8" angular resolution with
the sensitivity of a 2,000 m2 effective collecting area. We anticipate the bulk of the construction
funding would come from an external NSF grant, but we would expect Green Bank staff to make
a significant contribution to the project so that it would be well integrated and supportable once
installed on the GBT.
Large-format bolometer arrays have shown perhaps the most rapid advances of any area of
millimeter-wave technology. It is now quite feasible to build arrays of several thousand pixels,
and this is in fact being done with the SCUBA-2 project on the JCMT. It is reasonably
straightforward technically to expand our current TES/Squid MUX architecture to 1000 pixels
and to duplicate SCUBA-2. Again, this is an area that would be ripe for collaboration with
external labs and universities. Like the heterodyne array, this would be a multi-FTE multi-year
project with enormous scientific potential. The most prudent course for now is to bring the Penn
Array online, evaluate the initial results, and then pursue the large-format camera if possible.

Table C.2.1. GBT Primary Science Operations Objectives, FY 2007–2011
Item
Azimuth track refurbishment complete, performance restored
Zpectrometer functional tests complete
Zpectrometer science validation complete
Penn Array engineering tests complete
Penn Array science validation complete
Penn Array converted to common-user status
Dynamic scheduling test phase complete
Dynamic scheduling Stage II commences
Dynamic scheduling Stage III commences
Laser rangefinder V2 development complete
Antenna small-scale surface errors characterized
Antenna small-scale surface errors corrected
Full λ = 3 mm antenna performance delivered
W-band (68–92 GHz) receiver complete
Future GBT instrumentation workshop
Detailed next-generation instrumentation plans developed
Next-generation instrumentation construction commences
Next-generation instrumentation construction complete
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3. Very Large Array
The VLA consists of twenty-seven 25 meter antennas arranged in a Y-shaped configuration, with
nine antennas on each 20 km arm of the Y. The antennas are transportable along double rail
tracks and may be used at any of 72 stations. The antennas are cycled among four standard
configurations that provide maximum baselines of 1, 3, 11, and 36 km. Additional “hybrid”
configurations with a long northern arm are used to provide optimal imaging of sources in the
south. Reconfigurability provides the VLA with variable resolution at a fixed frequency and
fixed resolution at multiple frequencies. A full cycle of all configurations lasts 16 months,
deliberately out of phase with the year (and hence out of phase with the weather).
The VLA now supports eight frequency bands that normally can be remotely selected by means
of subreflector rotation. The primary operational bands are centered at 0.074, 0.327, 1.5, 4.8, 8.4,
15, 22, and 45 GHz. The 74 MHz system consists of dipoles that are mounted periodically for
short campaigns and then removed because they have a minor impact on the sensitivity at some of
the other frequencies. The 15 GHz systems have amplifiers dating to the beginning of the VLA
in the 1970s that perform quite poorly by modern standards, so they have been used for only
about 100 hours of observing per year in recent years. (As VLA antennas are retrofitted to
Expanded VLA (EVLA) capabilities, the 15 GHz systems are removed from the antennas and
will not be replaced until 2010.) The VLA has full polarization capability in all continuum and
spectroscopic bandwidths ranging from 50 MHz to 195 kHz. Within certain total-bandwidth
limitations, 512-channel spectroscopy is supported in all bands.
The VLA is undergoing a complete electronics renovation as part of the EVLA Project, which is
described in Section D.2. Thus the long-range plan for the VLA is to build the EVLA and make
its new scientific capabilities available to the user community as rapidly as possible. The
locations of the EVLA antennas will remain as before, but their sensitivity and frequency
coverage, together with the spectroscopic capabilities of the new correlator, will change
dramatically. More detailed descriptions of the EVLA technical characteristics may be found in
the Section D.2. Here, we merely provide a synopsis of some of the more important scienceoperations capabilities and how we expect them to evolve over the next five years. Figure C.3.1
below shows the current long-range schedule for availability of new frequency bands on EVLA
antennas, with the number of antennas available at each wide band plotted as a function of time
from 2006 through the end of 2012. In addition, Table C.3.1 lists the primary new scienceoperations objectives over the period through FY 2011.
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Figure C.3.1. EVLA wideband tuning capability as a function of time for the eight new EVLA bands

Table C.3.1. VLA Primary Science-Operations Objectives, FY 2007–2011
Item
Return the 6th EVLA antenna to the VLA
Begin offering new frequency coverage to
proposers
Decommission the Modcomp computers
Return the 11th EVLA antenna to the VLA
First on-sky test of the EVLA prototype
correlator
Operational dynamic scheduling for most VLA
time
Return the 17th EVLA antenna to the VLA
First astronomical tests with a subset of the
production correlator
Initiate the next round of VLA antenna painting
First use of the EVLA by general proposers
EVLA correlator operational; the VLA
becomes the EVLA
Complete the VLA tachometer and Antenna
Control Unit upgrade
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4. Very Long Baseline Array
Background
The Very Long Baseline Array (VLBA) is the world’s leading instrument devoted to Very Long
Baseline Interferometry (VLBI), with ten antennas distributed throughout the United States in a
configuration that optimizes the distribution of baseline lengths and orientations. It is the only
dedicated VLBI imaging telescope in the world. The VLBA has baselines between 200 and
9,000 km that provide angular resolutions as fine as 0.1 milliarcsec at 86 GHz. The shortest
baselines, and hence the highest concentration of antennas, are near the VLA for optimal joint
observations. The antennas are 25 meters in diameter and are of an advanced design that gives
good performance at 43 GHz and useful performance at 86 GHz. The antennas are operated
remotely from the Socorro Array Operations Center (AOC); local intervention is required only
for recording-media changes, routine maintenance, and troubleshooting. The old tape-based
system has now been completely replaced by modern disk-based (Mark 5) recorders. These
eventually should permit recording rates up to 1024 Mbps with media changes once every 24
hours (or longer), eight times the previously sustainable rate of 128 Mbps.
The VLBA correlator is located at the AOC and is able to correlate as many as eight baseband
channels from each of 20 antennas simultaneously. For most modes the correlator can provide
1,024 spectral points per baseband channel, and up to 2,048 spectral channels per baseline can be
provided for each recorded signal. In order to address new scientific questions and effectively
combine its long baselines with the shorter baselines of the VLA, increased bandwidth is critical
for the VLBA. This will require a substantially increased capability for VLBA data acquisition
and correlation.
The VLBA has a number of unique capabilities; it is the:
•

Only full-time telescope for imaging objects on sub-milliarcsec scales.

•

Only VLBI instrument with antenna locations chosen for optimal imaging capability
over a wide variety of scales.

•

Only VLBI imaging telescope that can repeat identical observations on time scales from
days to years.

•

Only VLBI imaging telescope with identical, commonly calibrated antenna and
telescope systems, permitting relatively easy image production.

•

Only time sampling and common calibration permitting relative astrometric accuracies
as good as 10 microarcsec and absolute astrometric accuracies of 100 microarcsec.

•

Only VLBI imaging telescope with excellent sensitivity and imaging characteristics at
short wavelengths (1.3 and 0.7 cm, or 22 and 43 GHz), with some imaging capabilities at
λ ≈ 3 mm (86 GHz).

•

Only VLBI instrument with full-time dynamic scheduling, enabling access to high radio
frequencies under the best conditions plus rapid response to time-critical targets such as
outbursts of galactic microquasars.

•

Only sky coverage ranging from the North Pole (90 degrees declination) to about −45
degrees declination for most antennas, including about 85% of the celestial sphere.
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International VLBI Network (IVN)
The long-range science operations objectives for the VLBA must take advantage of the unique
capabilities listed above. On the one hand, a scientific ideal would be to combine the VLBA
more frequently with other arrays of radio telescopes in an “International VLBI Network,” a
possible extension of the present High Sensitivity Array (HSA) that includes the VLBA, VLA,
GBT, Effelsberg, and Arecibo. On the other hand, such observations would be limited to
relatively low frequencies, at fixed times, and in conjunction with antennas located farther north
(in Europe) that are calibrated less precisely. For example, a critical scientific endeavor for the
VLBA from FY 2008 through FY 2011 will be to respond to gamma-ray flares detected in blazars
by the Gamma-ray Large Area Space Telescope (GLAST). To be scientifically useful, this
response will require repeated VLBI imaging observations at high radio frequencies and
scheduled with short lead times, taking advantage of several of the key VLBA capabilities not
available in the rest of the world. Thus, a challenge for the next few years will be to establish the
IVN without sacrificing the distinct advantages of the VLBA.

Increased Observing Bandwidths and Continuum Sensitivity
The primary limiting factor for the VLBA is its low data rate and consequently low bandwidth
and sensitivity. For an instrument with such long baselines, only sources of high surface
brightness are detectable. As demonstrated in the past, increases by factors of 5 to 10 in
sensitivity at any waveband result in substantial scientific gains. Thus our primary operations
goal for the VLBA is to achieve a sustainable data rate of 4 Gbps in 2011, compared to the
original design of 128 Mbps that is still used. The increase by a factor of 32 in data rate
corresponds to a factor of 5.7 in continuum sensitivity, which will enable deep imaging of objects
such as radio-quiet and low-luminosity active galaxies, microquasars in their non-outburst states,
and supernovae/supernova remnants in nearby starburst galaxies; it also enables better phase
calibration by reducing source/calibrator separations. The higher data rate also will be critical for
spectral-line sources such as extragalactic water masers. Those masers, orbiting massive black
holes, have a total velocity spread that cannot be covered by the current limited-bandwidth
system; data rates of at least 1024 Mbps (and sometimes 2048 Mbps) will be needed to take full
advantage of the VLBA astrometric capabilities for imaging the extragalactic water masers.
Increased data rates also will significantly increase the number of detectable stars for astrometric
study. The maximum capabilities of the present VLBA correlator are 512 Mbps for 20 stations
and 1024 Mbps for 10 stations, both with significant operational limitations. Hence, the
operations plan must involve replacement of that correlator. We are investigating three options
for correlator replacement, all of which may be feasible near the end of the 2007–2011 time
period. Further discussion of the necessary technical developments may be found in Section D.4.

Space VLBI
Space VLBI promises even higher resolution imaging than that available with the VLBA alone,
as was demonstrated by the VSOP mission in the late 1990s. Scientifically, space VLBI may be
quite important for detailed modeling of the inner jets and accretion disks of active galaxies, as
well as for black-hole mass and distance determinations of megamaser galaxies. In recognition of
the scientific importance of space VLBI, ARISE (Advanced Radio Interferometry between Space
and Earth) was one of the projects recommended by the NRC decadal committee for 2000–2010.
Although NASA’s funding situation makes the specific ARISE mission unlikely before 2020, the
Japanese VSOP-2 mission presently is scheduled for launch in 2012. With frequencies as high as
43 GHz and 1 Gbps data rates, VSOP-2 is a perfect match for the VLBA and also requires the
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VLBA for significant science return. Although the VSOP-2 launch date is just beyond the fiveyear span of 2007–2011, a 1 Gbps VLBA capability will be required for VSOP-2, and we expect
considerable operational planning to take place during this period. At present the baseline
correlator for VSOP-2 will be a new Japanese/Korean correlator. If a new VLBA correlator is
implemented before 2012, it is likely that this will become an important part of the VSOP-2
mission, just as the VLBA correlator was critical for VSOP.

Spacecraft Navigation
Work done with the VLBA in FY 2004 and FY 2005 demonstrated that the VLBA has the
capability to provide spacecraft navigation of interplanetary spacecraft. We are poised to turn
this into an operational capability, though data turnaround sufficiently rapid for planetary
encounters may require some form of electronic VLBI (see Section D.4). Implementation of such
an operational capability is dependent on whether or not NASA considers it necessary to invest in
the VLBA capability to improve the reliability and cost-effectiveness of their missions.

Operations Milestones
Some key science-operations milestones are provided below in Table C.4.1; more details of how
some of the longer-term milestones may be achieved are contained in Section D.4.

Table C.4.1. VLBA Science Operations and Development Milestones
Item
Conversion of the HSA to Mark 5
Correlator achieves 17 Mark 5 inputs; last tape
drives discarded
Increase the sustainable data rate to 256 Mbps
Maintenance visits to FD, OV, and BR
Unattended data correlation 50% of the time
Begin GLAST rapid-response observations
Increase the sustainable data rate to 512 Mbps
Complete St. Croix rustproofing
Conversion to Mark 5B (enables 1024 Mbps)
Install new digital back-ends on the VLBA
Select the correlator replacement
First eVLBI with subsets of VLBA stations
Begin installing 4 Gbps recording capability
Operational spacecraft-navigation capability
Install the correlator replacement
Carry out the first VLBA observations at 4 Gbps
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D. Technical Capability Development Objectives
1. Atacama Large Millimeter Array
Over the next five years ALMA will move from a recently rebaselined project to become one of
the most powerful astrophysical tools every conceived. FY 2007 will be a pivotal year because
many of the deliverables are the first few units for ALMA. In 2008 the project will move into the
real production phase: antennas will start to arrive at the rate of one every two months, and AIV
will be in full swing with two-antenna interferometery beginning at the OSF in the spring. By the
end of 2008 sufficient Central LO capability will be in place to support the first eight antennas,
and commissioning will have started at the AOS. The first ESO Antenna will arrive in Q4 2008.
Major ALMA milestones through CY 2011 are listed in table shown below.

Table D.1.1. Major ALMA Milestones
Activity ID
1.03.1.25.05.010.90.20
1.03.1.25.10.040.40
1.03.1.25.05.020.85
1.03.1.25.05.220.85
1.03.1.25.05.490.85
1.03.1.25.10.050.100
1.03.1.25.10.250.100
1.03.1.25.10.500.100
1.03.1.55.30.50
1.04.4.08.050
1.04.4.75.10.30
1.04.4.75.30.30
1.06.1.3.3.8.30
1.06.1.3.6.4.40
1.07.1.50.105
1.07.1.55.70
1.07.1.60.55
1.07.1.65.60
1.07.1.70.50
1.07.1.75.60
1.07.1.80.65.15
1.08.1.8.6.24.14
1.08.1.8.6.42.06
1.08.1.8.6.18.3.36
1.08.1.8.6.24.26.082
1.08.1.8.6.30.014
1.08.1.8.6.42.04.22.082

Activity Description
Full Acceptance - NA Antenna 1
1st Antenna: Acceptance Review EU
Provisional Acceptance - NA Antenna 2
Provisional Acceptance - NA Antenna 12
Provisional Acceptance - NA Antenna 25
Provisional Acceptance - EU Antenna 2
Provisional Acceptance - EU Antenna 12
Provisional Acceptance - EU Antenna 25
Transporter Accepted at OSF (Unit #1)
Front End CDR
NA FE Test & Integration Center operational
EU FE Test & Integration Centre Operational
Correlator First Quadrant shipped to Chile
In Chile Ready for AOS - 4th Quadrant Correlator
Correlator SW Commissioning at AOS
R7.0 Development of Pipeline SW
R6.0 Development of Scheduling SW
R6.0 Development of Observation Preparation SW
R6.0 Development of Off-line Data Reduction SW
R6.0 Design of Telescope Calibration
Integrated Release (IR6.1)
Ant 1 & 2 OSF Interferometer Start
Start AOS 3 Antennas Interferometry for
Commissioning/Early Science
Central LO Racks 1 of 5 Shipments [Racks #1,2,3,5 & 8] AIV Receive
Antenna AIV Complete 1
Antenna AIV Complete 2
Antenna AIV Complete 3
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Science Verification will begin in 2009 with three ALMA-B antennas and one ALMA-J 12 m
antenna. In 2009 ALMA will cross the threshold of having six commissioned antennas and a
decision can be made about proceeding with the call for proposals for Early Science.
Figures D.1.1 and D.1.2 show the ALMA critical path and the expected numbers of antennas
released to the array, respectively.

Rev 3 – September 28,
2006

ALMA Critical Path Sep ‘06
2006

1

2

3

2008

2007
4

1

2

3

4

1

2

2009

3

4

1

2

3

2010
4

1

2

3

2011
4

1

2

2012

3

4

1

2

3

4

Antenna
Contractors

Jan’07 Acceptance of NA VertexRSI Erection Facility
NA Antenna Contractor On-Site Build & Deliver – 25 Antenna
1st PA

2nd

6th

10th

15th

25th

ESO AEM Erection Facility
Ant Transporter Fab. & Del.
1st

ESO Antenna Contractor On-Site Build & Deliver – 25 Antenna
1st PA

2nd

10th

25th

OSF

June `07 Start AIV Antenna #1 At OSF
Mar ’08 – May ’08 AIV 2 Ant Interferometry at OSF
June `08 AIV 3 Antennas Ready to Start AIV At AOS

AOS

ALMA Integration,
Commissioning, Science
Verification, & Early
Science

Nov `06 ALMA SE&I Ready to Support Antenna Contractor at OSF

Nov ’08 – Mar ’09 Commissioning First 6 Antennas
Science Verification of Array
Mar `09 Decision Point for Early Science Capabilities
Jan `10 Start of Early Science
Early Science
ALMA Observatory Start of Full Science Sept ‘12

Figure D.1.1: Top-level ALMA schedule showing the critical-path items.
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Figure D.1.2. The planned release of Antennas by AIV (the ALMA-B
antennas are shown in blue and the ALMA-J antennas are pink)
In 2010 ALMA will already be the world’s most powerful mm/submm array and Early Science
will start. ALMA’s imaging capabilities should begin to approach their ultimate level as the array
passes the 32-antenna mark and all four quadrants of the correlator are brought into use. As the
full complement of antennas of ALMA are commissioned and made available for science, ALMA
will fulfill its potential and will be able to address the level-one science goals

2. Expanded Very Large Array
The Very Large Array (VLA) is the most productive radio telescope ever built. Because of its
combination of sensitivity and flexibility, it has been used by thousands of astronomers from
every continent for research that spans the entire breadth of modern astronomy. Yet the VLA is
limited in its ability to address the key questions of twenty-first century astrophysics. The
antennas, site, array layout, and infrastructure—the most expensive components of any array—
are fundamentally sound and will remain so for as long as the array is maintained. But the
electronics on which the data transmission and processing are based, the heart of the instrument,
have not been changed since the array’s commissioning 25 years ago. Implementing modern
data-transmission and signal-processing technologies will increase the observational capabilities
of the telescope by an order of magnitude or more and meet current scientific requirements. The
latest decadal survey strongly endorsed a modernization and enhancement program called the
Expanded Very Large Array (EVLA). The project was originally envisioned as having two
phases, the first of which is well under way. The second phase would have increased the spatial
resolution of the VLA by a factor of ten by connecting nearby VLBA antennas to the array and
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building eight new antennas at locations between the VLA and VLBA. It would also have
included an ultra-compact E configuration of antenna pads at the VLA that would provide
increased brightness sensitivity compared to the VLA D configuration. A proposal for the
completion of EVLA Phase 2 was submitted to the NSF in April 2004. In December 2005, the
NRAO was notified that the NSF was not able to fund the proposal. At this point, the NRAO
does not plan to resubmit the Phase 2 proposal so as to focus on helping to develop the nextgeneration facility, the SKA. A separate proposal for the E-configuration may be considered in a
few years.
The key goals of Phase 1 of the Expanded VLA (EVLA) Project are to improve the observational
capabilities, with the exception of angular resolution, of the VLA by an order of magnitude or
more. This is being done by adding new frequency bands, upgrading or replacing current
receivers, and replacing the data-transmission system and correlator. More specifically, the
EVLA will provide continuous frequency coverage from 1 to 50 GHz in eight different receiving
bands, and the new correlator will provide multiple frequency channels (from a minimum of
16,384 to a maximum of 262,144), process the wide bandwidths, and give frequency resolution to
better than 1 Hz if necessary. In addition, new and more powerful on-line computing and datamanagement software will enable better access to the array’s data products and will give a muchimproved interface with users. The new systems will be compatible with existing systems so that
observing can continue while the upgrade is underway.
The table below lists the primary technical objectives of the EVLA project through FY 2011.

Table D.2.1. EVLA Primary Technical Objectives, FY 2007–FY 2011
Item
Design High Level Architecture
Conduct M&C critical design review
Conduct Science Support Systems PDR
Start production of L-band receivers
Complete prototype of Ka-band receiver
Conduct correlator critical design review
Decommission the Modcomp computers
Start production assembly of 3-bit samplers
Retrofit 12 antennas to the EVLA design
Conduct on-sky test with prototype correlator
Conduct Science Support Systems CDR
Start production of S-band receivers
Retrofit 17 antennas to the EVLA design
Begin installation of the correlator at the VLA
Start production of S-band feed horns
Retrofit 23 antennas to the EVLA design
Start production of Ku-band receivers
Start production of X-band receivers
Retrofit all 28 antennas to the EVLA design
EVLA correlator operational
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3. Green Bank Telescope
The technical development work in Green Bank is vital to the growth of the Green Bank
Telescope (GBT) and meshes well with the NRAO overall development goals as reflected in the
Observatory Technical Council’s “Five-Year Proposal for Technology Development at the
NRAO.” We anticipate work in the following major areas over the next five years:

Antenna Metrology and Servo Improvements
The GBT pointing and surface accuracy require significant improvement to reach the λ = 3 mm
operation goal. The Precision Telescope Control System (PTCS) project charged with meeting
that need will absorb much of the local engineering staff for the next several years. Included in
that effort will be development and deployment of improved sensor technologies and advanced
servo control.

Receiver Integration
Over the past few years we have acquired the tools and experience required to model and design
microwave multi-chip modules using commercial MMICs, drop-in components, and surfacemount technologies. Significant improvements in spectral baselines and continuum stability can
be effected by moving away from connectorized components and coaxial cables toward system
construction using highly integrated modules with soldered interconnects. We have under way a
project using this approach to upgrade of one of the existing GBT receivers, giving us the
opportunity to understand the pitfalls and advantages in service. The lessons learned will be
applicable to other bands and to future receivers, and they will be critical to focal-plane array
development.

Digital Samplers and IF Links
The logical extension of the Receiver Integration work described above is to integrate the sampler
with the receiver front end. We have extensive field experience with optical fibers for analog RF
transmission as well as for lower-speed digital links. The NRAO is gaining experience with
broadband digital samplers and data links in the EVLA and ALMA projects, but we need to keep
track of rapid advances in commercial technology. Work is needed on simplification, cost
control, and miniaturization of systems, and we need to gain field experience. The application to
focal-plane array development is obvious.

RFI Mitigation
We are improving the local infrastructure for monitoring and identifying interference sources.
Better knowledge of the interference signals and levels will allow the design of more robust
receiver systems and investigation of mitigation techniques. We plan to investigate, with
university collaborators, the use of high-temperature superconductor filters, primarily as highly
selective notch filters for strong, persistent interference such as that caused by satellite digital
radio service downlinks.
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Software Development
Currently our software group is entirely occupied with support of existing capabilities and
development of new capabilities (such as new receivers) in the existing framework. However,
there is ample scope for capability development in the software area in the next five years. We
anticipate significant improvement in our data-archiving capability, and we need to become
Virtual Observatory compliant and active in e2e development. Extensive software development in
support of new hardware capabilities will be required; examples include new pulsar backends,
RFI excision, and beam forming in software for array receivers. Data-reduction improvements
might include application of DSPs to data reduction, 3D visualization of data, and parallel
processing (handling large data sets) using hardware accelerators and high-speed networking.
Massively parallel processing, e.g. for pulsar searches, could be performed in a way similar to the
SETI-at-home program. Finally, we might consider software aids such as wizards or assistants for
creating scheduling blocks, and the application of artificial intelligence or neural nets as a
predictive component to serve as an input into dynamic scheduling.

4. Very Long Baseline Array
Higher-Bandwidth VLBI Systems
In FY 2007 we expect to upgrade at least two Mark 5A recorders to Mark 5B so that we can
begin to work with the new hardware and develop associated software for operation with the
VLBA. Mark 5B recorders ultimately will permit the VLBA to reach 1024 Mbps with the
present VLBA correlator. However, it is worth noting that the “real-time” throughput of the
VLBA correlator is limited to 256 Mbps by the correlator playback interface, so significant
observing at 512 Mbps or (later) 1024 Mbps will require a lower fractional observing time for the
VLBA. The long-term plan for increasing the VLBA bandwidth to 4 Gbps and beyond is
described in this section. In FY 2007 we expect to publish a more detailed plan for a VLBA
bandwidth expansion to 4 Gbps, with full costs and possible dates attached. The selection of a
new VLBA correlator is not anticipated until FY 2008.

High-Frequency Systems
No significant work to improve the high-frequency systems will take place in FY 2007. Since the
86 GHz receivers are somewhat fragile and there is no spare for the VLBA, it is very desirable to
spend approximately $50K to build one. A lesser priority at present is the acquisition of an
additional receiver for the Hancock station. This would not be cost effective unless the aperture
efficiency at Hancock is improved, and no work on this is planned because there are no available
personnel.
Significant sensitivity benefits would result from upgrading the VLBA 22 GHz and 43 GHz
receiver systems.
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Spacecraft Navigation
In previous years we demonstrated a sub-milliarcsecond spacecraft-navigation capability with the
VLBA for NASA missions en route to Mars and Saturn. This has not progressed to an
operational stage because of funding uncertainties. If support from NASA becomes available, we
plan to resume development of an operational spacecraft-navigation capability in FY 2007. In
addition, the Cassini spacecraft may be observed in FY 2007, not to improve its navigation, but to
determine an improved position for Saturn.

VLBA Focus Rotation Mounts
The VLBA antennas now are 15–20 years old and showing signs of age. The drives and analog
encoders used in the VLBA Focus Rotation Mount (FRM) system are no longer supported by
their manufacturer. Spares are not available and some of the original equipment is beyond repair.
In addition, we have no spare focus drive motors and the last failure was not repairable. All ten
VLBA sites now have FRMs that have been modified to use a single motor for rotation instead of
the old two-motor configuration. This modification has actually improved performance while
making approximately ten motors available for use as spares. To avoid any possible loss of
observing time, we have initiated long-term and interim solutions. The long-term solution
involves investigating state-of-the-art controllers, drives, and computer interfaces with the goal of
replacing and improving both the VLBA and VLA FRM systems. The interim solution addresses
just the VLBA FRM system and uses the existing hardware. Some of the rotation spares will be
modified and used as focus spares by adding a gearbox and installing a multi-turn digital encoder.
In FY 2007 we will prototype the “interim” focus motor assembly at Pie Town and then install
production versions on at least two antennas. In addition, we will continue development of the
long-term FRM solution and build a prototype.

Increased Observing and Recording Bandwidths
The primary technical-capability developments envisaged for the VLBA in the next five years are
those that will increase sensitivity and flexibility by increasing the recorded bandwidth. A
sustained 4 Gbps VLBA system is our primary new technical goal for the facility. Section C.4 of
this document provides some of the scientific and operational reasons for this goal, and here we
describe a technical path to achieve 4 Gbps or even higher data rates.
The bandwidths and data rates of VLBA antenna systems are limited by several components. The
antennas have two 500 MHz intermediate frequency (IF) channels that limit the total bandwidth
to 1 GHz and the maximum data rate to 4 Gbps (1 GHz bandwidth sampled at the Nyquist rate
with 2-bit samples). The baseband converters (BBCs) are limited to 256 MHz bandwidth and
1024 Mbps (8 BBCs with 16 MHz upper and lower sidebands, again with 2-bit samples). Finally,
the VLBA formatter can provide a maximum of 64 data streams at 8 Mbps each, for a total of 512
Mbps. Each of these needs to be replaced to enable much higher data rates on the VLBA.
The NRAO’s technical development effort in interferometry over the next several years will be
focused on the EVLA and ALMA, so in-house technical development is not the best way to
achieve 4 Gbps. However, we are fortunate to have other institutions around the world that are
actively working on increasing the data rates and observing bandwidths for VLBI, and our intent
is to work with these groups to leverage their efforts in a way that is most effective for the VLBA.
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The EVLA Phase-2 proposal would have equipped the Los Alamos and Pie Town VLBA stations
with EVLA back-ends, providing a maximum bandwidth of 16 GHz and a maximum data rate of
96 Gbps out of these antennas. We will seek other means of increasing bandwidth by more
modest amounts. At present there are several groups around the world developing inexpensive
digital backends for VLBI antennas; these include the VLBI group in Italy and the U.S. group at
MIT’s Haystack Observatory. The Haystack prototype will digitize the entire 500 MHz IF band
from a VLBA antenna and present it to a recording device; it is less expensive and less flexible
than the option under development in Italy. In FY 2007 we will investigate these back-ends and
other possible options in order to make a preliminary selection of the appropriate near-term
upgrade for the VLBA. The Mark 5B recording systems now available commercially will replace
the VLBA formatter and can record the output data from the digital backends onto a disk module.
We expect to upgrade at least two Mark 5A recorders to Mark 5B in FY 2007 so that we can
begin to work with the new hardware and develop the associated software for operation with the
VLBA. This will increase the maximum recording bandwidth of the VLBA to 1024 Mbps, which
can be processed in multiple passes on the present VLBA correlator. In fact, two Mark 5B+
systems (2 Mbps each) will be able to record up to 4 Gbps in the future. Data rates higher than 4
Gbps require replacing the present VLBA IF system and are not useful until the correlator
replacement in about 2010 or later. Therefore replacing the IF system will not be explored
seriously until there is a significant likelihood of replacing the VLBA correlator.

Correlator Replacement
Expanding the VLBA data rate from 1 Gbps to 4 Gbps requires replacing the original VLBA
correlator. We are considering three possible options:
1.

The EVLA correlator, due for delivery in 2009, will be a 32-station correlator for a 27antenna array. The extra 5-station capacity at 16 GHz can be used for 10 stations at 4 GHz
or 20 stations at 1 GHz (4 Gbps) by making use of the flexible re-routing of data and by
trading stations per bandwidths in the hardware. The EVLA correlator will be “VLBIready” and capable of accepting data from either real-time inputs or from disk media.
Fundamentally, the work required to make this correlator useful for the VLBA will be in
modifying its software to schedule correlation flexibly and reconfigure the correlator for
simultaneous EVLA and VLBA correlation. Given the demands of the EVLA, it is
unlikely that this software effort can begin before 2010, but limited VLBA usage of the
new correlator may be possible in 2010 or 2011.

2.

Reductions in the prices of commodity personal computers over the past few years are
making software correlation on a computing cluster economically competitive with
dedicated hardware and firmware systems. This is particularly so in VLBI, where the cost
of long-distance data transmission limits the achievable bandwidth and thus the required
processing capacity. A software correlator offers several major advantages. It can be
expanded simply by increasing the number of processors or by replacing them with newer,
faster models. Its processing capacity can be deployed to support virtually any desired
combination of stations, basebands, bandwidths, and spectral channels. It can be adapted
readily to unconventional observations through the addition of new software that can be
written in programming languages familiar to most astronomers. A variety of such
systems are already in existence, based on both XF and FX architectures. One, recently
developed at Swinburne University for the Australia Telescope National Facility’s Long
Baseline Array, was completed with only two years of effort by a graduate student. The
VLBA’s unique full-time observing environment may pose a challenge for software
correlation. However, an early start, with a gradual transition over several years, could
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allow us to exploit many of the advantages while developing the capacity required for
routine full-time operation.
3.

A third correlator option is to develop a system based on modern Field Programmable
Gate Array (FPGA) logic. In many aspects (flexibility, cost, power consumption, ease of
development), FPGAs lie somewhere between hardware and software, and the
cost/performance ratio of FPGAs is improving by a factor of ~3 per year. The speed and
cost of development, including a requirement for expert engineering resources,
historically had precluded this approach for the VLBA until the EVLA project is
completed. However, a rapid low-cost design technique for FPGA-based systems has
been developed recently at the Center for Radio Astronomy Signal Processing and
Electronics Research (CASPER) of the University of California at Berkeley (UCB). Their
approach uses high-level building blocks for typical radio astronomy signal-processing
applications and may make it feasible to develop a correlator that exploits the processing
power of modern FPGAs rapidly and without extensive design effort. The CASPER team
has developed eight instruments for a number of observatories in the past two years.

Our basic plan for the VLBA correlator replacement is to remain engaged with the rapidly
evolving worldwide developments so that we will be ready to select the most cost-effective
replacement in two or three years. Our current scenario shows a decision about the replacement
correlator in late 2008, when the EVLA production correlator begins arriving and the other
options are much more developed than they are today.

Electronic VLBI (eVLBI)
Real-time or “electronic” VLBI (eVLBI) is developing rapidly, particularly in Europe. Except
for real-time spacecraft navigation and follow-ups to targets of opportunity, there are few unique
science drivers for eVLBI compared to correlation that is delayed by a week or two. However,
eVLBI has the potential to provide substantial operational efficiencies for the applications having
the highest data rates, depending on the ultimate cost of sending bits over fiber-optic networks.
This, in turn, may depend on the availability of low-cost (or no-cost) scientific-research networks
as opposed to dependence on commercial communication companies. By projecting forward the
dropping costs of disk media and relatively stable mailing costs, one finds that the break-even
point is at about one cent to a few cents per gigabyte. If data can be transmitted real-time for less
than a penny per gigabyte, eVLBI has a clear economic advantage over shipping disks; in
contrast, if the cost of data transmission is more than a few cents per gigabyte, then transportable
disk media are the best method to ship large amounts of VLBI data to a correlator. Over the next
five years, we plan to follow these cost curves closely and take advantage of technical and
sociological developments if they begin to make eVLBI operationally advantageous. Our crystal
ball is somewhat cloudy in predicting the future of this rapidly moving field. Our primary
strategy is to work with Haystack Observatory, the leader in eVLBI in the U.S., and to seek out
opportunities for collaboration and judicious application of funds to test eVLBI connection to a
few VLBA stations. We anticipate that this will lead to a much firmer long-term plan in 2008 or
2009.

22 GHz and 43 GHz Receiver Enhancements
For the past several years we have focused on implementation of the Mark 5 VLBI recording
system as our best route to improved sensitivity on the VLBA because it enables increased
bandwidth that can benefit continuum observations at all frequencies. However, sensitivities in
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the 22 GHz and 43 GHz bands are also limited by the rather old low-noise amplifiers in the
VLBA receivers. Unlike increasing bandwidth, lowering the system temperatures in these bands
would benefit observations of spectral lines (such as water megamasers) as well as continuum. In
FY 2005 we developed a plan for upgrading the 22 GHz and 43 GHz receivers on the VLBA.
This 3-year plan showed that sensitivity improvements of 30% were feasible at a cost of $250K
for each of the two bands. Such improvements for both continuum and spectral-line observations
are nearly as great as those achieved only for continuum observations by doubling the bandwidth.

5. Central Development Laboratory
As the observatory’s main instrumentation research and development (R&D) facility, the Central
Development Laboratory (CDL) has a mission to design, develop, and fabricate key components
for other NRAO facilities, as well as other projects and activities for the astronomy community.
Recently, however, a declining budget has limited the CDL’s R&D effort primarily to ALMArelated development. As the ALMA development phase is near completion, it is particularly
important for the CDL to work on new R&D programs. Without this effort, the CDL will not be
able to accomplish its mission and maintain its technical leadership in the radio astronomy
community, and the U.S. will lose its unique competence and be unable to meet the needs of
future projects.
Recently the NRAO Observatory Technical Council (OTC) has produced a five-year proposal
(2007–2011) for technology development at the NRAO. The CDL has identified several R&D
projects (Table D.5.1.) in this proposal that have the potential to improve significantly the
performance of the observatory’s facilities and are of particular interest to the CDL staff.
Currently a limited level of R&D work has been carried out in some of these areas at the CDL,
but increases in the future budget are needed to support these activities fully:

Table D.5.1. R&D Projects
Research and Development area
Device (HFET and HBT) noise theory and modeling
MMIC technology
λ = 350 µm (780–950 GHz) Heterodyne Receivers
Physical optics and ultra-wideband feed and receiver
components
Wide-bandwidth digitization and advanced digital correlators

Applicability
EVLA, ALMA, and GBT
GBT, EVLA and future SKA
ALMA
EVLA, ALMA, and GBT
EVLA and ALMA

In addition to these projects, the CDL also participates in the design and development of the
Frequency Agile Solar Radiotelescope (FASR), which is described in Section E of this LongRange Plan, and the Precision Array to Probe the Epoch of Reionization (PAPER).
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Device (HFET and HBT) Noise Theory and Modeling
The CDL is the world leader in the development of low-noise cryogenic amplifier technology.
Our most recent amplifier work has resulted in the development of a series of world recordsetting HFET (heterojunction field-effect transistor) amplifier designs in the frequency range 1–
118 GHz. These amplifier designs are being used in all radio-astronomy observatories
worldwide, as well as in other scientific projects and missions including WMAP, DASI, and the
NASA and ESA Deep Space Networks.
One of the key elements to the success of the NRAO’s amplifier R&D effort is the
“Pospieszalski” noise model of HFET devices. Developed at the CDL in 1988, this noise model
has become the foundation of all modern radio astronomy low-noise HFET amplifier designs.
This noise model predicts extremely well the noise behavior of FETs and HFETs of different
technologies for various frequencies and physical temperatures. However, the relation of one of
its parameters, the equivalent drain noise temperature, to the fundamental physics of noise
generation is not well understood. Understanding this connection could pave the way for future
improvements and establish the limits of current low-noise HFET technologies. The CDL will
conduct research to improve this understanding, including studying the physical origin of the
drain noise in HFETs and in novel structures such as InAs/AlSb HFETs. Furthermore, the poor
repeatability of the noise performance at cryogenic temperatures of HFET devices from different
wafers also requires additional research effort. We will actively investigate these issues in the
coming years.
The performance of HFET amplifiers in wideband radiometric systems, especially those which
attempt to measure continuum radiation, is degraded by the 1/f-like random gain fluctuations
known as the “1/f noise”. Although some work has been done to quantify this behavior, its
physical sources need further study and experimentation.
We will also study the cryogenic noise properties of HBTs (heterostructure bipolar transistors)
and the possible applications of HBTs in total-power radio astronomy receivers. Recent progress
in the technology of SiGe and InP HBTs made their applications as amplifying devices in radioastronomy receivers feasible at frequencies up to 115 GHz. However, because of the nature of the
fundamental noise sources in HBTs, they are not expected to compete with InP HFETs as ultralow-noise cryogenic amplifiers at low frequencies. At present, not much is known about the
cryogenic noise performance of InP and SiGe HBTs. Development of a good understanding of
these devices will determine whether they can be effectively used in radio-astronomy receivers,
especially in broadband continuum radiometers where their expected much lower 1/f noise could
be a considerable advantage. Research into the noise models of HBTs applicable at cryogenic
temperatures will be continued, and the use of SiGe and InP HBTs in wideband amplifiers with
low 1/f noise at both room and cryogenic temperatures will also be investigated.

MMIC Technology Development
Monolithic Millimeter-wave Integrated Circuits (MMICs) have the potential to provide highly
repeatable performance in a more compact, lightweight package than traditional millimeter-wave
assemblies, and at a lower cost in large quantities. These advantages dramatically improve the
tradeoff between cost and performance in array architectures. Although the use of MMICs in
radio astronomy was pioneered outside the NRAO, the CDL has already carried out some roomtemperature MMIC development work. For example, key components such as custom MMIC
power amplifiers, multipliers, and mixers have been developed for the ALMA local oscillator
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(LO) system. We have also developed a MMIC-based prototype Compact Water-Vapor
Radiometer (CWVR) for the EVLA. We will continue the development of MMICs and MMICbased subsystems for the current and next generations of centimeter- and millimeter-wave radioastronomy receivers and arrays. Other potential MMIC research areas, which we will pursue if
the resources are available, include noise limitations and cryogenic applications of MMIC
decade-bandwidth components, the integration of low-noise amplifiers with antenna structures,
large-dynamic-range module designs for future arrays such as FASR, and a spectroscopic array
receiver at 86 GHz for the GBT. Our ultimate goal is to develop an integrated receiver system
with feed, optical components, low-noise MMIC devices, and control circuits all integrated on a
single chip that can then be used in many future radio-astronomy instruments such as FASR,
LWA, and SKA and other applications such as space-borne missions. These long-term
developments will build upon the accomplishments of the next year.

Technology Development for λ = 350 µm (780–950 GHz) Heterodyne Receivers
We will explore new receiver technologies in the THz (λ = 0.3 mm) regime. For the foreseeable
future, SIS mixers are expected to be the preferred front end for coherent receivers at millimeter
and the longer submillimeter wavelengths. However, the nearly quantum-limited sensitivity of the
state-of-the-art niobium (Nb) SIS receivers is restricted to below about 700 GHz, which
corresponds to the superconducting energy gap of Nb, and noise temperatures climb rapidly
above that frequency. Our planned research and development is aimed at extending the useful
frequency range of SIS mixers above 1 THz. We will concentrate our R&D efforts initially in the
350 µm atmospheric window (780–950 GHz). This is a crucial window for the next generation of
terrestrial radio telescopes as well as for the development of satellite instruments for adjacent
frequency bands that are not observable through the atmosphere; thus it is appropriate for the
CDL to carry out technology development for this band first. Our goal is to develop reliable,
inexpensive, quantum-limited receivers based on NbTiN (Niobium Titanium Nitride) SIS mixer
technology that has given promising, though not yet consistent, receiver performance in the THz
regime in other laboratories. Completing these tasks will put us in a strong position to provide
the most sensitive receivers possible for ALMA Band 10. This work will be done in
collaboration with the University of Virginia Microfabrication Laboratory, with whom the NRAO
has an established record of successful development of Nb SIS receivers for the 12 m telescope
and, more recently, for ALMA. The UVML is well equipped to carry out this new effort. In the
last two years, the UVML has purchased major equipment and developed a process for making
high-quality NbTiN films. The first NbTiN trilayer (NbTiN/AlN/Nb) has now been made at the
UVML, and the development of the junction fabrication process is currently under way.
Over the next five years, we plan to proceed from basic double-sideband mixers to balanced
mixers to balanced sideband-separating mixers. An equally important goal is achieving
repeatability of results with NbTiN SIS mixers, which will permit production of the large
numbers of systems needed for arrays such as ALMA.

Physical Optics and Ultra-wideband Components Development
Thanks to recent advances in the development of wideband ultra-sensitive amplifiers and mixers,
the performance of these active elements is no longer the dominant factor limiting the throughput
and quality of radio telescopes. The emphasis has gradually shifted toward the improvement of
the “telescope optics,” the electromagnetic structures that include antennas, beam waveguides,
vacuum windows, feeds, polarizers, orthomode transducers, calibration-signal and LO couplers,
thermal isolators, etc. One of the major challenges is to design and analyze feed systems with
multiple optical components and overall telescope optics. To accomplish this task requires
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accurate electromagnetic simulation tools. The CDL has purchased a copy of the SatCom
Workbench, a commercial physical-optics analysis program developed at Ohio State University
for the USA Satellite Industry Code Consortium. This code permits accurate analysis of complex
geometries with multiple complex reflecting surfaces, such as the asymmetric VLA antenna and
subreflector and the four-reflector ALMA systems. We will use this new tool to analyze, verify,
and improve the existing optics designs on the GBT, EVLA and ALMA, as well as to design and
optimize the optical systems for the Observatory’s other new projects such as FASR and SKA.
In addition, we will continue our efforts to develop new electromagnetic components with wider
instantaneous bandwidth, lower loss, and better impedance match. We will also investigate the
technologies of integrating these optical components directly with active receiving elements such
as MMIC mixers and amplifiers. This new integrated receiver technology is of high priority for
GBT receiver upgrades. It is also required for beam-forming focal-plane arrays because receivers
with small physical size and weight are very important to the construction of arrays with tens to
hundreds of elements. This work also is directly applicable to many future radio-astronomy
instruments including FASR and SKA.
This work will build on the experience gained in FY 2006–2007 on specific tasks for ALMA
beam calculations and GBT prime-focus beam analysis.

Wide-Bandwidth Digitization and Advanced Digital Correlators Development
Historically, digital signal processing is one of the development areas covered by the CDL. This
effort was transferred to ALMA funding during the ALMA development phase to carry out the
ALMA correlator development work. Since the ALMA correlator is in the production phase due
to end in FY 2009, it is time to pursue new goals in the signal-processing R&D program at the
CDL. There are two primary areas that we plan to work on:
Wide-Bandwidth Digitization
The present state of the art in high-speed analog-to-digital conversion includes bandwidths to 6
GHz and sampling rates to 20 GHz at resolutions of 6 to 8 bits. Such devices are produced
commercially in small quantities for use in expensive instruments such as oscilloscopes, but they
are not readily available separately. Most such devices use multiple lower-speed A/D converters
whose sampling times are offset from each other; this technique works well for most commercial
uses, but results in unacceptable artifacts in radio-astronomy applications. The state of the art in
radio astronomy lags the commercial world in some respects, with a 4 GHz sampling rate at 3 bits
resolution selected for ALMA but not yet in full production; this digitizer, however, has the
advantage of using a single SiGe chip. Commercial developments are aimed at greater resolution
than is needed for the noise-like signals of radio astronomy (under conditions of low to moderate
RFI) and may use techniques that preclude their use in radio-astronomy systems, including cost
and power-consumption factors.
We plan to advance digitizer technology for radio astronomy beyond the commercial state of the
art, with a goal of achieving a 10 GHz Nyquist-sampled bandwidth, by exploiting existing
devices from the commercial world where possible but probably by developing new chip-level
devices. Such wideband digitization can lead to important simplifications of receivers and signaltransmission systems by reducing the number of separate data channels. Even when the observing
bandwidth is much smaller, wideband digitization allows digital signal processing to start earlier
in the receiving chain, opening opportunities for sophisticated filtering and multi-beam tracking
when, as anticipated, the necessary processing power becomes available at affordable cost.
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Advanced Digital Correlators
The large cross-correlators needed for synthesis arrays, and the smaller but still complex
auto-correlators used for high-resolution single-dish spectroscopy, are amenable to the relentless
advance of digital semiconductor technology described by Moore’s law. On the other hand,
development of the special purpose machines needed for astronomy is a significant and
time-consuming effort. On balance, it is worth considering a new generation of correlators every
five to ten years, either as replacements at existing telescopes or for new telescopes. In addition,
some new architectural ideas have been worked out since the time that the designs of the present
generation of correlators (including the EVLA and ALMA correlators now being built) were
frozen.
We plan to pursue these new architectures and to exploit the improvements in semiconductor
processing to develop new machines for several applications, including replacement of the GBT
spectrometer with a new machine capable of much larger instantaneous bandwidth, early design
of a next-generation correlator for ALMA, a correlator for synthesis arrays with hundreds to
thousands of elements such as the SKA, and fully sampled focal-plane arrays. Part of the
required signal processing for some of these applications, particularly at frequencies below about
5 GHz, will address the issues of RFI detection, excision, and nulling.
Only a modest amount of advanced planning can be carried out in FY 2007 because most of the
energy of the digital signal processing group will still be devoted to completing and
commissioning the ALMA correlator. Serious R&D will begin in FY 2008.

Precision Array to Probe the Epoch of Reionization (PAPER)
The CDL is participating in the development of a highly specialized instrument that is designed
specifically to measure the predicted step in the cosmic background amplitude due to neutral
hydrogen at the Epoch of Reionization. This is a collaborative project of the NRAO-CDL, the
University of Virginia Astronomy Department, and the Radio Astronomy Laboratory at UCBerkeley. The CDL’s contributions will include the design, fabrication, deployment, calibration,
and operation of this unique imaging instrument. A prototyping array is being developed for
deployment in Green Bank, while a larger version is being planned for Western Australia.
In the next few years, the effort begun in FY 2006–2007 to examine the engineering of the
current prototype RF sub-system designs to improve manufacturability, reduce cost, and enhance
reliability will continue. We will then finalize the production designs for the eventual
deployment of the array in Western Australia. In addition we will explore new approaches to
increase the collecting area of the current sleeved dipole design and expand the correlator to
handle 32 dual-polarized elements. We also plan to develop a beam-pattern measuring system
that makes use of the strong downlink signals from a constellation of satellites in low Earth orbits
to accurately measure the beam pattern of array elements. This technique should be applicable to
instruments such as FASR, SKA, LWA, etc. and may have a significant impact on the antenna
design of these facilities.

Supporting other Observatory facilities and projects
Currently the majority of the CDL’s efforts are devoted to supporting the NRAO’s major
facilities and projects. These include developing and constructing components such as feeds,
phase shifters, orthomode transducers, low-noise amplifiers and other components for GBT,
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VLBA, VLA, and EVLA, assisting in trouble shooting, evaluating receiving systems, repairing
damaged components, and providing technical support and advice. The CDL also performs other
services such as electroforming, gold plating and high-precision machining (especially for
ALMA). As the EVLA is moving into the peak construction phase, the level of CDL support
effort will increase significantly in the next five years. To meet the EVLA FY 2007 to FY 2011
construction schedule, the CDL will deliver to the EVLA an average of ~ 70 amplifiers/year in
various frequency bands. This is more than twice the units (32 amplifiers) delivered to the EVLA
in FY 2006. The demand on the Electrochemistry Laboratory and Machine Shop support to
ALMA will also rise considerably in the next five years. Substantial increases of human
resources are needed for the CDL to accomplish these obligatory missions.
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E. New Initiatives
Overview
In fulfilling its mission of designing, building, and operating large radio-astronomy facilities, the
NRAO plays a major leadership role in the global radio-astronomy community. Typically many
years are required to define and develop a major new facility, so that it is appropriate to devote a
small fraction of our resources to long-term planning of facilities and instrumentation whose
construction is not yet funded or even well defined. Continued participation in these long-term
initiatives maintains and strengthens our leadership role while fostering a vital astronomy
community familiar with radio-astronomy data and techniques.
As a unique source of technical, scientific, and management expertise, the NRAO serves as a
valuable resource to the U.S. and worldwide astronomy community for both ground-based and
space-based initiatives. The NRAO plans to work with the astronomy community to develop and
help realize new initiatives, including collaborations on instruments and small- to medium-scale
projects that are led by university groups. However, the unique scale of the NRAO is especially
suitable for the construction and operation of major (international) facilities.

1. The Square Kilometre Array (SKA)
The SKA is an ambitious international next-generation telescope facility for the centimeter and
meter wavelength range, having sensitivity two orders-of-magnitude better than existing facilities,
such as the VLA, and a wide instantaneous field-of-view. Most likely the initial SKA facility will
be located in the southern hemisphere, and practical constraints will probably limit the highest
operating frequency to a few GHz, thus nicely complementing the EVLA, which is in practice the
first step in realizing the SKA in the centimeter wavelength range. The NRAO is actively
engaging the community in developing the scientific case for the SKA, in addressing the
technical and organizational challenges presented by the SKA, and in organizing meetings to
focus the attention of the U.S. and international radio-astronomy communities on the
opportunities presented by the SKA.
We have responded to a request to express our interest in hosting the International SKA Project
Office (ISPO) at our Headquarters in Charlottesville. The ISPO plans to expand to include as
many as 28 members in the time frame 2008–2010, and their presence at the NRAO would
facilitate more active involvement of the NRAO staff in SKA planning and development.
In the centimeter wavelength range, the EVLA will provide up to an order-of-magnitude increase
in sensitivity compared with the VLA. Comparable improvements in brightness sensitivity and
resolution were proposed for EVLA Phase 2. A further increase in sensitivity of at least an order
of magnitude as envisioned by SKA discussions is the obvious next goal. All of these goals can
be met with an orderly program of improvements combining existing technologies and new
innovations. With the development phase of ALMA and EVLA largely over, the NRAO will be
directing its considerable technical expertise towards the necessary technical development for the
SKA in collaboration with the community. This technical research and development effort will
be integrated with continued efforts to improve the observing efficiency of the EVLA, VLBA,
and GBT, including a ten-fold increase in resolution of the EVLA and surface-brightness
sensitivity (EVLA E-configuration), all leading towards the next-generation instrument on a 15–
20 year time scale.
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2. The Long-Wavelength Array (LWA)
Although relatively poor angular resolution at meter and decameter wavelengths and the effects
of ionospheric distortion have, until recently, precluded much attention to the meter-wavelength
part of the spectrum, wide-field diffraction-limited imaging at arcsecond resolution is now
feasible. Over the past decade 74 MHz (λ = 4 meter) receivers and feeds provided by the Naval
Research Laboratory (NRL) have been installed on the VLA and have been used by many
observers. However, the NRL system is limited to a single frequency, can only be used for strong
sources, and has limited dynamic range and resolution, so there is growing interest in a modern
meter- to decameter-wavelength array. The Long-Wavelength Array (LWA) is a joint venture of
the Southwest Consortium (SWC) and the Naval Research Laboratory to build an array of 50 to
100 stations spread over 400 km in New Mexico with a central condensation near the VLA. The
LWA will operate in the frequency range 10–90 MHz, where it will have a variety of
astronomical, solar, and ionospheric applications. The NRAO staff is participating in the design
of the array, including planning a staged process of development and construction, and
discussions are underway with the SWC to further define the NRAO’s role and responsibility in
the LWA project.

3. The Frequency-Agile Solar Radio Telescope (FASR)
The Frequency-Agile Solar Radio telescope (FASR) project is an initiative of the solar-physics
community to build an instrument optimally designed to perform broadband imaging
spectroscopy of the Sun over a frequency range of ~0.1–30 GHz. The NRAO staff are playing a
leading role in planning for FASR, which is intended to become a sister organization to the
NRAO, managed by the AUI. The activities of the NRAO staff are enhanced through an NSF
MRI grant, a small grant from the NSF Geosciences Directorate, and AUI funding.
Both FASR and LWA are excellent examples of how the NRAO is facilitating the realization of a
project of interest to and eventually led by the community.

4. Space VLBI
The angular resolution of the VLBA, which exceeds that of any other astronomical imaging
instrument, is limited by its overall size of approximately 8,000 km and the shortest operating
wavelength of 3 mm. Further improvement in resolution can only be gained by extending the
baselines to space and/or reducing the minimum operating wavelength. For more than 25 years,
the NRAO has been actively involved in extending interferometer baselines to space and using
space-based facilities to facilitate data transfer. Two missions are currently under discussion by
the international radio-astronomy community: VSOP-2 and RadioAstron. VSOP-2 is a recently
approved Japanese initiative consisting of a single spacecraft with a 10 m off-axis parabolic
antenna observing wavelengths from 7 mm (43 GHz) to 6 cm (5 GHz), a data rate of 1 Gbps, and
a planned launch in early 2012. For more than 20 years, Russian scientists at the Astro Space
Center have been working on the development RadioAstron, a space-VLBI satellite in a
translunar orbit and operating at four wavelengths as short as 1.3 cm. Because of deteriorating
economic and political conditions in Russia following the collapse of the Soviet Union, progress
has been frustratingly slow. Recently the Russian space agency has expressed renewed interest in
completing the RadioAstron spacecraft, which now has the highest priority of all space-based
astrophysics missions in Russia, and optimistically plans for a launch in 2008. However, earlier
this year, NASA informed the Russian space agency that they plan to terminate the existing MoU
for RadioAstron for lack of resources. Thus the success of the whole mission is in question
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unless ongoing negotiations result in a change in the NASA position. At a minimum, we
anticipate the use, through the normal proposal procedure by the worldwide community, of the
VLBA and GBT antennas as ground elements of the Earth-space interferometers for both
RadioAstron and VSOP-2. In addition, the NRAO has developed considerable expertise in
operating satellite earth stations and in correlating the complex data from Earth-space
interferometers, and the NRAO has several antennas on the Green Bank site that can provide
critical support of future space VLBI missions or other astronomical satellite tracking programs,
as opportunities arise. However, participation in these exciting opportunities through the
operation of ground stations or the correlation of data will depend on substantial support from
NASA.

5. eVLBI
Recent work in Europe and Australia has demonstrated the feasibility of real-time electronic
VLBI (eVLBI) with long-distance data transfer via installed fiber-optic links using data rates up
to 1 Gbps. The U.S. is behind in exploiting potential opportunities for eVLBI and, within the
U.S., the NRAO has not kept up with other organizations in tracking these developments. If the
VLBA is to remain a viable instrument for the next decade, it will be important to begin to
establish these real-time links, as described in Section D.4.

6. The National Virtual Observatory (NVO)
The NRAO has been an active participant in the development of the infrastructure and standards
for the U.S. National Virtual Observatory (US NVO) and the International Virtual Observatory
Alliance (IVOA). This has included leading development of protocols for science data access in
the VO, and participation in development of the VO architecture, data models, and grid and web
services technical architecture. In collaboration with the OPTICON consortium in Europe, the
Department of Energy in the U.S., and other U.S.-based astronomical partners, the NRAO has
also participated in ongoing development of a scalable data analysis framework for astronomical
data processing and analysis which will support future VO services.
Within the NRAO, a major objective of e2e Operations beginning in 2007 is to use the extensive
raw data available from the VLA and GBT to generate spectra and images for broader scientific
use via the NVO, which will broaden access to researchers working at any wavelength.
NRAO/AUI, in cooperation with the NVO team and AURA, will also be participating in the
development of a proposal to lead the upcoming NVO facility, with an anticipated launch in 2007
or 2008. Several areas in which the NRAO could provide strong and unique expertise have been
jointly identified with the NVO team. These areas include requirements management and priority
assessment, management of standards and protocols, software templates and reference
implementations, managing facility-provided applications and services, systems integration and
testing, and provision of computational services.
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F. Community Support Programs
1. End-to-End (e2e) Operations
Organizational Development
The e2e Operations Division was established on April 3, 2006 with the following mission:
•
•
•

To broaden access to all NRAO facilities, enabling all astronomers to focus on the
science rather than the instrumental details.
To increase science impact and throughput via improved quality of data and efficient
delivery of science products.
To help the NRAO better optimize its investments in software, services, and resources
(e.g., through continuous improvement and reuse of ideas, models, systems, and
information stores).

The Division’s day-to-day efforts focus on successful technology transfer from development to
operations, taking an integrated approach that recognizes the dynamic interactions between
researchers and the systems they use for scientific investigations. This involves establishing
standards for the software development process as well as incrementally developing a processmanagement infrastructure and framework for continuously improving scientific-support systems
and data postprocessing. This will be based on industry quality-management standards,
progressively implemented over the planning horizon.
The e2e Operations Division has primary responsibility for three technological areas: science
archive and metadata repository, proposal administration for all the NRAO telescopes, and
automated data processing. In addition, the Division plays a key role in telescope scheduling for
each instrument through scheduling-metadata management; this facilitates a centralized view
while preserving the authority of the resident experts at each telescope for creating and
administering observations.
Mission
Broaden
access to
NRAO
facilities
Increase
science impact
and
throughput
Optimize
investments

Example Activities in Support of Mission
Establish an active NRAO presence within the emerging National Virtual
Observatory (NVO) facility; work with Education and Public Outreach
(EPO) to ensure that researchers are provided with clear, up-to-date
information about the NRAO telescope capabilities
Manage archive development for the VLA, GBT, VLBA, and EVLA using
ALMA software and NVO standards; generate science data products from
available NRAO historical data; provide telescope projects with an
Observatory-wide perspective on observation scheduling by establishing a
Common Operational Model
Facilitate technology transfer, reuse, and continuous improvement; assist
NA ALMA management in the transition of archive, proposal, scheduling,
and automated data-processing services to operations; pursue additional
sources of funding for value-added activities
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Organizational Structure
The e2e Operations Division directly manages three workgroups (the Data Postprocessing Group,
the Strategic Technology Group, and the Data Products Group), and co-manages the Core
Science Group which provides e2e Operations with a unified perspective on Observatory-wide
developments. In addition to the Data Postprocessing group, these workgroups are:
Core Science Group (CSG)
Observatory-wide science representation for cross-telescope interests:
•

Provide a common science vision and change control for shared services across the
NRAO (e.g. proposal administration, archive, scheduling, and metrics)

•

Synthesize requirements and specifications from operations groups to evaluate and
continuously improve prototypes managed by the Strategic Technology Group

•

DSAA Scientists with an interest in e2e are welcome to participate

Data Products Group (DPG)
The nexus for generating achievable science data products while “learning from experience” with
the VLA/VLBA/GBT:
•

Produce the best-available automated science products using available pipeline tools,
and ensure that the recipes developed are transitioned to appropriate software packages

•

Identify functionality gaps, transfer knowledge, assess performance,
regression tests

•

Responsible for data curation (ensuring high-quality metadata and science products)

and make

Strategic Technology Group (STG)
Technology and telescope generalists focused on efficiency and continuous improvement:
•

Incubate functions that will become part of the NVO facility and spin-off projects that
can be externally funded (e.g. data-quality expert systems)

•

Evolve models for future software innovation into the NRAO operations (cooperative
effort between e2e Operations and Rick Fisher, the Observatory Technical Leader)
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Figure F.1.1. Organizational Chart for the e2e Operations Division.

In addition to maintaining primary responsibility in the four core Observatory-wide efforts, the
e2e Operations Division coordinates the efforts of software-development groups across the
Observatory. The Division maintains central coordination authority over each of the softwaredevelopment organizations in the operations groups to facilitate cross-Observatory
communication while preserving the local autonomy that is critical for effective day-to-day
operations.

High-Level Goals
Work within the e2e Operations Division will begin with the NRAO archive. In FY 2007 there
will be a great emphasis on expanding the science products in the archive and making them more
accessible through improved interfaces and VO-compliant search utilities. The proposal
submission tool will be transitioned to the Division, after which scheduling metadata and work on
the operational pipelines will be introduced. Full integrated operations are targeted by FY 2011.
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Table F.1.1. e2e Milestones for FY 2007–2011
Milestones
Develop e2e Operations Division processes

FY
2007
X

Establish external annual reviews

X

Establish two-tier release process

X

Manage to coordinated software calendar

X

Transition the Proposal Submission Tool to e2e Ops

X

Effective management of joint proposals

X

FY
2008

FY
2009

X

X

Transition to Goal-Based Scheduling

X

X

X

Develop archive interface prototypes

X

Conduct VLA/VLBA pipeline pilot projects

X

Greatly expand archive collection

X

X

X
X

Pipeline lessons learned into ALMA/EVLA dev

FY
2011

X

Integration of the VLBA into proposal submission
Establish expanded archive infrastructure

FY
2010

Accelerate exploratory CASA testing by users

X

X

Develop Common Operational Model

X

X

Core Science Group identifies key metadata

X

X

X

Core Science Group identifies quality attributes

X

X

Unify scheduling workgroups

X

X

Centralize scheduling and observation metadata

X

X

Technology transfer of operational pipelines

X

X

X

X

X

X

Strategic alliances for external funding in place

X

X

Pursue external funding

X

X

Fundamental Questions
One of the key benefits of an organization such as the NRAO developing new instrumentation
and observational methods is that a long history of experience and insight is available from other
projects. The e2e Operations Division will conduct pilot projects to determine what information is
available from current operations to provide feed-forward insight into the transition of ALMA
and EVLA software to operations. Questions to be answered, some as early as FY 2007, include:
•
•
•
•
•

What metadata should be provided at the proposal stage to ensure that an observation can
be created?
What volume of science being done on the NRAO telescopes can accurately be crafted
into observations, scheduled, and executed by an automated system?
What volume of past VLA/VLBA observations can be easily pipelined?
How much of the science pipeline can, and should, be automated?
What level of information is needed by the researcher to be satisfied with a science data
product produced by a pipeline?
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•
•
•

What are the barriers that currently exist for researchers to use the VLA/VLBA AIPS
pipelines?
What action(s) can the NRAO take to eliminate those barriers and stimulate wider use of
the VLA/VLBA AIPS pipelines?
Should a pipeline execute from beginning to end without stopping, or is it better to ask
the researcher intermediary questions to guide the pipeline?

For highly specialized projects, for example, turning 90% automation into 100% automation will
not yield the same benefits as enabling the rapid and reliable execution of a single pipeline recipe
hundreds or thousands of times. The e2e Operations Division will examine what benefits can be
realized and ensure that the development groups are responding appropriately.

Archive Development
The NRAO Data Archive has been operational since 2003 and will be expanded, starting in FY
2007, to broaden access to users both inside and beyond the radio-astronomy community. To date
over 1000 users from 300 institutions have downloaded over 5 terabytes of telescope data (nearly
45,000 data files). The download rate has climbed to approximately 2 gigabytes per month, and
the archive system logs indicate that several hundred archive queries are received daily. The
archive presently contains all VLA data back to 1976, GBT data from 2002 to 2004, raw VLBA
data back to 1999 (with gaps), and some VLBA calibrated data from this time period. Efforts to
extend the VLBA data back to 1992 and the GBT data after 2004 are underway, and both are
scheduled for completion in FY 2007. Throughout the next two years, work will be focused on
establishing an archive presence for the EVLA in the context of an NRAO-wide federated model,
to include the ALMA archive which will be part of the North American ALMA Regional Center.
This federated model will be expanded upon, with science-pipeline support incrementally added,
through FY 2011. Possibilities for a full data center, with clusters for data reprocessing, are being
explored.

Proposal Administration
The EVLA Computing group has developed a Proposal Submission Tool capable of supporting
VLA and GBT observations. Building on this previous work, the system will be transitioned to
the e2e Operations Division for continued progress towards a common proposal infrastructure
and handling process for all the NRAO telescopes, and it will include integration of VLBA
proposals. This work will be done in close collaboration with the sites and projects, and with full
consideration of special constraints on ALMA development and operations.

Scheduling Management
The expertise needed to best schedule telescope observations is located within the operations
groups. However, the NRAO must be able to manage metadata about what observations are being
executed, how successful they have been, and monitor the progress of programs as they advance
towards completion. In FY 2007 and FY 2008 the e2e Operations Division will begin playing a
role in the development projects for scheduling based within each of the operations and
development groups for the sites and projects. By FY 2009 the groups will have collectively
determined a strategy for centralized management of observational metadata, and systems
development will proceed accordingly.
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Automated Data Processing
Automated data processing will be enabled by the combination of offline postprocessing tools
and pipelines to automate various aspects of the processing steps. The ability to process is key.
Since the reorganization of the AIPS++ effort in April 2003, most of the development in this area
has been directed toward fulfilling the core synthesis data reduction, imaging, and analysis
requirements of ALMA and the EVLA. Comprehensive plans are available online, including a
consolidated plan for all development:
•
•
•

http://projectoffice.aips2.nrao.edu (Consolidated Plan).
http://almasw.hq.eso.org/almasw/bin/view/OFFLINE/DesignReviews (Plan and
Compliance Matrix for ALMA).
https://wiki.nrao.edu/bin/view/ISD/Planning-2004 (EVLA CASA Planning).

Approximately ten individuals work in the Data Postprocessing Group using CASA, doing
advanced algorithm development and prototyping, data capture, and ALMA science data model
efforts in addition to software development. At the end of FY 2006 the AIPS++ code base has
nearly completed its transformation into CASA (Common Astronomy Software Applications) to
allow its use in an execution framework, including binding tasks to new user interfaces,
particularly Python. The execution framework will allow both user-interactive and script-driven
applications, and the current toolkit will be used to create tasks as in traditional data-reduction
packages. The execution framework will support the ALMA Common Software (ACS) which is
used in all parts of the ALMA software system.
Ongoing testing cycles monitor the robustness and performance of the software, and the
functionality of the package is audited against the ALMA and EVLA scientific requirements
during the development process. Panels of external testers evaluated four use cases (single-field
interferometry, mosaicing, combined single-dish and synthesis imaging, and wide-field imaging),
and all testers successfully exercised the tests. Testing suggests that package speed is now
comparable to Gildas and AIPS for ALMA-scale problems and is within a factor of two of
Miriad. For wide-field EVLA imaging applications, implementation of new algorithms (e.g. Wprojection) in the original AIPS++ has provided significant improvements in speed over the
previous generation of imaging algorithms used in other packages, as demonstrated in recent
EVLA testing. These developments will be transitioned to CASA once the core package is
finalized. Detailed test information and reports are available at the project office page.

Funding Strategy
Securing external funds to supplement and extend the systems capabilities of the NRAO, thus
positioning the Observatory as a leader in data management, will be critical over the upcoming
years. The following opportunities may form the basis for initiatives managed through the e2e
Operations Division. Where preliminary discussions are in place, potential partners are noted:
•
•

A strong NRAO role in the NVO facility is anticipated when this organization is
launched in FY 2007–FY 2008. The NRAO is likely to manage aspects of its operations.
Improving the data-management organizational infrastructure throughout the NRAO
via a partnership with the University of Virginia School of Commerce and a leading
knowledge-management and information-integration company
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•

•

Investigating the metadata relationships between the original researcher’s intent, data
provenance, archive- and pipeline-reprocessing policies, quality attributes of datasets and
science data products, data-quality assessments, and expert systems with Harvard’s
Electrical Engineering & Computer Science Department
Testing and applying approaches to observation scheduling that have proven useful in
industries such as transportation and manufacturing

This list is not exhaustive, but it provides a representative example of the kinds of external
opportunities that are being explored to supplement the NRAO operations.

2. Integrated Science Center Development
Over the next five years, the NRAO will develop an integrated Observatory-wide approach to
scientific user support of its telescopes. This approach will provide a uniform and high level of
user support in a manner that takes maximal advantage of the economies of scale available across
the NRAO as a whole.
User-support requirements have been analyzed separately for ALMA (by the North American
ALMA Science Center), the VLA and VLBA, and the GBT. In addition the NRAO is presently
engaged in the “End-to-End (e2e) Operations” initiative that will provide high-level support to
the astronomical community—experts and non-experts alike—from the proposal submission
stage to calibrated NVO-accessible science data products. The e2e initiative will provide a
common approach to using all the NRAO telescopes to the greatest extent practical. In general,
the Integrated Science Center will serve as the critical interface between the scientific user and
the electronic, software, and mechanical systems of the telescope.
Many of the science-center requirements for the individual NRAO telescopes are in common or
very similar with one another, but a number of support functions are specialized for each
telescope, as indicated in the following lists.
Science-center services common to all the NRAO telescopes:
•
•
•
•
•
•

Proposal submission policies, procedures, tools, and processes
Archival research policies, procedures, tools, and processes
Proposal refereeing, disposition, and internal handling
Observation (Scheduling Block) development assistance
Portals to access raw data, calibrated, data, processed data, or reprocessed data physically
stored in various locations
Metrics for telescope performance, observations planned and executed, and other
metadata critical for observatory-wide data management
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Scientific support services that are telescope specific:
•
•
•
•
•
•
•

Instrument commissioning and development of new observing techniques
Fundamental telescope and system calibration (including pointing calibration and
efficiency measurements)
Capture and calibration of raw data
Production of quick-look science data products
Production of reference science data products
Quality control of raw data and reference science products
Diagnosis and resolution of data and system-performance anomalies

Observing strategies and optimal use of equipment differ among telescopes, but a strategy of e2e
and the Integrated Science Center approach will be producing clear documentation and decision
trees so that users and scientific-support generalists can easily understand how to apply the
NRAO telescope resources to achieve scientific objectives. This will not obviate the need for
astronomy and engineering experts associated with each telescope, but it will push the knowledge
to the highest and most accessible level possible. This approach will achieve economies of scale
by allowing scientific-support generalists to provide user support for multiple telescopes.
To achieve this efficiency, the NRAO will maximize common tools and approaches and the
ability of telescope-support generalists to handle as much of the scientific user support as
possible. Support generalists can be located at any telescope site, and efforts will be made to
distribute such staff in a manner that provides a critical mass of scientists and support personnel
at each telescope site. For fiscal efficiency, scientific support staff at a given location should
provide support to more than one facility. The NRAO believes that this can be achieved in a
practical manner owing to the similar instruments and techniques at ALMA and the EVLA, and
owing to the significant scientific overlaps among the GBT, ALMA, and EVLA. Thus, for
example, ALMA and EVLA support staff might be geographically located at either
Charlottesville or Socorro, and GBT support staff could be located at Green Bank or
Charlottesville. A concept diagram illustrating the NRAO Integrated Science Center appears in
Figure F.2.1.

Figure F.2.1. The NRAO Integrated Science Center Concept.

Long Range Plan for FY 2007-2011
F. Community Support Programs

61

3. Scientific Outreach
Fostering a strong scientific community of researchers remains an important part of the NRAO’s
mission. The NRAO is pursuing a broad range of activities including undergraduate, graduate
and post-graduate programs, instrument and visitor programs to enhance university/NRAO
collaborations, workshops, schools and conferences, library services, etc. Although many of these
activities occur observatory-wide, the Division of Science and Academic Affairs (DSAA)
provides the necessary coordination of these science and academic activities.

Undergraduate Programs
The long-running (since 1959) summer student program continues to be very successful. The 10–
12 week program allows about 25 students to work under the supervision of the NRAO staff
members at sites in New Mexico, West Virginia, and Virginia, carrying out original research in
the areas of astronomy, computing or engineering. Most of these students are supported out of
funds from the NSF Research Experience for Undergraduates (REU) program, while the
remaining (graduating seniors, foreign students, and graduate students) are covered by the NRAO
operating funds.
The NRAO also runs a co-op program for undergraduate engineering students that enables them
to gain practical, career-based experience as part of their formal academic education. Students
from participating institutions work at the NRAO engineering sites for two (non-consecutive)
semesters. The NRAO technical staff supervises the students and engages them in problems on
the technological frontier. On average, three students per semester are funded through the NSF
Cooperative Agreement.

Graduate Programs
The NRAO is committed to training the next generation of astrophysicists in the techniques of
radio astronomy. Several NRAO programs exist for this purpose. First, graduate seniors and firstand second-year graduate students are able to participate in the NRAO summer student program
described above. This gives students experience in radio astronomical research early in their
graduate careers, allowing them to incorporate these skills into their thesis research. Secondly, the
NRAO awards pre-doctoral fellowships to students who have completed their academic course
requirements, so that only their thesis research remains for them to complete. Such students
remain in residence at the NRAO, typically for two years, and collaborate with the NRAO staff
scientists who supervise them as they acquire data, reduce them, and write up their results.
Typically there are five graduate summer students and four resident graduate students (called
“Junior Fellows”) supported each year by the NRAO operating funds.
In addition to graduate summer students and resident graduate students, more than 100 Ph.D.
students make observations with the NRAO telescopes each year. Travel reimbursement, lowcost accommodations, and computing facilities are provided on-site to assist these students during
stays of one to three weeks. The Observatory also supports longer stays (3–6 months duration) for
those students who wish to collaborate with the NRAO staff scientists as part of their Ph.D.
research. These internships allow graduate students to work closely with the NRAO staff and
forge valuable long-term links to the university community.
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Financial support is also available for students performing observations on the GBT. Students at
U.S. universities are eligible for the program, which is designed to provide salary support and
miscellaneous expenses such as computers and travel (to a maximum of $35,000). The program is
supported through operations funds from Green Bank at a level of $200,000 per year. We
anticipate increasing funding for this popular program by 50 percent in 2007 and broadening the
eligibility to observing projects carried out at other NRAO facilities.

Postgraduate Programs
The Jansky Postdoctoral Fellowship Program remains one of the top postdoctoral fellowship
programs in the world. Jansky Fellows carry out investigations independently or in collaboration
with others within the wide framework of interests of the Observatory. In addition to astrophysics
research, the NRAO encourages work on radio-astronomy instrumentation, computation, and
theory. The appointments are made for two-year terms that can be extended for a third year. In a
typical year two to four appointments are made. Approximately half of these fellows are in
residence at the NRAO, while the other half are non-residences located at U.S. universities or
research institutes. Resident fellows are encouraged to spend time at universities working with
collaborators during the course of their fellowships, while non-residents are encouraged to make
frequent and/or long term visits to the NRAO sites.
In addition to the Jansky Fellows, the Observatory funds the NRAO Postdoctoral Fellows. The
appointments are similar to Jansky Fellowships, but the NRAO Fellows have responsibilities (up
to half time) for the operation and support of the NRAO facilities. In 2006 there were three
NRAO Postdoctoral Fellows paid by operating funds from the GBT, ALMA, and the VLA.

University-NRAO Programs
Beyond the education and training of future generations of radio users through its programs in
undergraduate, graduate, and post-graduate programs, the NRAO works to maintain an active
U.S. radio-astronomy community. This is accomplished in a variety of ways including staff
community service, visitor programs, organizing science meetings, and funding university-led
hardware and software projects.
The NRAO scientific and engineering staff serve on advisory committees and review panels, they
serve as AAS Officers and on its committees, they teach university courses, they serve as editors
and referees for professional journals, and they give colloquia and invited talks at international
meetings. This interaction is further enhanced through the NRAO-organized scientific meetings
and workshops through which all scientists have an opportunity reflect on the current direction of
astronomical research and the state of current instrumentation or techniques. The Observatory
also supports visits by outside Ph.D. scientists and engineers to any of its sites so that they may
interact with the NRAO staff. The length of a visit is optional, ranging in duration from weeks
(e.g., summer research visits) to months (sabbatical visits).
All of these interactions keep the NRAO scientists engaged in the wider astronomical community,
and they act as a conduit through which the community can maintain its connection to the NRAO.
One of the more tangible benefits of these programs is that they allow for community-wide input
into Observatory priorities for science, instrumentation, and algorithm development. Moreover,
they identify technical areas where universities are strong and hence can collaborate with the
NRAO. In the descriptions of the NRAO facilities are several examples of university-led software
and hardware projects.
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4. Education and Public Outreach (EPO)
Within the five-year window of this Long Range Plan, ALMA and EVLA will achieve their Early
Science milestones, the GBT will mature, and the VLBA will add new capabilities. These next
five years will be a time of extraordinary scientific promise and thus a time of extraordinary
opportunity for education and public outreach. New research frontiers will open and be explored,
and it is EPO’s responsibility to convey this scientific bonanza to the international media,
students and teachers, the astronomical community, and the general public.

Table F.4.1. EPO Milestones for FY 2007–2011
FY
200707

FY
2008

FY
2009

FY
2010

FY
2011

Fully integrate EVLA and ALMA into existing EPO
programs and develop new programs that effectively
convey their technologies, scientific promise, and
research accomplishments

X

X

X

Seek funding for and build a new Visitors Center at
the Very Large Array

X

X

X

X

X

Achieve a combined annual visitation rate of 100,000
visitors per year at the VLA Visitors Center and
Green Bank Science Center

X

X

X

X

X

Collaborate with the University of Virginia in the
development of a Science Outreach Center proposal
in Charlottesville

X

X

X

Seek funding for and develop traveling and electronic
exhibits about radio astronomy and the NRAO

X

X

X

More effectively engage the NRAO scientific staff in
EPO, especially in the generation of visually
compelling radio astronomy images

X

X

Milestones

Throughout this five year period, the NRAO EPO program will seek to become a national and
international leader in the field of astronomy outreach, science education, and public information.
The NRAO EPO program will increase public access to the Observatory by improving its
understanding and use of communications and digital outreach technologies such as the World
Wide Web, web casts, pod casts, distance learning, graphic design, and data visualization.
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5. Spectrum Management
The ability to observe without harmful interference is fundamental to the conduct of good
science. The methods by which the spectrum is apportioned into bands and by which rules are
formulated to shield band users from interference are collectively known as “spectrum
management.” Therefore the NRAO participates in spectrum management in order to preserve,
protect and improve the ability of astronomers to do their work.
Spectrum-management processes occur nationally and internationally. The NRAO acts at both
levels, filing detailed comments at the FCC, working with U.S. Government representatives on
domestic and ITU issues, and providing support for the work of IUCAF, CORF, and other bodies
that were organized to protect the so-called passive services: astronomy and Earth-sensing.
Spectrum management is largely a collaborative enterprise because general rules are not
formulated on behalf of individual instruments or observatories.
Activity is driven by 3–4 year ITU cycles which culminate in World Radiocommunication
Conferences (WRCs), next scheduled for 2007 November and 2010. Superimposed on the WRC
cycles are somewhat less-predictable intervals over which the FCC formulates rules. It typically
requires two or more WRC cycles to formulate and gather support for an initiative; achieving any
major goal is analogous to winning financial support for a large instrument. Working within the
ongoing framework, goals for the next five years include progress toward
•

Increased ITU recognition of radio quiet zones

•

Frequency allocations above 275 GHz for radio astronomy

•

Assimilation of ALMA into the spectrum-management regime

Of these, the first is in progress, but the degree of recognition that will be achieved is uncertain.
The second is being resisted by the U.S.; radio astronomy was granted the last of its possible
allocations at lower frequencies—large swaths of the spectrum at 1–3 mm wavelengths—only in
2000. The third item is a matter of pressuring the ALMA project to recognize the costs inherent
in administering the quiet zone which exists around the ALMA site as well as the need to see its
and Chile’s interests represented in the regulatory sphere.
A spectrum-management plan for ALMA was formulated at the NRAO and was subsequently
incorporated into the ALMA operations plan. Possible means of engaging Chilean interests are
being studied.
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G. Observing Management and Infrastructure
1. Administration
Objectives for the Administration group over the next five years are listed in this section.
Business Services
Goal: Develop tools to assist management forecasting and evaluation of staffing levels, cost,
budget, variance, and benchmark efforts for added economy and efficiency.

Table G.1.1. Business Services Milestones for FY 2007–2011
Milestones
On-Line Budgeting/Forecasting (Microsoft FRx
Software)
On-Line Budgeting/Forecasting (Microsoft FRx
Software)
Expanded On-Line Procurement Tracking /
Forecasting (Web Based)
Establish a set of common financial-performance
reports for use at the NRAO sites and division level
that are reflective of the organization Flash report
Establish a multi-year staffing plan

FY
2007

FY
2008

X

X

X

X

FY
2009

FY
2010

FY
2011

X

X

X

X
X
X

X

Fiscal
Goal: Continue efforts to stabilize and improve current business systems.

Table G.1.2. Fiscal Milestones for FY 2007–2011
Milestones
Ongoing O&M Support Plan for Web Based
Business Systems
Hire Payroll/HR Programmer/Resources
FY 2008–2010 JD Edwards/Peoplesoft
Upgrades
Support Electronic Timecard Conversion
• Implementation
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2008

FY
2009

FY
2010

X

X

FY
2011

X
X
X
X
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Facilities
Goal: Improve tools for staff deployment, space and utilization programs.

Table G.1.3. Facilities Milestones for FY 2007–2011
Milestones

FY
2007

FY
2008

FY
2009

FY
2010

FY
2011

X

X

X

X

X

Observatory Facilities and Staffing
Plan

ES&S
Goal: Establish Health and Safety Training/Recordkeeping Database (Provides annual calendar
of OSHA or other regulatory required training programs. This will allow pre-programmed
scheduling of essential ES&S training and ensure all compliance-based training needs are met).

Table G.1.4. ES&S Milestones for FY 2007–2011
FY
2007

Milestones
Identify compliance-required training
programs
Identify affected job categories and correlate
with required programs
Begin development of essential training
programs
Complete development of training programs
and initiate training program
Implement scheduled training sessions

FY
2008

FY
2009

FY
2010

FY
2011

X
X
X
X
X

Human Resources
Several major events plus the regular functions of the Observatory will drive the goals of the
NRAO Human Resources Division. In the U.S. efforts must continue toward a well-trained
management team in all areas of supervision. Also the Observatory must strive to increase the
diversity of its workforce. A unique challenge will be the establishment and proper growth of the
Observatory as it becomes a significant presence and leader in the field of astronomy in Chile.

Table G.1.5. Human Resources Milestones for FY 2007–2011
Milestones
1. Increase emphasis on U.S. management and
supervisory training
• Coordinate with the UNM Anderson School of
Professional Development an updated
curriculum
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Milestones

FY
2007

FY
2008

FY
2009

FY
2010

FY
2011

•

Evaluate the need for and availability of
specialized training programs in topics such as
management, quality management, leadership
skills, performance-evaluation methods,
interviewing skills, personnel policies, etc.
• Identify target audiences (sites), budgets,
programs and trainers (internal or external)
• Schedule and begin roll-out of programs
2. Develop management and supervisor training for
Chilean and expatriate staff in Chile—a critical
effort to install the proper management/employee
relationship in the Chilean work environment.
Special attention must be given to the worker
relationship to supervision that may come from
any of the major partners—NRAO/AUI, ESO, or
NAOJ.
• Identify team of U.S. and Chilean staff to:
• Develop an outline of training topics
• Identify the trainers
• Create the training materials and schedule the
training in Chile
• Roll out the training to small groups of
managers/supervisors as they are hired into the
ALMA Project/Operations
3. Expatriates and families pre- and post-relocation
orientation programs
• Identify development team (internal or external)
and develop outline of issues
• Acquire budget and implement prototype with
test group
• Roll out to all
4. Succession planning/training
5. Increase representation for minorities and women
in the workforce
• Increase the Diversity Committee by adding an
outside representative and making this
committee a fully functioning Observatory
committee.
• Develop a Diversity Briefing for all
Observatory managers and supervisors
including an overview of the affirmative action
plan.
• Begin roll-out of the Briefing Program
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2. Computing and Information Services
Computing Infrastructure
Central Computing Services
Central Computing Services is coordinated by the Computing and Information Services (CIS)
division. Its mission is to plan an optimum computing and network environment for the users of
the NRAO telescopes, for the operation of those instruments, and for the development of new
facilities. CIS sets policies and standards in this area, and it coordinates relevant activities across
the Observatory. CIS supervises the maintenance of all computer equipment and software
observatory-wide and maintains a budget to provide these services.
The sites and major projects (Green Bank, Socorro, ALMA) each have a computing division
charged with providing local support and reporting to the local site director or project manager, as
appropriate. Operational funding is provided through the sites and projects. CIS augments and
coordinates the activities of the computing divisions.
In the near future we must anticipate the changing nature of the computer and communications
industries, and we must be positioned to adapt to those changes. In addition, increased data flow
from the EVLA and ALMA may return the NRAO to the position of needing to provide a support
environment with a higher proportion of on-site data reduction and a higher influx of scientific
visitors.

Computing Security
Adopting a solid computer-security policy is a prerequisite to securing any enterprise from online threats. Since 1999 the NRAO has had in place such a policy, which provides a framework
to balance the conflicting requirements of accessibility for the radio-astronomy community and
the public with the continuing need for high security in an increasingly hostile environment.
All of the NRAO operational sites are networked together. It is therefore essential that security
be maintained at all sites 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 representatives chosen from each major
activity of the observatory.
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.
However, intrusion attempts, probes, viruses, spyware, and similar attack attempts continue to
come from the Internet with a seemingly exponential increase in frequency, scope, and
sophistication. The threat from mobile and wireless equipment brought by visitors is widely
acknowledged in the computer industry and is also being addressed in the context of the CSC and
the security policy.
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We will continue to improve and refresh security education and documentation for the NRAO
computer users. We will maintain and enhance the security measures already in place. In
addition, we will maintain Virtual Private Networking, which allows travelers and telecommuters
to become part of the NRAO internal network securely.

Observatory-wide Coordination
Computing Standards and Policy
To provide a uniform structure in which to carry out our mission, CIS will continue to develop
and enforce standards, policies, and conventions originally formulated and adopted by its
predecessors. Policies address computer use, major software procurements, computer hardware
purchasing, etc. Standards include computer hardware configurations and lists of standard
software applications.
Common Computing Environments
The Common Computing Environment (CCE) is a major initiative started in 2000 to minimize
the differences, often historic, among computing environments at the NRAO sites. Such
differences have in the past resulted in unnecessary incompatibilities, duplication of effort by
computing staff, and valuable time lost for users who work on systems at multiple sites. In 2002
the CCE effort was renewed and reshaped into an “accelerated” program. Although this phase
was completed in 2003, the operational phase continues through regularly scheduled meetings
and on-line collaborations. Computer environments are never static: new operating systems
emerge as standards (e.g., Mac OS/X), new versions of existing operating systems are released,
new tools and work habits become standard (e.g., migration to laptops), and emerging
technologies (e.g., cell phones and personal data assistants) have to be folded into the existing
operation. The operational phase will continue indefinitely.
Contracts
It is clearly advantageous that widely used software such as office suites, computer-aided design
software, and operating systems be kept at the same revision throughout the Observatory. This
greatly simplifies document interchange and package support. A major activity of CIS is to
maintain contracts for such software. Further, CIS is responsible for maintaining contracts for
key hardware components—computers, printers, routers, etc.—and for the intranet service. By
consolidating licenses or equipment from multiple sites under a single budget, we reduce the
overhead of managing these contracts, simplify the process of obtaining software upgrades, and
can often negotiate better discounts with vendors. This amounts to approximately sixty contracts
annually.
Recurring Costs
The NRAO has computer and associated equipment that is valued at roughly $2.5M. This
equipment has a mean lifetime of no more than five years. Thus, an annual budget of no less than
one-fifth of this amount is required to address depreciation. The practice of maintaining a central
budget for replacement equipment will be continued. This includes the whole spectrum of
equipment from computational and file servers, powerful systems for scientific use, and printers
to personal desktops and laptop computers.
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Observations continue with the VLA, VLBA, and the GBT; data are written into the on-line
archive as they are taken. This means that we have the recurring cost of adding disk space to the
archive regularly.
Coordinated Activities
We intend to continue the practice of maintaining a central budget to cover training fees for any
computer professional at any site. To foster communication and collaboration between
computing staff at the NRAO sites, we will provide funding for their inter-site travel. This
budget will be available to cover the travel expenses involved in bringing together a large number
of the NRAO computing staff involved in specialized computing fields such as real-time
development and system administration.
Information Infrastructure (Web Services)
Except for one brief outage, the existing web infrastructure has provided 100% uptime service to
the community and the staff for the past few years. However, there has been little formal content
management for the web site, and our practices in this area have been informal and ad hoc owing
to lack of dedicated staffing. This will be addressed in the coming years.
Several instances of web-based collaboration software known as a “Wiki” have been created
within the NRAO. This software has already helped individuals, groups, and projects within the
NRAO to perform collaborative tasks including project management, reporting, and software
development. We expect the use of this collaboration to grow in the coming years.
We provide two web-mail interfaces permitting staff members to access their mail in a safe and
secure way from any web browser on the Internet.
Networking and Telecommunications
In the past few years we have consolidated many of our long-distance phone services under a
single contract through the General Services Administration (GSA) Federal Telecommunication
Service FTS2001 initiative. We also provide web meetings, audio conferencing, international
and domestic toll-free service, and calling cards to our employees under this program. In addition
to providing the lowest service rates available, this consolidation has resulted in easier
management with consequent lower overhead.
Since 1996 the NRAO has had an intranet connecting most of its locations over a private and
secure Wide Area Network. Since 2001 the service has been provided by AT&T under the same
GSA/FTS2001 contract. However, prices and available features are changing constantly, so
continuous monitoring of service contracts is necessary. The FTS2001 program will be replaced;
this is currently scheduled to occur in 2007, and this will be a good opportunity to re-evaluate all
services.
The NRAO is a sponsored participant in the Internet2 from all major locations. We will need to
ensure that the network connectivity will be adequate to support future operations.
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We presently support fifteen video conference systems, providing a video communication
network between the conference rooms and auditoriums at the major sites leveraging the intranet
infrastructure. The video system is also widely used to relay scientific and technical colloquia
throughout the observatory. The equipment must be upgraded to continue to provide more
modern capabilities. There is also a burgeoning requirement for personal (desktop and mobile)
video systems.

Headquarters Computing
The NRAO Charlottesville Computing Division’s mission is to provide the computing services to
the local NRAO staff and scientific visitors to Charlottesville. The local groups served by the
Charlottesville Computing Division include the Director’s Office, Education and Public
Outreach, the scientific staff, Business Services, the Central Development Lab (CDL), Human
Resources, the business office, Charlottesville ALMA staff, the Program Management Office,
and the Charlottesville-based software development staff. The support includes electronic mail,
printers, central servers, centralized data storage, data backup services, software installation and
support, computer configuration and procurement, remote-access capabilities, web services,
directory services, network management, phone service, video and collaboration services, and
application software support.

3. Program Management Office
Introduction
The Program Management Office (PMO) provides project-management support across all
Observatory projects including telescope construction and operation, hardware and software
development, engineering, and Observatory infrastructure and operations.
The charter for the PMO contains three primary initiatives:
1. Modernize the NRAO business services and systems (achieved by Web-Based
Business Services).
2. Integrate effective project-management controls across all Observatory projects.
3. Participate in the planning and execution of new Observatory projects and initiatives.
The modernization of the NRAO business systems was translated into a detailed plan by the PMO
called the Web Based Business Services (WBBS) Initiative. This initiative is a multi-year effort
for the design, implementation, and deployment of the business services as well as for a major
architecture upgrade to meet the performance requirements of the Observatory. This project
began in FY 2005 and will conclude in FY 2007. Long-term operation of the WBBS will become
the responsibility of the Administration group upon completion of the implementation project.
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The second major initiative of the PMO will be the integration of effective project-management
controls across all Observatory projects. The PMO has prepared a detailed plan for this initiative
called the Performance Based Project Management (PBPM) Initiative. This initiative also
requires a multi-year implementation phase to establish the processes, systems, personnel,
metrics, and best practices required for effective project management. The NRAO will review
this plan in FY 2007 for scope, schedule, and budget.
As shown in Figure G.3.1, the PMO also proposes to provide project management support in a
matrix approach to the NRAO Operations, the NRAO construction, development, and changemanagement projects (including ALMA, EVLA, E2E, PTCS, etc.), Administration, and New
Initiatives. The PMO has already provided full project-management support staffing to the
ALMA project in the following positions: Deputy Project Manager / Business Manager, Project
Controller, Project Coordinator, and Project Scheduler. As the leader of a large project, the
ALMA Project Director requires extensive PMO support above and beyond that which is needed
in most NRAO projects. Following review and consultation with Observatory management and
the relevant project managers, the PMO proposes to support each NRAO project either indirectly
through PMO as-needed support or directly by instantiation of a PMO project office or project
team that reports directly to the specific project’s manager and may be matrix allocated to the
PMO or may line report to the PMO.
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Figure G.3.1. PMO Project Management Engagement Approach.
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As an initial step in the Performance Based Project Management Initiative, the NRAO WBS was
normalized with a formal change-control process. All changes to the NRAO WBS now follow
this process with requisite approval. A Project Management Maturity model was defined by the
PMO to establish the criteria for evaluating organization maturity. The PMO has also defined the
process for project assessment based on budget and schedule performance.

PMO Objectives
The proposed PMO long-range execution roadmap and objectives are shown in Figure G.3.2.
The controlling inter-related documents of this plan are the PMO Program Management Plan
(PMP), the Program Office Budget, and the Program Office Master Schedule. Once the PMP
objectives are approved by senior management, a detailed PMO budget and schedule can be
prepared to meet these objectives.

Figure G.3.2. Proposed Program Office Execution Roadmap FY 2007–FY 2009.

Objectives for the Performance-Based Project Management Initiative
The Performance Based Project Management (PBPM) Initiative has five areas of focus that
collectively define PMO operations:
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(1) Project Management Process Definition and Deployment to mature and improve the
NRAO project maturity and success factors on the NRAO projects;
(2) Project Management Training and Certification of the NRAO personnel to improve
project management skill sets;
(3) Management of the NRAO Work Breakdown Structure involves the ongoing
maintenance of this structure using a formal change-control process;
(4) Establishment of Project Offices for the NRAO projects using a matrix-management
approach as appropriate; and
(5) Performance Management Assessments by the PMO to understand critical path, cost and
schedule variance, and project risks across the NRAO projects in order to orchestrate and
implement risk-mitigation strategies in concert with the appropriate project personnel.
An inventory of Project Management Processes will be undertaken by a Project Management
Focus Group including PMO staff and representatives from the major NRAO projects at each
site. This group of key NRAO stakeholders will form the nucleus for improving projectmanagement capability throughout the Observatory. This approach will set in motion the ability
of the NRAO to iteratively measure and improve project performance throughout the
Observatory.
In parallel with the above process, the PMO proposes to define and initiate a training plan to
improve the knowledge and skill sets of the key stakeholders forming the Project Management
Focus Group.
As a possible example, the PMO could work closely with the leadership of the EVLA
construction project to expand the existing EVLA project office along the lines of the NAPO
formed for the ALMA construction project. Additional staff with complementary skill sets could
be identified and assigned by the PMO to augment the existing project management effort.
In concert with the PBPM objectives already identified, the PMO proposes to begin formal
performance assessments across the PM focus group of major projects. A key concept and
practice of these assessments is to ensure that each project has a cost and schedule performancemanagement baseline along with a routinely updated forecast of cost and schedule against this
baseline. Another key concept is that each project must identify the current critical path as the
project progresses. In addition to identifying risks and cost and schedule variances against the
project baseline, particularly along the critical path, the PMO will work closely with the project
office to generate earned-value metrics where appropriate, and to formulate and execute
mitigation strategies to recover cost and schedule variances to maintain project performance
baselines.

Programmatic Support to new NRAO Projects
The PMO will also continue to provide programmatic and proposal support to all new
Observatory projects.
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PMO Management Approach
The PMO must provide an agile organization with the appropriate staff and expertise to increase
the project-management capability and maturity of the Observatory. Using a functional
management approach the PMO can recruit, train, and assign project-management personnel to
NRAO projects. As most PMO personnel are direct-charging employees on these projects, the
PMO represents a minimal investment in project-management capability for the Observatory that
maximizes the ability of the organization to execute projects successfully.

Performance Management Reporting and Assessment Model
The proposed NRAO Performance Management Reporting and Assessment Process is shown in
Figure G.3.3. This reporting and assessment process, using standardized reports and metrics
defined by the PMO, will provide early-warning triggers to take corrective action to maintain
critical path and budget.

Project Responsibilities & Activities

PMO Operations – Performance Reporting and Assessment Process

(1)
Project Scope
Defined in W ork
Breakdwon
Structure (W BS)

(2)
W BS Approved
thru W BS Change
Control Process

(3)
Using W BS Structure,
Project Cost &
Schedule are defined.

(4)
Perform ance Capture
& Forecast (M onthly):
1. Actual Project Cost
Updated
2. Project Prepares
New Schedule
Forecast

The Project
Perform ance
M anagem ent Baseline
(PMB) is Established.

PM B Budget and Schedule
Stored by W BS Elem ents

(5)
Performance Reporting
(M onthly):
1. Cost Variance
Report
2. Schedule Variance
Report
3. Critical Path Report
4. Risk Register and
Action Item Status

Actual Cost Updated .
New Schedule Forecast.
Generate
Reports
& M etrics

Program Office Responsibilities

Work-Products
& Business
Systems

Load W BS

W BBS Services
Job Cost &
ETK Critical to
Perform ance
Reporting

NRAO
Process
Definitions
and Metrics

Cost & Schedule
Scheduling Engine

Period
Reports and
Metrics

Standards,
Processes, & M etrics
Deploy W BBS

W BBS
Initiative

(1)
PMO Defines and Deploys
NRAO Project Managem ent
Processes, Standards, &
Metrics

(2)
Perform ance Assessm ents:
1. Joint Effort of PM O and Project Office
2. Analyze Program Reports & Metrics
3. Does Cost Exceed Budget Baseline?
4. Does Forecast Exceed Schedule Baseline?
5. Evaluate Critical Path, Risks and Interdependencies
6. W ork with Program to Create Effective
M itigation Strategies when Required

Figure G.3.3. Proposed PMO Performance Reporting Process.
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H. Projected Budget
FY 2007–FY 2011 Budget Plan
Table H.1 shows the projected NRAO budget from FY 2007 through FY 2011, with FY 2006
included for comparison. The table shows NRAO base operations costs for existing facilities
(GBT, VLA, VLBA, and central administration and services), EVLA construction costs, ALMA
construction costs, ALMA (base) operations costs for Chile and North America, and ALMA user
grants.
For the purposes of this projection, the long-range planning assumption is that the NRAO nonALMA operations budgets following FY 2007 will grow by inflation only. ALMA construction
costs follow the currently approved baseline. ALMA operations costs and user grants ramp-ups
are also shown according to the current planning assumptions. ALMA Operations and North
American ALMA Science Center (NAASC) budgets are presently under review as part a proposal
to the NSF to be submitted this fall.

Table H.1. FY 2007–FY 2011 Projected Budget (k$)
NRAO Operations Base
NRAO Ops. EVLA
Const.
NRAO Operations SPO-1
Total (Base + EVLA)
ALMA Construction
SPO-2
ALMA Operations
ALMA User Grants

FY
2006
$41,960

FY
2007
$41,565

FY
2008
$43,020

FY
2009
$44,525

FY
2010
$46,084

FY
2011
$47,697

$5,440

$5,835

$6,010

$6,190

$6,376

$1,130

$47,400

$47,400

$49,030

$50,715

$52,460

$48,827

$48,840

$64,270

$98,070

$69,750

$43,320

$22,470

$1,500

$5,695

$12,497

$19,492

$25,989
$1,000

$31,426
$3,000

The inflation correction for NRAO base operations will just sustain current telescope operations
of the GBT, VLA/EVLA, and VLBA and small new operational initiatives, but no significant
new developments. The NRAO reviews priorities annually and is redirecting funds toward
strategic initiatives to the greatest extent possible. Some elements of the Long Range Plan
Technical Capability Development initiatives can be funded through internal budget
reprogramming. For example, the e2e Operations initiative can be largely funded in this manner,
with some anticipated additions from separate funding proposals. The NRAO is also making
every effort to leverage the investments in ALMA. For example, ALMA software might be reused or adapted for application in other NRAO telescopes and thus avoid new development. It
may also be possible to pool resources with the NAASC to achieve an NRAO Integrated Science
Center that serves all NRAO telescopes (ALMA, EVLA, GBT, and VLBA) in a very costeffective manner.
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The inflation-corrected budget probably does not provide adequate funds for other strategic
initiatives such as instrumentation R&D, large focal-plane arrays for the GBT, etc. The NRAO
will be as innovative as possible in identifying alternative funding sources and in setting up
mutually beneficial university collaborations to address these scientifically important initiatives.
It also may be necessary to ask the NSF for one-time additions to allow these projects to be
pursued (i.e., for NRAO’s share of a collaboration, etc.).
The NRAO operations budget not including ALMA operations is shown in Figure H.1. EVLA
construction is shown in magenta. FY 2011 is the last year of EVLA construction funding.

NRAO Budget Plan
NRAO Operations SPO-1
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Figure H.1. The NRAO Base Operations (Non-ALMA).

The ALMA Operations budget is shown in Figure H.2. The ALMA User Grants component is
shown in magenta. The ALMA operations budget reaches a steady state in FY 2013 (not shown).

Long Range Plan for FY 2007-2011
H. Projected Budget

79

NRAO Budget Plan
ALMA Operations *
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Figure H.2. ALMA Operations Budget.

The ALMA construction budget is shown in Figure H.3. FY 2012 (not shown) is the last year of
ALMA construction funding.
NRAO Budget Plan
ALMA Construction SPO-2
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Figure H.3. ALMA construction budget profile.
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Acronyms and Abbreviations
Acronym
AAS
ACS
AGN
AIPS
AIV
ALMA
ALMA-B
ALMA-J
ANASAC
AOC
AOP
AOS
APP
ARC
ARISE
ASAC
ATA
ATI
AUI
AURA
BBC
BR
C band
CASA
CCE
CDL
CDR
CGSR
CII
CIS
cm
CMB
CO
CORF
CSC
CSG
CSO
CSV
CWVR
CY
DASI
DPG
DRAO
DSAA

Definition
American Astronomical Society
ALMA Common Software
Active Galactic Nucleus or Active Galactic Nuclei
Astronomical Image Processing System
Assembly, Integration, and Verification
Atacama Large Millimeter Array
ALMA Bilateral
ALMA Japan
ALMA North American Science Advisory Committee
Array Operations Center (Socorro, NM)
ALMA Operations Plan
Array Operations Site (ALMA, Chile)
ALMA Project Plan
ALMA Regional Center
Advanced Radio Interferometry between Space and Earth
ALMA Science Advisory Committee
Allen Telescope Array
Advanced Technologies and Instrumentation
Associated Universities, Incorporated
Associated Universities for Research in Astronomy
BaseBand Converter
Brewster, WA VLBA station
4–8 GHz
Common Astronomy Software Applications
Common Computing Environment
Central Development Laboratory (NRAO)
Critical Design Review
Caltech-Green Bank-Swinburne Recorder
Carbon ion
Computing and Information Services
Centimeter
Cosmic Microwave Background
Carbon Monoxide molecule
Committee on Radio Frequencies
Computing Security Committee
Core Science Group (in e2e Operations)
Caltech Submillimeter Observatory
Commissioning and Science Verification (ALMA)
Compact Water-Vapor Radiometer
Calendar Year (January 1 through December 31)
Degree-Angular-Scale Interferometer
Data Products Group (in e2e Operations)
Dominion Radio Astrophysical Observatory
Division of Science and Academic Affairs
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Acronym
DSP
e2e
EPO
ES&S
ESA
ESDP
ESO
EU
EVLA
EVLA I
EVLA II
eVLBI
FASR
FCC
FD
FE
FPGA
FRM
FTE
FY
GaAs
GASP
GB
Gbps
GBT
GHz
GLAST
GSA
HBT
HEB
HFET
HI
HR
HSA
HST
IAU
IF
IGM
InP
IPT
ISD
ISPO
ITU
IUCAF
IVN
IVOA
JAO
JCMT

Definition
Digital Signal Processing
End-to-End
Education and Public Outreach
Environmental Safety and Security
European Space Agency
Early Science Decision Point (ALMA)
European Southern Observatory
Europe
Expanded Very Large Array
Phase I of the EVLA
Phase II of the EVLA
Electronic (real-time) VLBI
Frequency-Agile Solar Radiotelescope
Federal Communications Commission
Fort Davis, TX VLBA station
Front End
Field-programmable Gate Array
Focus-Rotation Mount
Full-Time Equivalent
Fiscal Year (October 1 through September 30)
Gallium Arsenide
Green Bank Astronomical Signal Processor
Green Bank, WV
Giga-bits per second
Green Bank Telescope
Gigahertz
Gamma-ray Large-Area Space Telescope
General Services Administration
Heterojunction Bipolar Transistor
Hot-Electron Bolometer
Heterojunction Field-Effect Transistor
Neutral Hydrogen
Human Resources
High-Sensitivity Array (VLBA)
Hubble Space Telescope
International Astronomical Union
Intermediate Frequency
Inter-Galactic Medium
Indium Phosphide
Integrated Product Team (ALMA)
Interferometry Software Division
International SKA Project Office
International Telecommunications Union
Inter-Union Commission on Frequency Allocation (IAU)
International VLBI Network
International Virtual Observatory Alliance
Joint ALMA Office
James Clerk Maxwell Telescope
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Acronym
Jy
K band
Ka band
kHz
Ku band
L band
LIGO
LISA
LNA
LO
LWA
M&C
Mbps
MHz
mm
MMIC
MR&D
MRI
MUX
NA
NAASC
NAPO
NAOJ
NASA
Nb
NIST
NRAO
NRC
NRL
NSF
NTC
NVO
O&M
OPTICON
OSF
OTC
OV
P band
PAPER
PBPM
pc
PDR
PI
PLL
PM
PMO
PMP
PRL

Definition
Jansky (10-26 W m-2 Hz-1
18–26 GHz band
26–40 GHz band
kilohertz
12–18 GHz
1–2 GHz
Laser Interferometer Gravitational-wave Observatory
Laser Interferometer Space Antenna
Low Noise Amplifier
Local Oscillator
Long-Wavelength Array
Monitor and Control
Mega-bits per second
Megahertz
Millimeter
Monolithic Millimeter-wave Integrated Circuit
Maintenance, Repair, and Development
Major Research Instrumentation
Multiplexer
North American / Not Applicable / Not Available
North American ALMA Science Center
North American Project Office (ALMA)
National Astronomical Observatory of Japan
National Aeronautics and Space Administration
Niobium
National Institute of Standards and Technology
National Radio Astronomy Observatory
National Research Council
Naval Research Laboratory
National Science Foundation
NRAO Technology Center (Charlottesville, VA)
National Virtual Observatory
Operations and Maintenance
Optical Infrared Coordination Network
Operations Support Facility (ALMA, Chile)
Observatory Technical Council
Owens Valley, CA VLBA station
327 MHz
Precision Array to Probe the Epoch of Reionization
Performance-Based Project Management
parsec (3.09 x 1016 m)
Preliminary Design Review
Principal Investigator
Phase-Locked Loop
Project Management
Program Management Office
Program Management Plan
Presidential Request Level

Long Range Plan for FY 2007–2011
Acronyms and Abbreviations

83

Acronym
PST
PTCS
Q band
QA
R&D
REU
RF
RFI
S band
SCUBA
SETI
SHARC
SIS
SKA
SQUID
STG
submm
SW
SWC
TB
TES
THz
UNM
UVML
VLA
VLBA
VLBI
VO
VSOP-2
W band
WBBS
WBS
WMAP
WRC
X band

Definition
Proposal Submission Tool
Precision Telescope Control System
40–50 GHz
Quality Assurance
Research and Development
Research Experiences for Undergraduates
Radio Frequency
Radio-Frequency Interference
2–4 GHz
Submillimeter Common-User Bolometer Array
Search for Extraterrestrial Intelligence
Sub-mm High-Angular-Resolution Camera (CSO)
Superconductor–Insulator–Superconductor
Square Kilometre Array
Superconducting Quantum-Interference Device
Strategic Technology Group (in e2e Operations)
Submillimeter
SoftWare
Southwest Consortium
Technical Building
Transition-Edge Superconducting
TeraHertz
University of New Mexico
University of Virginia Microfabrication Laboratory
Very Large Array
Very Long Baseline Array
Very Long Baseline Interferometry
Virtual Observatory
VLBI Space Observatory Program (2nd generation)
68–92 GHz
Web-Based Business Services
Work Breakdown Structure
Wilkinson Microwave Anisotropy Probe
World Radiocommunication Conference
8–12 GHz
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