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Executive Summary
This Long Range Plan is in response to the budget guidance letter from the NSF Division of Astronomical
Sciences dated November 27, 2007, which is appended to this Executive Summary.
Although the budget guideline projects funding for ALMA operations and EVLA construction at levels
that correspond to our existing planning, the projected support for the non-ALMA O&M Base implies a
level of support substantially below our current operations and prior planning. While the attached Long
Range Plan is consistent with your guidelines, we think it is important to summarize some of the severe
consequences.
We have not, as per instruction, proposed closing any facility. Nor have we compromised employee or
visitor safety, nor compromised the integrity of telescope and facility infrastructure. To protect
fundamental capabilities as much as possible, we have eliminated or greatly reduced elective and
community outreach programs. We have reduced administrative areas, even though NSF’s recent Total
Business Systems Review deemed this area very efficient, and in some cases, already lean.
The long-range budget guideline for the non-ALMA O&M base is, on average, $4.2M below
requirement, or about 10% below the current non-ALMA O&M base. Given that the NRAO non-ALMA
O&M budget has been effectively decreasing for several years, achieving a further 10% cut has been
exceptionally difficult.
Despite our best efforts to preserve key capabilities, we anticipate a serious loss in observing capability
and in support to the community, compromising NRAO’s core mission and diminishing the science return
from the government’s substantial capital investment in the facilities. We also anticipate a loss of critical
staff expertise that has taken decades to establish.
During the period FY 2009–FY 2013 the principal goals of the NRAO are to:
•

Complete EVLA construction and begin science observations

•

Complete ALMA construction and begin full science observations

•

Continue operating and maintaining the GBT, VLBA, and VLA/EVLA to maximize scientific
output at the lowest possible cost

•

Upgrade the GBT to observe efficiently at λ = 3 mm and provide major new instrumentation such
as heterodyne focal-plane arrays and advanced digital backends

•

Dramatically increase the sensitivity of the VLBA

•

Integrate NRAO scientific support for all facilities and for all astronomers through the North
American ALMA Science Center in Charlottesville, the Array Science Center in Socorro, the
ongoing GBT scientific support activities, and coordinated end-to-end operations

•

Advance the state of the art in receiver sensitivity and stability, electromagnetic structures, and
wideband digital devices

•

Collaborate with the community to design, propose, and develop major new facilities, and form
partnerships with future missions such as GLAST and VSOP-2

•

Develop external support and financial partnerships for the VLBA and other NRAO facilities

•

Foster the astronomical community by supporting students, Jansky Fellows, scientific visitors,
university instrumentation projects, and data-analysis efforts

•

Improve public understanding of science with EPO programs using radio astronomy
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The EVLA (Expanded Very Large Array) will be an essentially new array of 27 telescopes building on
VLA infrastructure that will provide continuous frequency coverage from 1 to 50 GHz plus order-ofmagnitude increases in sensitivity and spectroscopic capability using a powerful new correlator, fiberoptic data transmission, new receivers, and new electromagnetic components. Major project milestones
include retrofitting all VLA antennas to the EVLA design and starting shared-risk science with the new
correlator in FY 2010, followed by using the new correlator for routine observations in FY 2011. Most
receiver retrofits will be complete by the end of FY 2012.
Under the guideline, there will be a decrease in support for the commissioning and early science of the
EVLA. This reduction in observer support will come during the period that the EVLA is coming on line
for early science, at a time when increased support for the community is needed, and has been
recommended. NRAO’s plan to staff the EVLA at a level required for reliable support of the new
instrumentation will be abandoned. The net result will be a delay in effective scientific operation of the
EVLA. Specific impacts include:
•

Likely delay in science commissioning of EVLA and early science.

•

Elimination of VLA/EVLA observer outreach support

•

Reduction in EVLA/VLBA electronics technicians

ALMA (Atacama Large Millimeter/submillimeter Array) is an international observatory that will enable
transformational research into the physics of the cold universe, probe the first stars and galaxies, and
directly image the formation of planets. In FY 2008 the project will start its production phase: antennas
will arrive in Chile at the rate of one every two months, the first quadrant of the correlator will arrive in
Chile, and interferometry will begin at the operations support facility. Science commissioning will begin
in FY 2009, with early science expected in FY 2011 and full science operations by November 2012.
Current operations plans for ALMA are not affected by the proposed guideline.
On the 100 m Robert C. Byrd Green Bank Telescope (GBT), the azimuth track was successfully
replaced in 2007, clearing the way for performance enhancements and dynamic scheduling to enable
efficient observations at wavelengths as short as λ = 3 mm by FY 2012. The 64-pixel λ = 3 mm
bolometer MUSTANG is under development and will become a common-user instrument in FY 2010. A
seven-element 18–26 GHz heterodyne array will be constructed in FY 2008/9, with a possible expansion
to 61 elements starting in FY 2011. An ~100 pixel 68–92 GHz array receiver is being discussed with
university groups. Digital projects for FY 2009–FY 2013 include new pulsar backends, a next-generation
spectrometer, and a new digital IF transmission system.
Under the proposed guideline, there will be a serious reduction in observer support and in continued
instrumentation development on the GBT. Specific impacts include:
•

Reduced observer support – preparation of observing scripts, data analysis support, etc.

•

Reduced software support – bug fixes, E2E support, pipelining, etc.

•

Reduced availability of GBT receivers – repairs and observer response time slowed. Repair
response for low frequency receivers (specifically including pulsar receivers) will go from on-call
to next working day or longer

•

Sharply reduced support for the high frequency development program to improve dish
performance at frequencies above 20 GHz.
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•

Sharply reduced development for digital backends affecting focal plane arrays, beam forming
arrays, next generation pulsar backends, etc.

•

Reduced physical plant maintenance support.

The VLBA (Very Long Baseline Array) of ten dedicated 25 m telescopes with baselines as long as 8,000
km will collaborate in multi-epoch imaging of gamma-ray sources detected by GLAST, and it will
undertake major projects exploiting its unique astrometric accuracy. The sensitivity of the VLBA will
improve dramatically with the installation of new 22 GHz receivers in FY 2008 followed by digital
backends and a new software correlator in FY 2009. New funding partnerships are being developed to
support up to half of VLBA operations by FY 2011.
The proposed guideline assumes we receive $3M in external funding. In addition, specific impacts of the
guideline include:
•

Elimination of VLBA observer outreach support

•

Reduction in EVLA/VLBA electronics technicians

The North American ALMA Science Center (NAASC) will be the point of contact, from proposal
submission to calibrated-data distribution and analysis, for the ALMA user community in the U.S. and
Canada. It will sponsor schools and workshops, student and postdoctoral programs, and it will promote
grant support linked to observing time for ALMA users. It will support ALMA related EPO and software
efforts throughout the NRAO. The NAASC long-term operations plan was reviewed by the NSF and
international panels in FY 2007; its goals are (1) maximum efficiency and productivity of operations, (2)
ease of access and use for a broad community, and (3) a strong program of support to foster the health of
the astronomical community. The NAASC will also coordinate ALMA technical support and the Office
of Chilean Affairs. NAASC staffing will increase throughout the FY 2009–FY 2013 period in
preparation for science verification in early FY 2012 and full science operations in each FY 2013.
Implementation of the NAASC is not affected by the proposed guideline.
The new End-to-End (E2E) Operations Division has three missions: broaden access to NRAO facilities,
increase science impact and throughput, and optimize investments. It manages the NRAO proposal
submission tool, data-analysis software (CASA and GBTIDL), the NRAO data archive, and the NRAO
presence in the NVO. It coordinates algorithm development and works with EPO to inform users about
NRAO telescope capabilities. It will centralize scheduling and observation metadata by FY 2010 and
lead the transition to goal-based scheduling by FY 2011. CASA software will transition from beta to
production in FY 2009. The NRAO will assume an active role in the NVO by FY 2010. E2E will
continue to pursue external funding.
The proposed guideline will decrease the level of support for new user support initiatives.
The Central Development Lab (CDL) will conduct long-term research into noise and gain fluctuations
in low-noise RF amplifiers with the goal of improving receiver sensitivity and stability at frequencies up
to 115 GHz. MMICs (monolithic millimeter-wave integrated circuits) will be developed for array
receivers and applications in future instruments such as the SKA, FASR, and the LWA. The CDL, in
collaboration with the University of Virginia, will explore new heterodyne receiver technologies in the
780–950 GHz frequency range with the goal of making SIS mixers having nearly quantum-limited
sensitivity. New electromagnetic simulation codes will be use to improve the performance of radiotelescope “optical” components such as feeds, waveguides, and polarizers. Wide-bandwidth digitization
and advanced digital correlators will be pursued. The CDL will also complete it’s responsibilities for
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delivery of components (receivers, correlator, electromagnetic parts) for ALMA and EVLA during the FY
2009–FY 2013 period.
The proposed guideline will limit the level of support for new technology research and development
initiatives.
The New Initiatives Office (NIO) is leading NRAO efforts in Square Kilometer Array (SKA) design and
the SKA Technology Development Program funded by the NSF for FY 2008–FY 2011. The NRAO and
a consortium of universities will submit a proposal for the Frequency Agile Solar Radiotelescope (FASR)
to the NSF in 2008. FASR prototype arrays might be deployed by 2011 with project completion by 2013,
after which FASR will become an independent facility under AUI management and oversight. The
VLBA is an essential component of the Japanese VSOP-2 space VLBI mission scheduled for launch in
2012. The NRAO and JPL are jointly taking the lead on a NASA Mission of Opportunity proposal to
fund co-observation and correlation support by the VLBA plus construction of spacecraft-tracking and
data-link ground stations. A collaborative program with the Gamma-ray Large Area Space Telescope
(GLAST), scheduled for launch in 2008, has been negotiated and will evolve over the FY 2009–FY 2013
period. Other VLBA funding partners will be sought throughout this period. NRAO scientists will
continue to work with the Southwest Consortium for Radio Astronomy on the LWA (Long-Wavelength
Array); prototype stations are under construction at the VLA site.
The proposed guideline will not permit an increase in the level of support for SKA planning.

Long Range Plan for FY 2009–FY 2013
Executive Summary

4

Long Range Plan for FY 2009–FY 2013
Executive Summary

5

Long Range Plan for FY 2009–FY 2013
Executive Summary

6

Long Range Plan for FY 2009–FY 2013
Executive Summary

7

A. Strategic Direction
NRAO Strategic Directions
The NRAO has been developing a strategic plan extending for the next decade or more, and has been
identifying priorities and defining implementation details associated with this plan. We expect this plan
to undergo periodic updates. The following strategic objectives were set:
1. Increase the scientific impact of NRAO
This objective will include initiatives in instrumentation development, observing time allocation,
observer outreach, and end-to-end operations, among others.
2. Be a resource for all astronomers and for the public
With this objective, NRAO aims to broaden its user base and to ensure that all astronomers who
should be making use of radio data to complement their research are easily able to do so. The
objective also aims to make the breadth of expertise at NRAO available to the community to
support a variety of scientific and technical projects, to engage the public in science and informal
education, and to establish technology collaborations with universities and industry whenever
possible.
3. Advance the state-of-the art in mission-related technology
This objective seeks to establish a robust R&D program for the next-generation technology.
4. Play a leading role in defining and developing next generation programs, such as the SKA program
and lunar radio astronomy
NRAO will be a leader in planning, developing, and constructing the next generation radio
facilities.
The NRAO presently has limited programs underway in a number of these areas, including
instrumentation development, end-to-end operations, and community outreach. The long range budget
forecast provided by the NSF AST division will force us to scale back on these programs, and will
prevent us from fully realizing the strategic objectives described above.
Modest additional funding could produce very significant scientific and technological results to the
benefit of the community. For example, investments in the R&D program would prepare us for the next
generation of instrumentation and would directly benefit national technology competitiveness.
Investments in telescope instrumentation directly leverage the substantial capital investment in the
facilities, and investments to broaden the user base benefit the entire community.

Long Range Plan for FY 2009–FY 2013
A. Strategic Direction

8

B. Science Program for FY 2009-FY 2013
ALMA
Over the FY 2009–FY 2013 period, the first science results from ALMA will appear as the project
concludes its construction phase, passing through its science verification (late 2009), early science (late
2010), and fully commissioned (late 2012) phases. The ALMA Science Advisory Committee (ASAC)
has suggested that ALMA produce ALMA Public Images to show progress in construction to the general
public and the funding agencies. While ideally this should be done as early as possible, an impressive
image would require appreciable collecting area and have a minor impact on the commissioning of the
Array. High-frequency scientifically compelling observations of southern-hemisphere objects such as Eta
Carinae (see below) or Centaurus A in small mosaic mode with the appropriate correlator setup, in the
early science configurations should produce spectacular images. Although the images of very faint
submillimeter galaxies at the limits of detectability with current instruments will not be impressive, the
precise measurement of position and spectrum ALMA will enable will provide transformative science
informing the study of the early development of galaxies.
Eta Carinae is the second brightest star in the night sky, and is the nearest example of a massive star
exceeding 100 times the mass of our Sun. It is surrounded by a bipolar nebula called the Homunculus
Nebula which was produced by gas ejected from the star in the mid 19th century. Astronomers are drawn
to study stars like Eta Carinae because it allows them to watch the late stages of stellar evolution before
the star self-destructs in a supernova explosion. ALMA's high spectral bandwidth and angular resolution
should provide new insights into the processes molding this unique object.

EVLA
By FY 2012 the EVLA will approach completion as a construction project and begin first science
operations. In FY 2008 the EVLA Canadian partner will begin to deliver sections of the WIDAR
correlator, marking the beginning of correlator tests that will extend through FY 2009. In FY 2009 the
EVLA will conduct a few shared-risk science projects that will be selected through the usual peer-review
process. As standard observing modes are developed through FY 2009 and FY 2010 we will begin
regular proposal calls. Retrofitted EVLA antennas will continue to replace the old VLA antennas. By the
end of FY 2010, we expect all VLA antennas to be retrofitted to ELVA standards. Receiver installation
will continue through FY 2012. Retrofitted antennas are delivered with the 18–26.5 GHz and 40–50 GHz
bands in place. About half of the EVLA antennas should have final receivers at 1–2 GHz, 2–4 GHz, and
26.5–40 GHz by FY 2010. Throughout the EVLA construction project, astronomical observations will
continue.
Early science will likely be dominated by spectral-line searches and surveys and by high-sensitivity highfrequency continuum work. The WIDAR correlator will provide the first interferometric spectral-line
search and survey capability, with spectral resolutions of order 10 km/s over the entire 8 GHz bandwidth
at the higher frequencies. Single-dish surveys show of order 80 lines in each such band in Galactic starforming regions but blend a huge range of physical conditions within a single beam. The EVLA will
show which lines come from which regions, providing direct information on temperature, density,
chemical distribution, and kinematics.
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Similar spectral surveys toward distant extragalactic sources (e.g., ultraluminous infrared galaxies) will be
the first unbiased surveys of highly redshifted molecular lines, giving highly accurate redshifts plus
detailed data on physical conditions (excitation, density, etc.) in the early universe. Continuum
information will be obtained simultaneously, with sufficient sensitivity to detect galaxies like Arp 220
anywhere in the universe in only a few hours.
Continuum observations at tens of gigahertz will enable completely new science. To take one example,
there should be many pulsars near Sgr A*, the radio continuum source powered by the supermassive
black hole at the center of our Galaxy. None have yet been detected owing to a number of limitations
associated with the very high electron densities near the Galactic Center and the very long line of sight.
The unprecedented high-frequency sensitivity of the EVLA will allow searches for such pulsars at
22 GHz: a 12-hour observation, with an rms noise of 1 microJy, should detect between 2 and 15 pulsars
within 4000 AU of Sgr A*. Subsequent timing and astrometric measurements could revolutionize our
understanding of the nearest supermassive black hole by constraining its mass, its spin, and its magnetoionic accretion environment.

GBT
Over the period of FY 2009–FY 2013 the GBT will begin its transformation from a traditional single-dish
instrument—one using only a single one- or two-pixel receiver at any one time—to an instrument
equipped with multi-pixel focal-plane arrays that work at several bands simultaneously. This will effect a
breakthrough in its capabilities. Multiple chemical species in star-forming molecular clouds will be
mapped efficiently and at high sensitivity, revealing the connection between the chemistry and dynamics
of molecular cloud collapse. Wide-band spectrometers will allow measurements of many molecular lines
from protogalaxies at high redshifts, a key to understanding the properties of the molecular gas reservoir
at the time of galaxy formation. The GBT will be the only telescope capable of measuring the important
CO (1–0) molecular line at essentially all redshifts. With focal-plane arrays, whole groups of galaxies can
be studied at once, enabling experiments that would be prohibitively long with current technology.
Early in this period, when the GBT begins to achieve full λ = 3 mm capabilities, its bolometer array will
become operational for general use. The structure and evolution of galaxy clusters will be revealed in
maps of the Sunyaev-Zeldovich (SZ) effect at unprecedented angular resolution and sensitivity.
The sensitivity and sky coverage of the GBT at low frequencies will continue to make it the instrument of
choice for the most exciting pulsar studies. Stringent tests of the theory of general relativity come from
accurate measurements of pulse arrival times. New experiments have good prospects for detection of
previously undetected relativistic phenomena, not the least of which is gravitational radiation.
VLBA
The VLBA will continue to evolve over the FY 2009–2013 period. There will be significant changes in
the operating model and on-going enhancements to improve the sensitivity of the VLBA. These are
explained in more detail in the VLBA section of this report. Future science programs are designed to
capitalize on the unique capabilities of the VLBA, especially multi-epoch imaging and astrometry.
The NRAO is allocating an increasing fraction of telescope time for large science programs (defined as
requiring 200 hrs or more). In FY 2008 the VLBA will begin three such programs: a multi-year
astrometric search for Jovian-mass planets around nearby M stars and two multi-epoch imaging surveys
of active galactic nuclei (AGN) coordinated with the launch of NASA's Gamma-ray Large Area Space
Telescope (GLAST). GLAST and the VLBA are expected to form a close partnership in making
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substantial progress in understanding AGN physics. The gamma-ray sky seen by GLAST is dominated by
blazars and other AGN. Only the VLBA can monitor AGN at parsec and sub-parsec resolution to provide
structural information (in both total and polarized intensities) needed to interpret the light curves from
GLAST.
Most future VLBA science objectives require improvements in sensitivity brought by increases in
observing bandwidth. Efforts were begun in FY 2007, and will continue until FY 2011, to increase the
sensitivities of most VLBA projects by a factor of 5.6. Key science projects benefiting from these
sensitivity increases will image gravitationally lensed galaxies to determine the distribution of dark
matter, determine the kinematics of galactic objects and local galaxies in advance of proposed space
astrometry missions such as Gaia and SIM, directly image our galaxy's central black hole Sgr A*, make a
census of central black holes in other galaxies, and survey the young supernova-remnant populations in
nearby galaxies.
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C. ALMA Construction
Over the next five years ALMA will move from a recently re-baselined project to become one of the most
powerful astrophysical tools every conceived. In 2008 the project will both deliver the first few antennas
to Chile and transition into the real production phase: antennas will arrive at the rate of one every two
months, and AIV will be in full swing with two-antenna interferometry beginning at the OSF at the end of
the year. The first ESO Antenna will arrive in Q4 2008. Major ALMA milestones through CY 2011 are
listed in the table shown below.

Major ALMA Milestones
Item

R7.0 Development of Pipeline SW
Antenna AIV Complete 1
Antenna AIV Complete 2
Antenna AIV Complete 3
Start AOS 3 Antennas Interferometry for
Commissioning/Early Science
Provisional Acceptance–EU Antenna 2
Integrated Release (IR6.1)
Provisional Acceptance–NA Antenna 12
In Chile Ready for AOS - 4th Quadrant Correlator
Provisional Acceptance–EU Antenna 12
Provisional Acceptance–NA Antenna 25
Provisional Acceptance–EU Antenna 25

FY
2009
X
X
X
X

FY
2010

FY
2011

X
X
X
X
X
X
X
X

Science verification will begin in 2009 with three ALMA-B antennas and one ALMA-J 12 m antenna,
and in 2010 a decision can be made about proceeding with the call for proposals for early science.
In FY 2011 ALMA will become the world’s most powerful mm/submm array, and early science
observations will start. ALMA’s imaging capabilities should 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 ALMA antennas becomes available for science, ALMA will reach its potential and be
able to address the level-one science goals.
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Figure C.1. Top-level ALMA schedule showing the critical-path items in red.
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D. EVLA Construction
Antenna Retrofits
In August 2006, the EVLA project accelerated the rate of antenna retrofits to about six per year as a
schedule recovery measure. The project demonstrated that it could sustain this retrofit rate in FY 2007,
and will continue the retrofits at six per year through July 2010, when the last antenna overhaul will
occur. Most design issues with modules in the local oscillator, intermediate frequency, and data
transmission systems have been resolved, and these modules will continue to be produced to meet the
retrofit schedule.

Receivers
To fulfill the requirement that the VLA continue to operate while the antennas are retrofitted to the EVLA
design, most of the original VLA receivers are being modified and re-installed in the EVLA antennas
during the retrofits. These interim receivers allow for observations to continue while the new, wideband
EVLA receivers are designed, developed, and produced. Installation of the new L (1-2 GHz),
C (4-8 GHz), and Ka-band (26.5-40 GHz) receivers on the EVLA antennas is scheduled to commence in
FY 2008. The installation of the new S-band (2-4 GHz) receiver will start in FY 2009, while the
installation of the new X (8-12 GHz) and Ku-band (12-18 GHz) receivers will start in FY 2010.

Correlator
Now that testing of prototypes for the correlator’s chips and boards has been completed, preparations will
be made for testing and production of final versions of the boards. In 2008, a “prototype correlator” will
be delivered to the VLA site for on-the-sky tests, and a critical review (CR) of correlator production held.
Production orders of the correlator boards will be placed upon successful completion of the CR and the
tests. Installation of the boards in correlator racks at the VLA site is scheduled for May 2009. Assuming
that procurement and installation go well, the correlator will be operational by September 2010.

Software
Following the replacement of the decades-old ModComp control computers with the new EVLA M&C
system in FY 2007, we will be preparing for the integration and acceptance of the EVLA correlator in
FY 2009–FY 2010.
EVLA Science Support Systems (SSS) encompass the software tools needed by astronomers and
telescope schedulers to write observing proposals and observe files, schedule observations, and access the
telescope data archive. A mature proposal submission tool has been in use at the VLA and GBT for some
time, and its continued maintenance and development is supported by a contractor under the auspices of
the E2E Operations Division. An initial version of an observation preparation tool (OPT) has been
developed and tested. A more complete version of it is needed to support on-the-sky tests of the prototype
correlator in August 2008. In an effort to provide a common “look-and-feel” for both ALMA and EVLA
users and to reduce long term maintenance costs, the joint development of the OPT by ALMA and EVLA
will be explored. An alpha release of an observation scheduling tool and an SSS design review will occur
in FY 2008. The development of an archive access tool is under the management of the E2E Operations
Division, which will adopt a tool that is under development within the ALMA project for Observatorywide use.
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EVLA Commissioning and Transition to Full Operations
An expanded WBS with a coupled staffing requirements plan and budget that integrates remaining tasks
in the EVLA construction project with a commissioning plan meant to carry the EVLA to full operational
capabilities is being developed during FY 2008, and will guide critical commissioning activities for the
instrument. The WBS will be linked to a set of software delivery plan provided by NRAO’s E2E
Operations Division (EOD); the plan is currently under joint development by New Mexico Operations
and EOD.

Long Range Objectives and Annual Budgets
The primary long-range objectives for the EVLA Project from FY 2009 to FY 2013 are listed in the
milestone table below. The funding for the project is described in the second table. The table entries are in
dollars of year. NSF funding for the project ceases in FY 2011.

EVLA Long-Range Milestones FY 2009–FY 2013
Item

Start production of S-band receiver
Begin installation of correlator at VLA
Retrofit a total of 23 antennas to the EVLA design
Start production of Ku-band receiver
Start production of X-band receiver
Retrofit a total of 28 antennas to the EVLA design
EVLA correlator operational
Complete installation of Ka-band receivers
Complete installation of L-band receivers
Complete installation of S-band receivers
Complete installation of Ku-band receivers
Complete installation of X-band receivers

FY
2009
X
X
X

FY
2010

FY
2011

FY
2012

FY
2013

X
X
X
X
X
X
X
X
X

Remaining NSF Funding for the EVLA Project, FY 2008-FY 2011
Fiscal Year NSF Funds ($K)
2008
2009
2010
2011
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E. Telescope Science Operations
1. North American ALMA Science Center (NAASC)
Introduction
Construction of the international Atacama Large Millimeter/Submillimeter Array (ALMA) is well
underway, with early science operations currently planned to begin in 2010, and full science operations
the end of 2012. ALMA provides an order of magnitude, or more, improvement in all areas of observing
capabilities in millimeter and submillimeter astronomy, including sensitivity, resolution, and spectral line
capabilities. ALMA represents one of the largest advances in astronomical instrumentation in history.
ALMA will address many of the paramount astrophysical questions of our day, from the earliest epochs
of galaxy formation through the formation of stars and planets in our Galaxy, and will be a standard tool
for use by the large majority of the astronomical community.
To support this very broad user community in fully realizing scientific capabilities afforded by ALMA,
the NAASC developed a cost-effective operations model and plan that is fully consistent with the global
ALMA Operations Plan (AOP). Both the AOP and the NAASC plan went through an exhaustive
international and NSF review by external panels of experts in Q1 2007. The overall reaction of both the
international and North American panels was that ALMA has a more mature and better delineated
operations plan than any other ground-based observatory in history, and that the basic assumptions and
plan are well founded and justified. The AOP was updated and approved by the ALMA Board in
November 2007, and the NAASC budget presented in this section is consistent with this version of the
AOP (version D).
This report presents a synopsis of the NAASC plan for the five years covering the initial formation of the
NAASC, the transition from construction to operations during early science, and full operations starting
in FY 2012. A list of project milestones for FY 2009 to FY 2013 is provided at the end of the section.

Overview and Guiding Principles
The NAASC plan is predicated on three fundamental goals: (1) maximum efficiency and productivity of
operations, (2) ease of access and use for a broad community, and (3) a strong program of support to
foster the health of the astronomical community.
ALMA operations include facility operations in Chile carried out by the Joint ALMA Observatory (JAO),
support of the basic core functions of ALMA in each region of the ALMA partners by the respective
ALMA Regional Center (ARC), and full science support of the user communities to realize the scientific
promise of ALMA.
The North American ALMA Science Center (NAASC), located at the NRAO Headquarters in
Charlottesville, VA, will provide the support to the ALMA user community in North America (NA =
U.S., Canada, and Mexico). The NAASC encompasses the NA ARC which provides day-to-day support
of Chilean ALMA operations carried out by the JAO, as agreed to internationally in the AOP. The staff in
each ARC plays a vital role in these operations by processing proposals and scheduling blocks submitted
from their regions, serving as Astronomer-on-Duty in Chile, participating in quality assurance, hosting
copies of the ALMA science archive and pipeline, and assisting ALMA users with planning their
observations and data reduction. The ARCs also maintain, repair, and develop the hardware and software
items that were delivered by their regions to ALMA during construction. Indeed, for day-to-day
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operations, the ARCs are integral to the JAO. International coordination of ARC efforts will continue
throughout the lifetime of ALMA to ensure Partner equity and operational efficiency.
The NAASC mission is to facilitate the scientific use of ALMA by all astronomers in North America.
Fulfilling this mission demands software systems that support users in a seamless sequence from
assessment of project feasibility to proposal preparation and submission, observing-script preparation,
data gathering and storage, pipeline production of reference images, image analysis, and archiving.
Beyond the delivery of basic pipeline-processed reference images and data as specified by the AOP, the
NAASC will provide full scientific user support with advanced data-analysis algorithms and routines,
expert advice, and support of Legacy and other large projects, to ensure the users can optimally handle the
vastly increased complexity and volume of ALMA data to derive scientific results. To help the new users
of ALMA and to foster the ALMA user community, the NAASC will hold schools, workshops, and
courses in the techniques and science of millimeter and submillimeter astronomy, support student and
postdoctoral fellowship programs, and implement an aggressive EPO program to communicate the
excitement of ALMA to the astronomy community and to the general public.
The organization of the NAASC will encompass the ARC and full science-support capabilities in a
seamless manner, transparent to the staff and the users. The plan fully incorporates the NAASC into the
NRAO for maximum cost effectiveness, leveraging on the extensive expertise and joint efforts throughout
the NRAO.
We also advocate for a data-analysis grants program for U.S. astronomers. Such a program was strongly
endorsed by both the latest NAS Decadal Survey Committee and the ALMA North American Science
Advisory Committee (ANASAC), and similar programs have proven critical in promoting the
productivity of space-based astronomical telescopes and their communities in recent decades.
The ANASAC, which includes Canadian members, provides advice to the NRAO Director on NA ALMA
operations on behalf of the larger NA astronomical community. The ANASAC has provided key
guidance on issues involving the community in ALMA operations directly, such as ALMA development
projects and the grants program.
The Canadian ALMA operations team is fully incorporated into the planning implementation of ALMA
operations in North America. Regular operations teleconferences are held, as well as an annual face-toface meeting to plan the Canadian contribution to ALMA operations. Canada is represented in the review
process of ALMA operations on all levels from the ALMA Board review of the AOP to the ANASAC
review of the NAASC plan, as well as other internal reviews.

NAASC Key Functions
The NAASC serves two key functions: (1) supporting basic ALMA operations as specified by the AOP,
and (2) acting as the portal to ALMA for the North American scientific community. These dual roles are
depicted in Figure E.1.1.
The JAO is funded proportionally by the ALMA partners, and it is responsible for overall day-to-day
operations of the observatory in Chile (inner circle in Figure E.1.1). The ALMA Regional Centers
(ARCs) play a vital role in these operations (middle ring in Figure E.1.1) by processing proposals and
scheduling blocks submitted from their regions, serving as Astronomer on Duty in Chile, participating in
quality assurance, hosting copies of the ALMA science archive, assisting observers with data reduction,
and performing hardware and software maintenance, repair, and development. Indeed, for day-to-day
operations, the NA ARC is an integral part of overall ALMA operations. The AOP calls for scientific
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staff from the ARCs to rotate through Chilean operations in order to provide the necessary close ties
among the ARCs and the ALMA site and to keep the ARC staff familiar with the realities of observatory
operations. The Executives have also agreed that continued development of the ALMA systems is key to
maintaining ALMA as a start-of-the-art facility over its 30+ year lifetime. They have included
development funding as part of internationally agreed-upon ALMA core operations support in the AOP.
The ARC core functions provide user support at the level required to deliver basic pipeline-processed
reference images and data to the observer. The ALMA Executives have recognized that it is essential that
ALMA users are supported beyond the basic “core” functions described in the AOP, so that the users will
have the necessary tools and support to convert the basic pipeline-processed reference images and data
into scientific results and the entire astronomical community can make scientific use of ALMA.
However, differing funding opportunities in the different regions lead to different models for how these
Full Science Support (FSS) functions will be implemented. In Europe the FSS functions will be funded
within the ESO partner states and outside of the ESO budget, as listed in the outer ring on the European
side in Figure E.1.1. In the U.S., FSS will be organized under the NAASC.

Figure E.1.1. Diagram showing the relationship between ALMA Chilean Operations and the three ALMA Regional
Centers, one each in Europe (EU ARC), Japan (EA ARC), and North America (NA ARC). The ARCs provide crucial
operational support to the Joint ALMA Observatory. The ARCs plus Chilean operations represent the
internationally agreed-upon core ALMA operations functions. Full Science Support (FSS) service functions are
required to fully realize the scientific potential of ALMA, but these services will be funded differently within each
Executive. For instance, in Europe FSS will be funded in the ESO member states, outside of the ESO budget. In NA,
both the core and FSS services are concentrated within the NAASC. The Canadian contribution applies to the ARC
core functions and Chilean operations but not to the FSS or User Grants programs.
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The NAASC will be the point of contact for North American ALMA users from proposal submission to
calibrated-data distribution and analysis. The NAASC will maintain and improve the ALMA data archive,
pipeline, and offline reduction software that surround it. These efforts will be made in collaboration with
other NRAO facilities (such as the EVLA) wherever possible in order to minimize duplication of effort
and cost. The NAASC will also foster the ALMA user community to optimize the science use of ALMA
and guide its future evolution. To achieve these goals, the NAASC will sponsor schools and workshops,
student and postdoctoral programs and promote the establishment of grant support for ALMA data
analysis by users that is linked to observing time. The NAASC will also support ALMA-related functions
within the NRAO program of education and public outreach (EPO).

Figure E.1.2. The organization of the NAASC.
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Figure E.1.2 shows the organization of the NAASC in more detail. The North American ALMA Regional
Center (NA ARC) is embedded within the NAASC. The NA ARC also manages the Technical and
Software & Computing divisions (yellow boxes) that provide hardware and software maintenance and
repair (M&R) and development services to the ALMA project for North American deliverables. The
NAASC includes the enhanced services shown in green boxes. Their different color simply reflects the
need to track the budget for these functions separately from the functions mandated for the ARC by the
AOP. Organizationally, the Full Science Support functions will be fully integrated into the Science
Division of the NAASC. The Office of Chilean Affairs (red box) is necessary for doing business

in Chile.
The NAASC Organization
NAASC Head Office
The NAASC head office includes the NAASC Assistant Director (AD), the ARC manager, a business
manager, and an administrative assistant. The AD is responsible for all NAASC activities, including the
NA ARC, Full Science Support, and EPO. The NAASC AD will coordinate activities with the rest of the
NRAO and will interact with the NSF and other science centers and observatories to help chart the
evolution of the NAASC. The NAASC AD also is the primary interface to the NA user community,
assessing their desires and priorities for services performed at the NAASC, and promoting the full use of
ALMA, especially outside the traditional radio and millimeter-wave astronomical community.
The NA ARC Manager is responsible for directing the NA ALMA operations activities, including the
ARC core functions and the software and hardware maintenance, repair and development (MR&D)
activities. The NA ARC Manager is responsible for maintaining close contact with the JAO and other
ARC managers for operations-related issues, for MR&D support, and for relaying ARC issues back to the
AD of the NAASC and NRAO Director. The ARC Manager will also coordinate Canadian participation
in NA ALMA operations.

Science Division
User Science Support
The NAASC will support North American observers from proposals through observing and data
reduction.
Proposal and Scheduling Support: The NAASC will support observing proposals from the NA
community from the time of proposal submission to the construction and submission of observing
schedule blocks for accepted proposals. It will assist users with the software tools. The NAASC will
issue calls for proposals and assist the JAO in the proposal review process.
JAO Observational Support: The North American ARC is responsible for supporting the Joint ALMA
Observatory in its day-to-day operations, including Chile Astronomer-on-Duty shifts, quality assurance,
commissioning, and science verification. Having staff rotate through Chilean Operations is the key to
fully incorporating the regional staff into ALMA operations. In this way, the North American scientists
will obtain the technical expertise and knowledge of the Observatory capabilities required for proper
support of North American ALMA users.
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Post-observation, Data Reduction Support: The NAASC will support users with the final observing
products produced by ALMA, including evaluation of pipeline data reduction, post-observation support
for off-line reduction, and support of large/special projects. NAASC staff will organize observing and
data-reduction tutorials, and they will maintain a spectral-line database.
Algorithm Development: The NAASC scientific staff will work with the software division to develop
more sophisticated calibration, reduction, analysis, and visualization routines, as well as an advanced
ALMA simulator. The NAASC staff will also provide continuous improvements to the ALMA pipeline
heuristics.
Community Development and Education: The ALMA User Community Development program
involves a number of key scientific, educational and community relations tasks such as organizing
workshops on ALMA science topics, conducting millimeter-wavelength astronomy courses and summer
schools, giving ALMA talks, and representing ALMA at scientific meetings. The NAASC will
participate in the NRAO Jansky Fellowship program along with other NRAO facilities. In addition, there
will be ALMA postdoctoral and predoctoral researcher programs to help train future mm/submm
astronomers.
Education and Public Outreach (EPO): As a scientific project of extraordinary scope and promise,
ALMA brings an opportunity to implement a vigorous EPO program that delivers the scientific
excitement and technological excellence of ALMA to the astronomical community, to the general public,
to teachers and students of all ages, to science museums and planetariums, and to the media. The EPO
staff required to support ALMA are managed directly by the NRAO EPO office. They are responsible for
formal and informal education programs, news and media relations, dynamic web content generation and
maintenance, innovative astronomical visualization, ALMA-related programs and exhibits for NRAO
science and visitor centers, astronomical community exhibits and outreach, effective EPO collaboration
with the JAO and the Executives, and program management.

ALMA Operations Technical Support
As an integral part of ALMA Chilean operations, the AOP calls for each Executive to continue to
maintain, repair, and develop the hardware and software that they deliver to the project. Support by the
NAASC will be provided by the Software & Computing division for software M&R, and the Technical
division for hardware M&R.
Software Support
The Software & Computing Division is charged with the support of ALMA software systems and the data
archive. 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. In addition to this user support software, the NAASC will be responsible for software for
Observatory operations that are not directly visible to the ALMA users, such as the real-time system, the
scheduler, and correlator software, and for development and maintenance of the CASA off-line datareduction software for ALMA.
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Work anticipated for the Software & Computing Division includes:
•
•
•
•
•
•
•
•
•
•
•

Update software in parallel with operating systems and related platform updates
Update software to capitalize on new computing hardware
Upgrade software to support new observing modes and techniques, and distribute software
upgrades to the ALMA project
Maintain and update software documentation
Support users and staff with PST/OT software
CASA offline reduction software development
Offline reduction support—where to get the package, how to find information, helpdesk, and bugtracking support
Provide user support for interpretation of pipeline processing scripts
Provide information to observers on the status of pipeline processing
Simulation capabilities support during and after observations
Small-scale software development activities

Each ARC will maintain a mirror copy of the ALMA archive and pipeline. Each archive will contain a
complete copy of all observational data and pipeline products published to the ALMA archive. The
Archive Operations group provides data access to ALMA observers during the proprietary period, and to
the general community through searchable Virtual Observatory (VO) and ALMA-provided interfaces.
The regional pipeline will be supported to allow the NAASC software division to develop new pipeline
algorithms and heuristics and to allow for reprocessing of user data to diagnose problems with
default/reference images without disturbing the main operational pipeline at the SCO. Any improvements
to pipeline software will propagate globally to all ALMA archive/pipeline locations.

Hardware Support
The NAASC Technical division will maintain and repair the hardware they provided during construction.
Maintenance of Front End and Back End equipment requires specialized staff and test equipment that is
present in North America but would be expensive to replicate and maintain in Chile. These tasks will be
subcontracted to the Executives. In NA this contract work will be managed and largely carried out by the
NRAO Technology Center (NTC) located in Charlottesville. Maintenance of Band 3 cartridges is likely
to be contracted to the Canadian developers. The following maintenance areas are expected:
•
•
•
•
•

Cold cartridges: replacing superconductor-insulator-superconductor (SIS) mixers, low-noise
Amplifiers (LNAs), frequency multipliers; reassembling and re-testing
Warm cartridge local-oscillator (LO) assemblies: replacing warm multiplier assemblies with
monolithic microwave integrated circuits (MMICs), phase-lock-loop components, power
amplifiers; reassembling and re-testing
Board-level troubleshooting and repair of all types: power distribution, monitor & control, etc.
All parts of the photonic LO system
All parts of the digital data transmission system

The ALMA Development Program
Continuing technical upgrades and developing new capabilities will be required to maintain ALMA as the
state-of-the-art facility for mm/submm astronomy over the course of its projected life of 30 or more years.
The Executives have recognized this need and have included development funding as part of ALMA core
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operations support, as specified in the AOP. The rapid progress of electronic technology should make
new hardware components and subsystems offering improved performance and higher reliability
available for insertion into ALMA throughout the project lifetime. Development funding is also required
to complete the suite of ten receiver bands originally planned for ALMA, of which six will be fully
implemented during construction. Advances in software and computing should offer improved
performance and reliability that translate into more capability and reduced cost of operation. A continued
development funding line of this type was strongly recommended by the Decadal Committee for future
ground-based major astronomical facilities.
The user community will be fully incorporated into the long-term scientific vision for ALMA
development projects through scientific review by the ANASAC at their annual face-to-face meeting and
through regular NAASC-sponsored scientific workshops. Time will be allocated during each workshop
for an open discussion of how to optimize ALMA for the workshop’s particular science theme. The aim
of this process is to ensure that ALMA development mirrors the scientific priorities of the user
community and keeps up with the latest scientific goals.
The exact process of selection and implementation of individual projects within the ALMA long-term
development plan is currently being considered by the ALMA Board as part of the AOP review.

Office of Chilean Affairs
AUI/NRAO needs a small office in Santiago, Chile to handle its legal and business affairs, including
representation of ALMA to the Republic of Chile for AUI and support for JAO staff. This support
consists of implementing actions initiated by the JAO, such as purchase orders, imports, pay orders, etc.,
and of assuming responsibilities for local ALMA Chilean staff. This office already exists as part of
ALMA construction. As part of the duties associated with legal representation in Chile, the office has
acquired direct labor-related responsibilities in Chile as a result of the decision that AUI/NRAO shall be
the sole employer of local staff recruited to work for ALMA in Chile.

The NAASC at the NRAO: Observatory-wide Coordination
The NRAO is widely recognized as the world’s foremost repository of scientific and technical expertise
in radio astronomy. Embedding the NAASC within the NRAO allows for synergies and economies-ofscale that come from the pre-existence of a major astronomical observatory and capitalizes on its wide
range of expertise. It is the job of the NAASC AD to ensure that the NAASC is fully integrated into the
NRAO.
For many of the Full Science Support functions of the NAASC, there are clear advantages to close
coordination across telescope boundaries, in particular with the EVLA. Some specific examples of how
the NAASC benefits from, and enhances, the rest of the NRAO include:
•

Science and Academic Affairs (SAA): The SAA has broad observatory-wide duties that are
critical to the scientific effectiveness and vitality of the observatory, including: running the
tenure and promotions process; supervising annual scientific-performance evaluations for staff
scientists; administering the Jansky fellowship, predoctoral student, and summer-student
programs; and library services. The NAASC will work with the SAA office in all of these areas
in a manner identical to the current operations of the VLA, VLBA, and GBT, including
proportional support of the NRAO’s very successful Jansky postdoctoral fellowship program.
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•

Education and Public Outreach (EPO): EPO is another NRAO-wide activity, with coordinated
efforts among GB, CV, and the AOC. The EPO office represents NRAO at professional meetings,
prepares press releases and other educational documentation, designs and implements visitors
centers, and organizes workshops and summer schools for teachers and others. The NAASC will
contribute to the NRAO EPO office at a level commensurate with the demands of the ALMA
project.

•

End-to-End operations (E2E): The E2E operations division encompasses much of NRAO
software development and maintenance, it and provides coordination across the observatory in
these areas. The software expertise at NRAO is a tremendous resource to the astronomical
community, and it presents perhaps the best opportunity for observatory-wide coordination and
communal effort. While some of the tasks do not generalize among telescopes (e.g., M&C or
correlator software), there is clear overlap in many areas, such as proposal tools, post-processing,
and data pipelining. The NAASC is already sharing post-processing software efforts with EVLA
through support of CASA data-reduction software. Another potentially very fruitful area of
coordinated development is the NRAO data archive and VO interface. While the baseline
NAASC plan has assumed a stand-alone ALMA mirror archive in Charlottesville, the NAASC is
working closely with the E2E operations division and the CADC to consider broader options of
an NRAO-wide science data archive and VO interface. As a concrete and immediate example, the
EVLA archive software development is being built around the European-delivered ALMA Next
Generation Archive System (NGAS) software, thereby maintaining compatibility.

•

NRAO Technology Center (NTC): As with software, the NTC is one of the world’s leading
resources for radio astronomy instrumentation development. Centralizing the NA hardware M&R
at the NTC during ALMA operations capitalizes on existing infrastructure, such as the front-end
integration facility, and retains the expertise in receiver technology developed during
construction.

Close coordination of NAASC activities with broader NRAO activities will lead to a much more vibrant
scientific environment, with scientists having access to expertise at frequencies ranging from 75 MHz to
900 GHz. Such an environment will foster unique astrophysics, allow for more creative technical
development, provide a broader knowledge-base for user support, inspire young postdocs and students,
and aid in recruitment of quality staff. The integrated approach also puts NRAO and the U.S. in an ideal
position to help design, and eventually operate, future large radio facilities such as the Square Kilometer
Array.
In the long term, a vision is developing at NRAO of an “integrated science center”, in which staff at
NRAO participate in supporting users of all NRAO facilities, as the science and expertise dictates (see
contribution by Frail/SAA). The NAASC head office is involved with these longer-range discussions.

Staffing Plan
The table below presents the NAASC staffing ramp-up from 2008 to 2014 in terms of the total number of
employees. The staffing ramp-up in all areas is triggered by major project milestones. We briefly list
some key project milestones, as presented in the current baseline plan.
•
•

Q2 2007: Start of Assembly, Integration, and Verification (AIV) work at the OSF
Q1 2009: Three-antenna array at the high site. Start of Commissioning and Science Verification
(CSV)
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•
•

Q3 2010: Start of early science operations
Q4 2012: Start full science operations

The steady-state NAASC (2013+) will have a staff of 70. This includes 17 scientists performing ARC and
full science support for ALMA, five in Archive operations, 28 in the Software and Technical divisions,
three ALMA postdocs and two students, four in the NAASC head office, five in EPO and six in the
Office of Chilean Affairs. The NAASC will also support four Jansky fellows.
The staffing plan was determined by the definition of the tasks to be performed by each unit, by past
NRAO and ESO experience, by established industry principles, and by a desire to keep the total operating
costs down.
FY
2009

FY
2010

FY
2011

FY
2012

FY
2013

FY
2014

WBS Unit

Number in Division (Staff)

72100

NA ARC Management

1.80

2.00

2.00

2.00

2.00

2.00

72200

Science Operations

4.75

8.50

11.50

12.00

12.00

12.00

72300

Archive Operations

1.00

4.00

5.00

5.00

5.00

5.00

Subtotal, ARC

7.55

14.50

18.50

19.00

19.00

19.00

Data Management Division:
75100

Software M&R

1.50

4.25

8.00

12.00

14.00

14.00

75200

Software Development

3.40

3.40

3.40

3.40

3.40

3.40

Technical Division:
75300

Hardware M&R

2.25

5.25

8.25

10.50

11.00

11.00

75400

Small Projects & Studies

0.00

0.00

0.00

0.00

0.00

0.00

75500

Development

0.00

0.00

0.00

0.00

0.00

0.00

Subtotal, Operations Support

7.15

12.90

19.65

25.90

28.40

28.40

71100

NAASC Management

1.60

1.98

2.10

2.10

2.00

2.00

71210

Full User Support

1.75

2.38

2.50

2.50

2.50

2.50

71220

Professional Development

0.00

1.00

1.50

1.75

2.50

2.50

71230

ALMA Fellows/Students

1.00

2.00

3.00

3.25

4.25

5.00

Subtotal, Full Sci. Support

4.35

7.35

9.10

9.60

11.25

12.00

71300

EPO

2.00

3.00

5.00

5.00

5.00

5.00

74000

Chilean Affairs

0.00

0.00

1.13

2.63

5.25

6.00

Total NAASC

21.05

37.75

53.38

62.13

68.90

70.40
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NAASC Staffing Ramp-up (Staff)
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Figure E.1.3: NAASC staffing ramp-up in number of employees.

Budget
Yearly subtotals for the major work elements are presented in the tables below along with the estimated
total annual cost for the NAASC, including the North American share of ALMA operations in Chile, the
NA ARC, ALMA Operations technical support and the Full Science Support services. It does not include
an ALMA User Grants Program, which should be funded outside the NAASC. The second table presents
just the NSF’s share of these costs. All amounts are in thousands of then-year dollars, and time intervals
are in U.S. Fiscal Years (October 1 – September 30). The cost to NSF is net the contribution from Canada
to the North American share of the AOP, assumed to be 7.25%.

Total cost of NA ALMA Operations and the NAASC, in thousands of then-year USD
NAASC Budget

FY
2009

NAASC Full Science Support

1534

2420

3345

4226

4867

5411

5635

NA ARC Core Support

1627

2584

3511

3865

3932

4025

4134

ALMA Special Projects

444

460

476

493

510

528

546

0

0

226

447

865

913

945

1395

2543

4110

5706

6443

6654

6838

31

43

513

1212

2151

3809

5530

7416

10649

12725

15678

17015

17717

18317

12447

18699

24908

31628

35783

39057

41945

NA Chilean Affairs
ALMA Technical Support
ALMA Development
ALMA Chilean Operations
Total

Long Range Plan for FY 2009–FY 2013
E. Telescope Science Operations

FY
2010

FY
2011

FY
2012

FY
2013

FY
2014

FY
2015
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Cost to NSF for NA ALMA Operations
NAASC Budget:
Cost to NSF

FY
2009

FY
2010

FY
2011

FY
2012

FY
2013

FY
2014

FY
2015

NAASC Full Science Support

1534

2420

3345

4226

4867

5411

5635

NA ARC Core Support

1627

2584

3511

3865

3932

4025

4134

ALMA Special Projects

444

460

476

493

510

528

546

0

0

210

415

802

847

877

1348

2406

3839

5332

6020

6210

6379

29

40

476

1124

1995

3533

5129

6878

9877

11803

14638

15881

16536

17096

11861

17786

23660

30093

34008

37091

39797

NA Chilean Affairs
ALMA Technical Support
ALMA Development
ALMA Chilean Operations
Total *

* Current best estimates of operations costs from NAASC and JAO offices. These are at slight
variance with NSF forecast numbers (at the few hundred k $ level) from November 2007.

NAASC Milestones FY 2009–FY 2013
Item
Participate in Pipeline Test 7
Proto-archive active
Hire Archive Tech 1
Start of Operations S/W maintenance & repair
Start of Operations H/W maintenance & repair
Hire Scientist 7 (Casa)
Participate in ObsTool Test 8
Astronomer on Duty: Duties Start
Start of Science Commissioning (CSV)
proto-archive test
Casa tutorials for beta users
First ALMA postdoc
Hire Scientist 8 (helpdesk)
Advertise for Web Developer
Hire Scientist 9 (Obstool)
Participate in Pipeline Test 8
First commissioning data available for community
Advertise for Database Manager
4th NAASC Science workshop
Participate in ObsTool pre-deployment test
Advertise for Scientific Programmer 2 (handholding)
Advertise for Archive Tech 2
Advertise for Archive Operator 1
ANASAC Face to Face
Obstool on-line documentation v.1
Hire Web Developer
Scientist 10a transfers from SAA office
(Schools/tutorials)
Participate in Pipeline Test 9
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FY
2009
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

FY
2010

FY
2011

FY
2012

FY
2013

X
X
X
X
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Item
Hire Database Manager
Advertise for Archive Operator 2
Commission ARC helpdesk
Mirror archive activated
Advertise for Scientist 14 (Schools/tutorials)
1st Call for Proposals
Start ARC helpdesk
Hire Scientific Programmer 2 (handholding)
Hire Archive Tech 2
Hire Archive Operator 1
1st Obstool tutorial
mirror archive test
Support Proposal Review process
2nd ALMA postdoc
Scientist 11 transfers from construction (Obstool)
Scientist 12 transfers from construction (Casa)
Scientist 13 transfers from construction (pipeline)
Participate in Pipeline Test 10
ARC Mirror Archive available
Hire Archive Operator 2
Offline Cookbook, version 3
Hire Scientist 14 (Schools/tutorials)
1st data reduction workshop
5th NAASC Science workshop
ANASAC Face to Face
Start of Early Science (ESDP+8mo)
Participate in Pipeline Test 11
Participate in ObsTool re-deployment test
Obstool on-line documentation v.2
Scientist 15 transfers from construction (handholding)
2nd Call for Proposals
2nd Obstool tutorial
Scientist 16 transfers from construction (Obstool)
Support Proposal Review process
3rd ALMA postdoc
Offline Cookbook, version 4
Participate in Pipeline pre-deployment test
2nd data reduction workshop
6th NAASC Science workshop
ANASAC Face to Face
Pipeline Hueristics review
Participate in ObsTool re-deployment test
Obstool on-line documentation v.3
3rd Call for Proposals
3rd Obstool tutorial
Support Proposal Review process
Offline Cookbook, version 5
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X
X
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X
X
X
X
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FY
2009

Item
Pipeline Hueristics review
3rd data reduction workshop
7th NAASC Science workshop
ANASAC Face to Face
Scientist 17 transfers from construction (Pipeline)
Pipeline Hueristics review
Participate in ObsTool re-deployment test
Obstool on-line documentation v.4
4th Call for Proposals
Support Proposal Review process
Talks on ALMA science and status at NA institutions
Spectral-line catalogue—continue resolving species

X
X

FY
2010

X
X

FY
2011

X
X

FY
2012
X
X
X
X

X

FY
2013

X
X
X
X
X
X
X

2. Green Bank Telescope (GBT)
Operations
The majority of the operations effort in Green Bank is devoted to the continued delivery of excellent
science from the GBT. With the completion of the azimuth track refurbishment project in FY 2007, basic
operations should remain stable through-out the period covered by the Long Range Plan.
Unique characteristics of the GBT include:
•
•
•
•

•
•
•
•
•

Largest fully steerable single-dish telescope in the world
The only large telescope having an unblocked aperture
Low elevation limit makes 85% of the entire celestial sphere accessible and allows long
observations for monitoring transient events, pulsar timing, and VLBI
Low-RFI environment due to terrain shielding and the location in the National Radio Quiet Zone,
allowing unique HI and pulsar observations. This offers access to frequencies that might not
otherwise be observable, giving greater sensitivity for continuum and pulsar observations and
greater opportunity to observe spectral lines both at rest and redshifted throughout the spectrum
Highest pulsar sensitivity of any fully steerable telescope
Nearly continuous frequency coverage from 290 MHz – 50 GHz (λ = 1 m to 6 mm) currently, to
115 GHz (λ = 2.6 mm) in the future
Large effective collecting area (5,500 m2 at 21 cm to ~2,000 m2 at 3mm) and a focal plane
capable of accepting feed arrays having thousands of pixels at λ = 3 mm
Possibly the best imaging capability of any single-dish radio facility owing to the offset optics
The large diameter (in wavelengths) of the filled aperture results in a unique combination of high
sensitivity and resolution for point sources plus high surface-brightness sensitivity for faint
extended sources

Current GBT receivers provide nearly continuous frequency coverage from λ = 1 m to 6 mm (0.29 to
50 GHz) with on-sky system temperatures as low as 15 K. During the period covered by the Long Range
Plan we will extend this frequency coverage to 2.6mm (115 GHz). The GBT spectrometer is a multilevel
digital correlator providing 2,048 channels in each of eight 800 MHz spectral bands or up to 262,144
channels at 12 MHz bandwidth. The Spectrometer supports a “spigot” mode for pulsar timing
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observations. Three fast-sampling backends provided by university collaborations are also available for
pulsar observers. A number of other backends support specialized observations such as sensitive
continuum observations and bi-static radar experiments. In the near future, the Zpectrometer, a redshift
machine with 14 GHz instantaneous bandwidth at 26–40 GHz, and MUSTANG, the 64-element
bolometer camera for λ = 3 mm (92 GHz) will come in to routine operation.
As described in the Program Plan, FY 2008 will see the initiation of a number of key, large observing
projects as part of NRAO’s legacy observing program, designed to answer fundamental questions of
current astrophysics. These include a coordinated program with the VLBA to detect Jovian mass planets
around nearby M-dwarf stars, the Megamaser Cosmology project designed to measure the Hubble
Constant to 3%, and a search for nano-Hz gravitational radiation via extremely high precision pulsar
timing. We expect these, and subsequent large observing projects, to continue over the next five years.
In addition to the operation of the GBT, we provide a number of unique facilities which take advantage of
the physical infrastructure of the Green Bank site, and its location in the National Radio Quiet Zone.
These include the central instrument shop, antenna test ranges, and the anechoic chamber. We also
operate several other radio telescopes, including the 43m (140ft), 20m and 14m (45ft). The current
operations of the 43m and 14m are funded entirely from external grants and awards, and are described in
the FY 2008 Program Plan. Future use of these telescopes might include searching from radio emission
from the impact of ultra-high energy neutrinos from the lunar regolith (43m), and tracking facilities in
support of the Japanese VSOP-II mission (20m).
Green Bank staff actively support a number of University collaborations and development activities.
These include collaborations on development of common-user instrumentation, and support of unique P.I.
instruments. As one example of this, we are part of a consortium of University and industry partners
developing state-of-the art digital backends using agile, FPGA-based technology. We provide access and,
within budgetary constraints, limited amounts of support for groups wishing to take advantage of our
unique facilities and location. Ongoing examples include support of the PAPER (Precision Array to Probe
the Epoch of Reionization) experiment lead by Don Backer, and support of a group from Brigham Young
University to use the 20m for array feed and RFI mitigation research. In the future we expect to support
FASR development activities, including the installation on site of prototype antennas.
The Green Bank Science Center is NRAO’s flagship facility for education and public outreach (EPO). A
detailed description of planned activities is covered in Section H of this report.
While the majority of our effort on site is devoted to local activities, Green Bank staff contribute to many
other NRAO development activities. We are active in EVLA, and to a more limited extent ALMA
development work. In FY 2008, a Green Bank resident microwave engineer will be seconded to the
EVLA project to work on critical path instrumentation development. The NRAO SKA Systems Engineer
is a Green Bank staff member; we work in close collaboration with the NRAO e2e Division. We expect
these and similar observatory-wide activities to continue through-out the period covered by the Long
Range Plan.
The Green Bank site is located in a very remote area of West Virginia by design and necessity, due to the
unique requirements of radio astronomy and the institution of the NRQZ. As the site is located in the
most rural county in the United States east of the Mississippi River, there are no large municipalities
within a 2-3 hour drive. As the population is so low, normal services found in larger, more metropolitan
areas are non-existent. Therefore, since its inception, the Green Bank site has maintained its own staff of
Plant Maintenance (PM) employees. The staff consists of various trades dictated by the needs of the site,
such as electrician, plumber, HVAC specialist, painter, carpenter, equipment mechanic, vehicle mechanic,
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maintenance specialist, and building/grounds/utility worker. The PM staff is made up of generally only
one employee of each trade.
Due to the flexible and versatile nature of GBT operations, we currently provide 24/7 Operator coverage,
as well as science support to users for observation preparation and data analysis. Telescope operations,
maintenance and user support are run as efficiently as possible to deliver the required, wide range of
instrumentation and observing modes. The resulting first-rank science observations range from bi-static
radar investigations of objects in the solar system through to observations of highly redshifted HI and CO
from galaxies in the early Universe; these results fully leverage the NSF’s investment in the world’s
premier single-dish radio telescope.
The level of professional staff in Green Bank has continually declined since FY 2005, due to a series of
flat, or minimal increase, budget adjustments. Through a continual program of self-evaluation and process
improvement, the Green Bank site has attempted to eliminate areas of inefficiency of management or
workflow throughout the last decade; all Division Heads and functional managers have sought methods to
streamline operations, increase efficiency and eliminate costs. Unfortunately, no further adjustments can
be made without eliminating services.
The proposed NSF budget for FY 2009 onwards represents a significant decrease in real terms. This will
undoubtedly result in a loss of service to our users. In particular, it will result in:
•
•
•

Reduced observer support – preparation of observing scripts, data analysis support, etc.
Reduced software support – bug fixes, E2E support, pipelining, etc.
Reduced support for GBT receivers – repairs and observer response time slowed.

In addition, the development program described in the Instrumentation Enhancements section will be
considerably delayed over what would be possible simply with a level budget.

Site Infrastructure Upgrades
While the core Green Bank Operations budget is barely sufficient for ongoing operations, including key
GBT maintenance items such as structural inspections, it is no longer sufficient to cover major site
infrastructure items. Some examples of those now due, or overdue, include:
•
•

•

•

Inspection, maintenance and potential replacement of the site elevated water storage tank, which
provides potable water and fire protection to the site. Maintenance costs would be approximately
in the $100-250k range. A complete replacement would cost anywhere from $500k - $1M.
Purchase and installation of a site emergency generator. This would replace several smaller
emergency generators on site serving each of the telescopes, the cafeteria/residence hall, the
Science Center, and the lab buildings (including the site telephone, network and GBT control and
equipment systems, and NRAO-wide MIS server systems) with one generator capable of serving
all areas. This would eliminate existing required maintenance of all the smaller units, and Plant
Maintenance efforts during emergencies. This item would cost approximately $600k.
Continue the replacement program of our site vehicles. We intend to replace one vehicle per year
on average at a cost of $25-$30k per vehicle. At the current rate of replacement, once this
program is complete, our oldest vehicles will be once again at least 20 years old. An infusion of
infrastructure money to replace several in a short time span will eliminate this consistent aging
problem.
Removal and replacement of the residence hall, works area, warehouse and Jansky lab window
system. These systems are approximately 40-50 years old and consist of single pane with metal
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mullion glass. Replacement would necessitate the complete removal of the structure of the
window system and replacement with an energy-efficient thermal system. The residence hall
work would also include installation of individual A/C units for the rooms. Payback of this item
would be realized in reduced energy consumption over several years. Cost for these items is
approximately $600k.
Our current approach is simply to defer these items until such time as the budget environment improves.
This represents a false economy in the long term. Failure of the first item (water storage tank) would
result in a catastrophic loss of service to the site.

Telescope and Operational Enhancements
The main facility enhancements during the period covered by the Long Range Plan include the full
implementation of Dynamic Scheduling, continued telescope performance improvements via the
Precision Telescope Control System (PTCS) project and significant improvements to our data handling
(pipelining, analysis and archiving) capabilities. Each of these is described in more detail below. Key
milestones for both telescope and operational enhancements, and for instrument development, are
summarized in the milestone table.
Dynamic Scheduling: The GBT spans a larger range of frequencies than other comparable
millimeter/submillimeter single-dish telescopes, and is located in a continental, mid-latitude region where
weather is dominated by water vapor and small-scale effects. As a result, weather suitable for executing
high-frequency observations is at a premium. To date, the GBT has had a limited form of dynamic
scheduling in which 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, and a project to enable this was initiated in FY 2007.
From FY 2008 through FY 2010 the Dynamic Scheduling Project will deliver all of the tools necessary to
make dynamic scheduling the GBT possible. While developing these deliverables, we will strive to keep
ease of use high for observers, investigators, and support staff. During FY 2008 we will complete Stage II
of the project, including trial use as the proof of concept. Stage III, the first release of all tools needed to
begin complete dynamic scheduling, will occur in FY 2009, and Stage IV, a second release including
ease-of-use items, in FY 2010.1
Continued Telescope Performance Improvements: The goal of the Precision Telescope Control
System (PTCS) Project is to enable full 3mm operation of the antenna. The detailed plans for FY 2008 are
described in the Program Plan. The long range goals for FY 2009–FY 2013 are to deliver the critical
improvements to the telescope that are required to enable efficient 3mm operation, and to provide the
ancillary instrumentation needed to make optimal use of the available 3mm weather conditions in the
context of dynamic scheduling. Specifically, these goals include: 1) the reduction of the small-scale
surface error of the primary reflector, 2) improvements to the servo control systems for the primary,
secondary and active surface system, and 3) fielding additional instrumentation to more accurately track
the performance of the telescope and its environmental conditions.
Having recommissioned the traditional holography receiver in FY 2008, we plan to use it in FY 2009 to
obtain detailed maps of the surface which should allow us to derive more accurate zero point positions for

1

Note, the current stages II through IV of the dynamic scheduling project were tracked as such through-out the FY
2007 Quarterly Reports, but were referred to as Stages I through III in the FY 2007 Long Range Plan.
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the 2209 surface actuators. During FY 2009–FY 2010, we also plan to continue to develop and
implement new digital servo control systems for the primary, secondary and active surface that will
replace the aging and limited analog systems delivered by the contractor. These systems are needed in
order to improve the pointing and tracking performance of the telescope in non-benign conditions by
enabling the use of modern, advanced servo algorithms.
Some of our plans for 2010-2013 are naturally contingent on the success of our efforts in preceding years.
Depending on the results of traditional holography, we may need to make engineering refinements to the
holography system, or we may attempt further improvements to the surface via the laser range finder
system that remains under development. Once the servo improvements are complete, we will focus on
providing ancillary instrumentation to better track the real-time observing conditions. A multi-color
tipping radiometer and a cloud monitor are two devices that would provide valuable input into the
dynamic scheduling pipeline.
Data Handling: GBTIDL is the interactive package for reduction and analysis of spectral line data taken
with the GBT and is based upon the IDL language. GBTIDL is a mature product; however there are still a
number of functional gaps which prevent GBTIDL from being adopted by the entire GBT observer
community. These gaps are currently being filled by a number of other packages which include AIPS and
AIPS++ for imaging, OBIT and IDL for continuum data, and PRESTO for pulsar data. Unfortunately,
data is not always easily exchanged between the various applications. For example, in order to image
GBT data, one must convert a SDFITS file into a format palatable to either classic AIPS or AIPS++; this
process is at present overly complex. A specific, new need for GBT data handling will be to support the
analysis of data from the K-band focal plane array receiver described in the next section.
During FY 2008, GBT and NRAO End to End Operations will create a strategic plan for GBT data
handling, with input from our user community, which addresses the current gaps in GBTIDL
functionality. We expect that the solution outlined within this strategic plan will employ a number of
existing applications (both NRAO-developed, e.g. CASA, and third party) with a focus on ensuring that
data interchange between applications is both programmatically trivial and well documented. We will
leverage developments from other projects (for example, existing heterodyne array data analysis
pipelines) wherever possible. Once created, we will enact the strategic plan in subsequent years as
resources allow. E2E resources will focus on the generic aspects of data handling, including pipeline
infrastructure, data archiving and the publication of both raw and processed data via the Virtual
Observatory. Green Bank resources will focus on those aspects of data analysis unique to GBT
instrumentation and observing modes (e.g. bolometer data processing algorithms, vector calibration). We
are also currently in discussions with the University of Calgary for specific collaborations with the
Canadian community in these areas.

Instrumentation Enhancements
Pulsar Timing Array: The direct detection of gravitational radiation is a major goal in experimental
physics, and the GBT is currently playing a key role in an international effort to make the first such
detection. Several groups are using the largest single-dish radio telescopes in the world to conduct
regular very high-precision (hundreds of nanoseconds) timing observations of an array of ~20 millisecond
pulsars spread over the sky. The timing measurements from the individual pulsars can be compared with
those from each of the other pulsars to search for correlated timing perturbations caused by nanoHertzfrequency gravitational radiation passing through our Galaxy. In that low-frequency regime, the
gravitational radiation is expected to be dominated by a stochastic background created by unresolved
contributions from the ensemble of massive black hole binaries throughout the universe.
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A successful gravitational radiation detection will require consistent monitoring of these pulsars for at
least 5-10 years. Since the millisecond pulsars used in these searches are extremely faint radio sources,
the GBT’s excellent gain to system temperature ratio makes it the best telescope in the world for pulsars
in a large fraction of the sky (outside of the Arecibo declination range, but within the 85% of the total sky
that the GBT can observe).
The primary development required to support this program will be the ongoing pulsar instrumentation
efforts, described in the FY 2008 Program Plan, which have the potential to improve the GBT’s timing
precision by factors of a few within the next 1-2 years.
MUSTANG: Plans for MUSTANG for FY 2008 are described in the Program Plan. Continuing in
FY 2009, we will transition the instrument to full common user mode, concentrating on documentation,
operating procedures and data analysis software. As part of this process we will be opening up the user
base beyond the core instrument team through collaborative and shared-risk proposals, moving towards
the goal of fully open, general-user observations on the GBT early in FY 2010 (late CY2009). Good highlevel interface and configuration software to this complex instrument will be a critical ingredient to
successful general user observations, and we aim to implement and prototype these—based on our
ongoing lessons learned on the telescope—early in this period. The scientific success of the instrument
depends crucially on continued success in the GBT antenna improvements project (PTCS), which to date
is very promising. MUSTANG will enter general user service towards the end of this period.
Given the successful demonstration of the 64-pixel array, it would be quite straightforward to upgrade the
instrument to a 256-pixel array with improved sensitivity (all of the existing readout electronics and
associated infrastructure would support such an array) for very modest cost; unfortunately this cannot be
supported within the proposed budget.
In summary, this period will see general users doing science at 3mm on the GBT with the first generation
of large-format array receivers which are revolutionizing millimeter and sub-millimeter astronomy.
Much larger arrays are clearly within reach and, on the GBT, would be an unparalleled capability; ideally
we would make a start on such an instrument within the next five years.
Heterodyne Focal Plane Array Program: The combination of high sensitivity, unblocked aperture and
wide field-of-view of the GBT is ideally matched to focal-plane array receivers. Large spectroscopic
focal-plane arrays at centimeter and millimeter wavelengths would enable a powerful new set of scientific
capabilities with the GBT, both as a stand-alone instrument and in combination with the EVLA and
ALMA interferometers. Ideally, we would fill the focal plane of the GBT with array receivers, which
would increase the capability of the telescope by literally orders of magnitude, for a small fraction of the
cost of telescope construction.
Plans for an initial, seven-element K-band (18-26 GHz) pathfinder array are described in the Program
Plan. This will be constructed in FY 2008/9, with commissioning in FY 2010. Initially, it will be used
with the existing GBT Spectrometer.
The optimal subsequent development program is well defined, as described below. Unfortunately this
development will not fit in to the existing Operations budget, and so funding would have to come from
external sources, or else the program placed on hold.
•

New Spectrometer based on the CICADA development program. A deliverable of the first year of
CICADA development will be the design of a Spectrometer which could cover the full 1.8GHz
bandwidth for each of the seven dual-polarization K-band feeds. The approximate cost would be
in the range of $500-800k. Construction of this could commence in FY 2009 were funds
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•

•

•

available. We are currently developing a Memorandum of Understanding with the University of
Calgary to submit a proposal to the Canada Foundation for Innovation to fund such a
spectrometer.
New “data (IF) transmission system” The seven-pixel K-band array will use the existing GBT
analog fiber to transmit the IF signal from the receiver cabin to the GBT Spectrometer in the
control room. However, this will represent the limits of the capacity of that system. To expand to
additional pixels will require a new approach to digitizing, transmitting and processing the data
from a larger array (at K-band or any other wavelength). Digital signal processing developments
relevant to radio astronomy instrumentation are moving at a breakneck pace, driven by SKA
demonstrators and similar projects. We would intend to take advantage of those developments;
significant efforts could start in FY 2010, given funding.
Expansion of the K-band array to 61 pixels. This would be a straightforward extension of the
current 7-pixel project, essentially replicating the production pixels unchanged. The precise cost
will depend upon results from the seven pixel version, but is likely to be in the range of $1.75 –
2M. This work could commence in FY 2011.
~ 100 pixel W-band (68-92GHz) array receiver. A W-band receiver on the GBT, with 8” angular
resolution and 2000m2 effective area would be extremely powerful; the recently developed
science case for such a receiver is absolutely compelling. This instrument would be built in
collaboration with a consortium of university groups.

Additional Unfunded Activities: Starting in FY 2008, we are making a conscious effort to focus on a
fewer number of key projects and ensure excellent execution of these. However many other, smaller
initiatives could be addressed if funding were made available. Development of the W-band (68-92 GHz)
dual-feed heterodyne receiver has remained on hold pending the successful validation of the Zpectrometer
with the Ka-band (26-40 GHz) receiver. The technical route forward on continued dual-feed receiver
developments at both Ka and W-band will be determined once the results of this validation are known,
but the actual work cannot be included within the proposed budget. The work of the RFI group includes
monitoring and protection of the NRQZ and West Virginia RAZ, as well as the development of a database
of known RFI sources and visualization tools to assist observers both at the planning stage and during
their observations. We would hope to extend this to more active RFI mitigation research, but again are
currently stymied by the lack of resources.

Progress towards NRAO Strategic Goals and Research and Development Activities
All operations and development activities in Green Bank directly support NRAO’s strategic objectives.
Clearly, our primary purpose is to operate and extend the scientific capabilities of the GBT. As described,
Green Bank staff are also supporting ALMA, EVLA, and SKA development. We play a major role in
increasing the impact and visibility of the NRAO via our extensive EPO programs. We strive to ensure
excellent staffing, and will continue to seek new opportunities for funding and improve operational
models.
In the development of our Long Range Plan, we have made a conscious effort to revitalize our ability to
advance the state-of-the art in those areas of NRAO’s mission-related technology which are most relevant
to the GBT. In the hardware area, the CICADA (FPGA development) program will rapidly bring us up to
the state of the art in that area; we would then expect to contribute to advances, e.g. in the area of high
speed samplers. The K-band array project will allow us to further develop expertise in component
integration and packaging, vital for cost-effective SKA development. In the software area, the 2006 GBT
Future Instrumentation Workshop identified three major areas to be addressed: cluster computing and
processing parallelization, data storage, access, and transport, and data pipelining. These topics are
becoming an increasing concern across all fields of astronomy, not just for the GBT. Data production

Long Range Plan for FY 2009–FY 2013
E. Telescope Science Operations

35

rates and data volumes are dramatically increasing and our current data handling paradigms will be
increasingly ineffective when buffeted by the deluge of data from future instrumentation. We are starting
some projects which will allow us to address these areas. For example, we are investigating the potential
of Graphics Processing Units (GPUs) for parallel data processing; the data storage, access and transport
areas will be tackled as part of the Pulsar Search Collaboratory EPO project.

GBT Milestones and Multi-Year Activities FY 2009–FY 2013
Item
MUSTANG converted to common user status
MUSTANG available for common user operation
MUSTANG 256 pixel array development1
Dynamic scheduling Stage III released
Dynamic scheduling Stage IV released
Holographic surface adjustment complete
Upgrades to existing GBT servo complete
Implementation of new digital servos
Initial λ = 3mm performance delivered
Continued telescope performance enhancements
Data reduction upgrades
Incoherent pulsar backend deployed
Coherent pulsar backend deployed
K-band focal plane array prototype pixel
complete
K-band focal plane array commissioned
Next generation Spectrometer Development1
Development of new digital IF transmission
system1
Upgrade K-band Array to 61 pixels1
W-band focal plane array dev. (collaboration) 1

FY
2009
X

FY
2010

FY
2011

FY
2012

FY
2013

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

Note 1: A funding source for this activity has not yet been identified.

3. Very Large Array (VLA)/Expanded Very Large Array (EVLA))
EVLA Transition
The five years covered by this long range plan will cover the completion of the EVLA Construction
project and the start of full-time operations. As a result, this period will see major changes in the way our
scientific users interact with the new telescope. (In what follows below, the term “EVLA” antennas
means those which have undergone complete mechanical and electronics retrofits, and which
communicate with the control room via fiber optics. The term “VLA” antennas signifies those which
have not yet undergone their mechanical and electronics retrofits, and which still communicate with the
control room via waveguide.)
FY 2008 will mark the transition from an operational VLA, with a majority of old VLA antennas, to an
operational VLA with a majority of retrofitted EVLA antennas. By the end of FY 2008, we anticipate
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that 17 operational antennas will have been retrofitted to the EVLA design2. The transition to an array of
mostly EVLA antennas will lead the way toward the possible shutdown of a number of VLA systems.
For example, both the data-transmission waveguide and the synthesizers for 1-Hz resolution frequency
control will be used only for the ever-decreasing number of VLA antennas in the array. At some point,
when the VLA contains between 20 and 23 EVLA antennas, it is likely that the VLA antennas and
associated systems will be shut down completely in order to focus on completion of the EVLA. This
transition is expected to take place between the middle of FY 2009 and early FY 2010. Another aspect
of this transition is that since the old VLA receivers at 15 GHz will not be replaced on the EVLA
antennas, support of the 15 GHz capability will likely cease by FY 2009 or FY 2010.
In FY 2008, our Canadian partner is scheduled to deliver a so-called “prototype” subset of the WIDAR
correlator3. Tests with the prototype correlator are scheduled to take place through FY 2009, with the
installation of the full WIDAR correlator occurring from FY 2009 through FY 2010. It is our intention
that a few shared-risk science programs with the new EVLA correlator be carried out in FY 2009 or FY
2010, depending on the progress with correlator commissioning. “Routine” observing with the new
correlator will start with the simplest observing modes, most likely in FY 2011; post-processing is
expected to take place using the CASA system, described in the EOD section of this Long Range Plan. A
decision about more specific dates and mechanisms for the first science offering of the new correlator will
be made during FY 2008, after consultation with appropriate advisory committees.
The wider tuning capabilities of EVLA antennas will continue to be offered as scientific benefits to our
observing community in FY 2008 and beyond. In FY 2008, these opportunities will be limited primarily
to the wider tuning of the 1.2-2, 4-8, and 18-26.5 GHz bands. In FY 2009, we expect that a number of
EVLA antennas will have new receivers installed to cover the 26.5-40 GHz bands, and that this new
frequency range will be made available to the user community. In FY 2010, new receivers covering the
2-4 GHz range will also be available on a number of antennas. It should be stressed that although the
tuning capabilities of the new EVLA receivers will be much greater than previously available, the output
bandwidth we can correlate will remain limited to 100 MHz per polarization until the EVLA correlator
goes fully on line. Figure E.3.1 shows the scheduled availability of new receiver systems and tuning
capabilities, as of September 2007.
The proposed NSF budget for FY 2009 and subsequent years will have a serious impact on the EVLA.
This will include:
•
•
•
•

A likely delay in science commissioning and early science on the EVLA
Reduced VLA/EVLA observer outreach support
Reduction in technical support required to maintain and operate the EVLA
Increased risk of lost observing time to maintenance and infrastructure failures

Observing and User Programs
In FY 2007, the VLA/VLBA Proposal Selection Committee was expanded to include six outside (nonNRAO) members. This arrangement has worked well. There has been considerable discussion with both
the NRAO Users Committee and the Science Advisory Group for EVLA (SAGE) as to how proposal
selection might evolve further in the future, especially in the early days of EVLA Operations, but models

2

Eighteen antennas are possible, but it is likely that the retrofitting period for one antenna will be extended in order
to replace an azimuth bearing.
3
The prototype correlator will utilize production WIDAR hardware; and is not a “throw-away, interim device.
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of that sort may have significant financial ramifications; as of this writing, no decisions have been made
about the possible further evolution of our proposal evaluation and time assignment process.
The biannual NRAO Aperture Synthesis Imaging Summer School will be held during FY 2008. We
anticipate additional emphasis on the capabilities of the EVLA when compared to the past schools. We
also expect the Summer School to be held again in FY 2010 and 2012, though possibly at a reduced scale
necessitated by budgetary limitations. In addition, the ramp-up of EVLA and ALMA Operations may
lead NRAO to take a different approach in the presentation of this important school.

Figure E.3.1. Scheduled availability of new EVLA receiving bands for observers, as a function of time, as of
September 2007. The time axis refers to calendar years. The frequency ranges (in gigahertz) corresponding to the
letter code for each receiving band are indicated in the upper left of the figure. Curves marked “Interim L” and
“Interim C” refer to receivers that have full bandwidth tuning capability, but lack the final high polarization-purity
eventually to be implemented across the band. A plan to recover schedule for the X-band receiver suite is currently
being developed.

Astronomers will continue to be updated on the transition-mode capabilities as well as the steps needed
for successful observing via the “EVLA Returns” web page at the following URL:
http://www.vla.nrao.edu/astro/guides/evlareturn/ .

Dynamic Scheduling
VLA dynamic scheduling will continue to make up about 20% of the total scientific observing time
during FY 2008. A replacement for the dynamic scheduling software currently in place, which is much
easier for operators to use and which allows much more flexibility in the heuristics used to choose what to
observe next, has been developed by EVLA Computing and will be put into operation during FY 2008.
Further development of this observation scheduling tool in a joint manner with ALMA is presently under
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discussion. We anticipate that a significant increase in the amount of dynamically scheduled observing
will take place as we move toward the use of the new correlator when it becomes operational in the FY
2010 timeframe.

Infrastructure
Since EVLA construction will make the VLA a forefront scientific instrument through 2025 or 2030,
attention must continue to be paid to long-term infrastructure maintenance. In 2030, antenna structures,
antenna transporters, railroad, and buildings at the VLA site will be over 50 years old, as will some of the
specialized vehicles that must travel the antenna railway. A robust program for renewal and replacement
of all types of vehicles is necessary for the VLA site to remain viable during the EVLA lifetime.
With a fully staffed track crew, we expect to replace 4,000 ties per calendar year in the foreseeable future.
We also expect to repair several track intersections each year by replacing rotted or broken wood timbers
with more robust “concrete timbers”. The last outside inspection of the VLA track system was carried out
in the late 1990s; it is essential to repeat this inspection in FY 2009 or FY 2010, and that budgetary
resources be made available in the event that critical infrastructure deficiencies are found.
A program to re-paint the VLA antennas in order to repair rust damage was completed in the early part of
this decade. Since we expect the EVLA to be operational until 2025-2030, another round of painting will
be required as a preventative measure. We would like to begin the next painting cycle in FY 2010,
although this may be deferred until FY 2011.
The VLA presently has two diesel electric generators that were installed at the time of the Voyager
Neptune project, 20 years ago. With the increased power consumption of the EVLA (new correlator plus
additional cryogenic compressors), it no longer will be possible for a single generator to power the VLA.
Thus, whenever the local electric utility supplies unstable power (particularly during the summer
thunderstorm season), both generators will need to be on-line in order to continue observing. Increasing
our capability to supply our own power when necessary would require purchase of a third generator, at a
total cost of approximately half a million dollars. Although this would be the ideal solution, we have no
funding available for this purchase. Thus, the present plan accepts the increased risk to scientific
observing.
One VLA antenna may have its azimuth bearing replaced in late FY 2008. This depends on both the
delivery of the first refurbished bearings that are now under contract as well as the ability to replace a
bearing without serious detrimental impact to the EVLA retrofit schedule. We anticipate an average of
one bearing replacement per year thereafter.
The original VLA analog tachometers are being replaced with digital tachometers as the antennas receive
their EVLA retrofit. By the end of FY 2008 an additional six antennas will have digital tachometers,
making a total of 11 antennas with these new tachometers. The tachometer replacement will be
completed when the last antennas undergo their EVLA retrofits, near the end of FY 2010. The digital
tachometers are required for the new Antenna Control Unit (ACU). The new ACU prototype, which will
also control the FRM system, is scheduled to be complete in August 2008.
The Array Operations Center (AOC) is close to exceeding the cooling capacity of its two chiller units
during the warm months of the year (approximately April-September). If one chiller failed during this
time, the building could not maintain adequate operating temperature for equipment or staff. The AOC
host, New Mexico Tech, has been upgrading and expanding their campus chilled-water loop during the
last two years, and NRAO aims to connect the AOC building to the chilled water loop for future use. The
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NRAO portion of this work has been funded from the GBT track settlement fund, but the exact
connection schedule depends on the work plan of our campus hosts. We anticipate connection to the NM
Tech chiller loop in either FY 2008 or FY 2009.
Over a thousand astronomical users worldwide use the Astronomical Image Processing System (AIPS)
software for both their VLA and VLBA data analysis. Along with this operational role in producing
science from VLA and VLBA, AIPS plays a critical role as “ground truth” for development of the CASA
system. We presently anticipate that AIPS and the outside user community will continue to evolve and
plan to support the external user community over the duration of this Long Range Plan. This position will
be evaluated continuously to determine whether other, more cost-effective strategies are available, and we
will adapt ourselves to the most effective use of our limited funds.

Budget Assumptions
Beyond the reductions in user support levels and staffing relative to a FY 2008 baseline which are
embodied in the present budget, the financial limitations of this LRP will require additional downstream
cutbacks in the operational support for the EVLA. The EVLA (Phase I) proposal submitted to the NSF in
FY 2000 stated that after completion of the EVLA construction, the array would be operated for no more
than the cost of operating the VLA in 2000. However, besides requiring an adjustment for the increased
cost of electricity between the start of the EVLA construction effort in 2001 and the last year of EVLA
construction in FY 2012, additional operational funds above the present VLA level will be required:
When the EVLA project began, maintenance on many old VLA components virtually ceased, with the
effort that previously went into such maintenance going instead into to EVLA construction. Once EVLA
construction is completed, however, new electronics modules will need to be maintained, albeit at a nearterm 5% to 10% reduction in analogous maintenance costs for VLA equipment. This translates into a
requirement for 3-4 additional EVLA technicians above the current staffing level of the VLA. This
cannot be achieved within the required budgetary limits.

VLA/EVLA Operations Milestones in FY 2009–FY 2013
The milestone table summarizes key VLA/EVLA Operations deliverables for FY 2008–FY 2013. These
deliverables focus primarily on the beginning of EVLA Operations and continued infrastructure
maintenance. Note that the provisional date given for connection to the New Mexico Tech chilled water
loop is subject to the plans of our campus hosts, which are largely out of our control. Specific EVLA
deliverables may be found in the EVLA section of this Long Range Plan.

VLA/EVLA Milestones FY 2009–FY 2013
Item

First science in 26.5–40 GHz band
Decommission VLA antennas & equipment
First shared-risk science with EVLA correlator subset
Begin antenna repainting program
Decommission old VLA correlator
Complete C-band receiver suite
(with new polarization purity spec)
Complete L-band receiver suite
(with new polarization purity spec)
Complete installation of new Ku and X band receivers
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4. Very Long Baseline Array (VLBA)
Observing and User Programs
Four large VLBA programs will be executed in FY 2008 according to NRAO’s proposed operating plan.
Three of these are multi-year programs that will continue well beyond FY 2008, taking advantage of the
VLBA’s unique capabilities for multi-epoch imaging and/or as a stable astrometric platform; two
programs require high sensitivity and will involve the GBT and/or phased VLA along with the VLBA. In
general, the VLBA is moving toward more large programs, and we expect continued emphasis on large
observing programs (200 hours or more) during the FY 2009-2013 period.
The NRAO has signed a Memorandum of Understanding with the Gamma-ray Large Area Space
Telescope (GLAST) project for collaborative observing, to begin in FY 2008 with the launch of the
GLAST satellite (presently scheduled for no earlier than February 2008). Although this collaborative
program applies to all NRAO telescopes, it is perhaps most relevant for the VLBA, and thus is described
here. NRAO will allocate up to 10% of the observing time on its three major telescopes (VLBA, VLA,
and GBT) for collaborative observing with GLAST, which is largely a survey telescope rather than a
pointed mission. Proposals to Cycle 1 of the GLAST Guest Investigator program generally will be for
GLAST data analysis or collaborative observing with other telescopes. Proposals that pass the GLAST
scientific peer review process (including contributions from NRAO personnel and other radioknowledgeable reviewers) will be approved for NRAO observing time up to the maximum values of 10%
of the scientific observing time mentioned above. This will be particularly important for the VLBA,
which is the only telescope capable of imaging the regions of gamma-ray emission during the many flares
GLAST is expected to see in blazars and other types of active galactic nuclei. The primary GLAST
mission will continue throughout the duration of this LRP; although the nature of the collaborative
observations may evolve, we expect a strong VLBA component of GLAST science for the entire GLAST
mission.
An inevitable consequence of the need to develop VLBA financial partnerships is that dedicated telescope
time for the partners is likely to be part of the agreements. Thus, we expect the amount of open observing
time on the VLBA to decrease substantially through FY 2013. A key metric for scientific capabilities of
the VLBA actually is the amount of bits delivered, since the sensitivity for continuum observations
depends on the total number of bits gathered rather than the hours of observing. For this reason, the
reportable VLBA quantity for several years under the Government Performance and Reporting Act
(GPRA) has been the number of hours observed at an effective rate of 128 Megabits per second (Mbps).
This has metric has increased over the past few years while the number of hours of telescope operation
has remained fairly steady. In upcoming years, we expect the data rate of VLBA observations to increase
further (see “Sensitivity Enhancement” subsection below) even as the number of hours observed
decreases. Under the assumption of a gradual transition to the conditions recommended by the Senior
Review, the table below gives the amount of open time expected to be available on the VLBA throughout
the next five years. Note that the predicted steady state of 2500 hours per year is comparable to
expectations for a large ground-based optical telescope at a good site.

Expected Open Observing Hours on VLBA: FY 2009–FY 2013
Open Hours/Yr
Max. Data Rate
Avg. Data Rate
Hours/Yr at 128 Mbps

FY 2009
3500
1024 Mbps
256 Mbps
7000

FY 2010
3000
1024 Mbps
512 Mbps
12,000
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FY 2011
2500
4096 Mbps
768 Mbps
15,000

FY 2012
2500
4096 Mbps
1024 Mbps
20,000

FY 2013
2500
4096 Mbps
1024 Mbps
20,000
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Sensitivity Enhancement
The VLBA has had little increase in its basic sensitivity since its dedication in 1993. Improved scientific
capabilities for all users will depend on increasing the number of bits throughput by the VLBA, and hence
the observing bandwidth. Three bottlenecks currently prevent this increased data rate: (1) the
intermediate-frequency (IF) system; (2) the data recording system; and (3) the correlator. Data-recording
capabilities have been improved to some degree over the past several years by the replacement of old the
tape-recorder system with disk packs; by itself, however, this provides only limited improvement.
Further improvements have awaited technology maturation, and have been hampered by the allocation of
Observatory funding needed to maintain the faulty GBT azimuth track. In FY 2007, we took the first
steps to improving the other parts of the VLBA system. We began collaboration on digital back-ends
with the CASPER (Center for Advanced Signal Processing and Electronics Research) group in Berkeley
and Haystack Observatory, aimed at completely replacing the VLBA IF system. We also began a
collaboration to implement a software correlator developed at Swinburne University in Australia; first
successful results were obtained in FY 2007.
In late FY 2007, we allocated $800K from the GBT track settlement fund to pursue the VLBA sensitivity
enhancement in a more aggressive and structured way. FY 2008 will see the completion a prototype of the
new VLBA digital backends that will provide data at rates up to 10 Gbit/sec, and the start of the
procurement and installation of these backends on the VLBA; we expect to complete this deployment in
FY 2009. We will also begin operating an enhanced VLBA software correlator at a sustainable rate of
128 Mbps, in preparation for replacing the VLBA hardware correlator. After this demonstration is
complete, in late FY 2008 or early 2009, we currently plan to procure sufficient computing power to
increase the sustainable data rate of the software correlator to at least 512 Mbps. Finally, we will
complete design of the Mark 5C VLBI recording system, in collaboration with Haystack Observatory and
the Conduant Corporation; the Mark 5C system has a goal of reaching a maximum recording rate of 4
Gigabits per second (Gbps). At this writing, we are still finalizing the plans for Mark 5C development, so
further details cannot be provided.
Actual implementation of much higher instantaneous and sustainable data rates on the VLBA will depend
on future funding allocations, and perhaps on the VLBA partnerships mentioned above. The VLBA
requires at least 30 Mark 5C systems to equip the (E)VLA and the GBT, as well as correlation from those
two telescopes plus at least six other stations. The cost of this full-scale system is expected to be
approximately $1 million, and a source of funds to make it possible has not yet been identified. Reaching
higher sustainable recording rates requires the purchase of additional disk modules. For example, an
additional 370 TB of disk modules (at a present cost of ~$150K) would enable a sustainable recording
rate of 256 Mbps (assuming no correlator limitations). Although disk prices are expected to continue to
decrease, the subsequent quadrupling of the sustainable data rate to 1 Gbps will require an expenditure of
at least $1M on disk modules. The table assumes a gradual implementation of this increased data rate,
with an expectation that the Mark 5C and disk funding will be derived from the combination of the
NRAO operations budget and contributions from external partners.
The 22 GHz receiver upgrade of all 10 VLBA stations, conducted in collaboration with the Max Planck
Institut fhr Radioastronomie (MPIfR), will be completed before the middle of FY 2008. This will result
in a 30% or better increase in sensitivity for all VLBA observations carried at 22 GHz. This is
particularly important for spectral-line observations that cannot take advantage of greatly increased
bandwidth, such as the Megamaser Cosmology Project. In FY 2008, we will decide whether to undertake
a similar activity at 43 GHz, depending on available funding as well as on competition for personnel
resources.
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Infrastructure
The VLBA now is 15 years old, so increasing attention must be paid to the long-term maintenance of its
physical infrastructure. The sensitivity-enhancement program described above will replace some aging
equipment, notably the original data formatters and baseband converters at the VLBA stations, as well as
the correlator. However, many more items need refurbishing or replacement, and are described in this
subsection.
Masers: The original VLBA masers are starting to fail and the most economical action is to replace the
failed masers with a new model. Using special infrastructure funding made available in 2001, three new
masers were procured for the VLBA, which enabled us to maintain our observing complement of ten
stations. However, in late FY 2007, we were again reduced to only a single spare maser; to forestall a
zero-spares situation in FY 2008, a new maser was ordered in ate CY 2007. However, in order to keep
the VLBA a viable scientific instrument, a long-term maser replacement program would procure five new
masers in the next eight years. These new model masers cost about $250K each, and the masers are long
lead-time items, requiring up to 18 months between order and delivery. The maser replacement program
does not fall within the baseline budget described at the beginning of this section.
Focus Rotation Mounts: The present drives used on the VLBA Focus Rotation Mounts (FRM) are no
longer supported by the manufacturer, and replacement parts are unavailable. A temporary solution has
been developed to remove one rotation motor per antenna and use these as spares. A long term solution is
being developed to replace the focus and rotation motors with standard frame motors and to replace the
drive/controllers with new digital electronics. In FY 2007, a prototype system was procured and run as a
stand-alone system in the laboratory. Late in FY 2008, the new motors will be integrated on the VLBA
FRM test rack and run for a few months to determine actual performance. If the prototype is successful,
implementation on the VLBA stations will be staged from FY 2009–FY 2011.
Other Infrastructure: Critical infrastructure maintenance visits, typically involving major inspections and
overhauls of the antenna equipment, are the functional equivalent of the process in which VLA antennas
are cycled through the Antenna Assembly Building every 3-4 years. We expect to continue the rotation
of three antenna maintenance visits per year throughout the FY 2009 through 2013 period. FY 2008 saw
the completion of the rustproofing and repainting of the St. Croix antenna, which was begun late in FY
2007. This essential infrastructure repair was delayed for two years because of lack of funds and was
funded from the GBT track replacement settlement. In the interim, several VLBA Antenna azimuth drive
wheel axles have failed due to a design flaw and are being replaced by a more robust drive wheel
assembly during the maintenance visits. Twelve out of twenty azimuth drive wheel assemblies have been
replaced thus far. In FY 2008, one additional drive wheel assembly will be replaced at each of the four
stations that receive maintenance visits. We plan to complete the replacement of all azimuth drive wheel
assemblies in FY 2010.
The subreflector at St. Croix was inspected in April 2005 and again in January 2006 and found to have
major structural and reflecting surface damage. In FY 2008, a subreflector removed from the Hancock
antenna in FY 2007 will be resurfaced, and will be reinstalled at St. Croix in late FY 2008 or early FY
2009. A trip to replace an elevation bearing at the Fort Davis antenna is also planned for FY 2008 since
the presence of metal flakes in grease samples taken from the bearing warn of a major, impending failure.
The budget constraints of the present LRP preclude responding to major infrastructural problems beyond
FY 2008. If such failures occur, we will be forced to appeal for additional funds or to curtail the
operational scope of the VLBA.
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Space VLBI
The Japanese VSOP-2 Space VLBI mission presently is scheduled for launch in FY 2012. The VLBA is
expected to play a major role in VSOP-2, provided that funding can be obtained for participation. Further
details are found in the New Initiatives Office section of this plan.

Budget Assumptions
Budget planning for VLBA in the five-year period of FY 2009–FY 2013 has been driven by both the
specific fiscal year budgetary limits imposed by the Division of Astronomical Sciences—which require a
reduction in New Mexico Operations staff and user services beginning in FY 2010—and more generally
by NSF’s adoption of the Senior Review recommendation that the Foundation contribute no more than $3
million to the direct costs of operating the VLBA by FY 2011; at that point, the additional funds
necessary to operate the VLBA will be required to come from new partners. This assumption has been
made explicitly in the long-range budget adopted for this plan, which assumes that an external VLBA
funding stream of $3M per year will begin abruptly in FY 2011.
It is important to note that should partners not be found by this date—and this means that reasonable
prospects for such partnerships must be clear by FY 2010—the cost of operating the VLBA will no longer
be sustainable within the budgetary envelope assumed in this document, and that the instrument will need
to cease operations. To conserve precious resources, this shut down would begin in 2010 in the event that
partners cannot be found. It should also be noted that since the VLA and VLBA share a great deal of
common operational, administrative and personnel infrastructure, the termination of VLBA operations, if
it were to come, would also mean further compromises in VLA user and facility support services.
It should be noted that the implications of operating of the VLBA as a user-subscription have yet to be
fully considered. For example, as with any real-world facility, science return is a heavily non-linear
function of funding, and a partnership where 50% of the VLBA’s operating expenses is obtained through
outside sources is most unlikely to preserve 50% of the array’s open hours for astronomical users: The
VLBA shares considerable infrastructure with the VLA/EVLA, including the VLA/VLBA site director
and seven division heads, all support services of the Business Division and the Computing Infrastructure
Division, and all the facilities (notably the Array Operations Center maintenance, power, and
communications) in Socorro, New Mexico. Assuming these functions to be split evenly between VLA
and VLBA, approximately 1/3 of the VLBA’s nominal direct costs lie in these shared services, which are
required before a single radio photon is gathered. An additional half of the VLBA’s direct cost then goes
into gathering the first photon; this includes two electronics technicians at each of the 10 VLBA stations,
the baseline power and other facilities costs at the stations, and the maintenance of the antennas and
receiving systems. Only the remaining 1/6 of the VLBA direct cost is roughly proportional to the amount
of observing time; this includes telescope operators, shipping costs for magnetic media, and the power
costs of slewing the large antennas.
The figure shows the consequent direct costs of operating the VLBA as a function of the number of hours
of observing.
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Figure E.4.1. Schematic plot of the cost of VLBA operations (in FY 2006 dollars) as a function of number of hours
of scientific observing. The cost curve is divided into three parts: (a) fixed infrastructure costs shared with VLA; (b)
costs of gathering the first photon; (c) costs that are dependent on the number of hours of observing. For reference,
the NSF contribution to VLBA operations recommended by the Senior Review is shown as a horizontal line.

FY 2009–FY 2013 Milestones
Major VLBA milestones for FY 2009–FY 2013 are listed in the table below. This table notes several
activities that are not supported in the baseline budget.

VLBA Milestones FY 2009–FY 2013
Item
Maser replacement program (ends FY 2013)
Production 512 Mbps correlation with software correlator
Complete digital backend installation on VLBA
Complete 43 GHz sensitivity improvement (goal requires
funding)
Complete Mark 5C implementation (goal requires funding)
Complete replacement of azimuth drive wheel assemblies
Complete FRM replacement project
Complete conversion to 4 Gbit/s data rate, allowing dualpolarization 500 MHz bandwidths
Scheduled launch of VSOP-II (potential partnership)
Scheduled launch of NASA Mars Scout (potential
partnership; delayed from 2011)
Major maintenance visits to all stations

FY
2009
*
X
X

FY
2010
**

FY
2011
**

FY
2012
**

FY
2013
**

X
X
X
X
X
X
X
X

X

X

X

X

* Only in event of need

** Requires new VLBA partnerships
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F. Scientific and Technical Support Services
1. End-to-End (E2E) Operations
Operations
End to End Operations focuses 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 investigation. This involves establishing standards for the software development process
and a framework for continuous improvement of science support systems and data processing. These
efforts will be based on industry quality management standards, progressively implemented over the
planning horizon.
Mission
Broaden access
to NRAO
facilities

Example Activities in Support of Mission
Establish an active NRAO presence within the emerging National Virtual
Observatory (NVO) facility; work with Education & Public Outreach (EPO)
to ensure that researchers are provided with clear, up-to-date information
about NRAO telescope capabilities
Increase science Manage archive development for VLA, GBT, VLBA and EVLA using
ALMA software and NVO standards; generate science data products from
impact and
available NRAO historical data; promote common look and feel for
throughput
Observatory-wide science support systems to reduce the learning curve for
users
Facilitate
technology transfer, reuse, and continuous improvement; assist NA
Optimize
ALMA management in the transition of archive, proposal, scheduling, and
investments
automated data processing services to operations; pursue additional sources of
funding for value-added activities
The operations functions for NRAO E2E over the planning period will include continuous management,
maintenance, and incremental development of the following Observatory-Wide Science Support Systems
(SSS) in conjunction with stakeholders at the NRAO sites and telescopes:
•

The Data Processing environment, including Common Astronomy Software Applications
(CASA) and involvement in GBTIDL development in coordination with Green Bank
management.

•

The Proposal Submission & Management System accessed through Interactive Services, which
provides facilities for astronomers to submit proposals to NRAO, and additional functions to
process, handle, and referee those proposals, and

•

The NRAO Archive System at http://archive.nrao.edu and http://archive.cv.nrao.edu, plus a
Virtual Observatory-enabled portal through Google Sky – a web-based platform for accessing
historical observations and obtaining proprietary data, coupled with a distributed information
infrastructure for long-term data curation

•

NRAO Interactive Services at http://my.nrao.edu - a dashboard for astronomers using the research
facilities to easily manage their personal profile, data, proposals, and observing schedule;
additionally, to gain access to documentation and helpdesk functions
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In addition, the Division plays a key role managing metadata across the Observatory to facilitate a
centralized view while preserving the authority of the resident experts at each telescope for creating and
administering observations.

Infrastructure Upgrades
The infrastructure for Observatory-wide Science Support Systems, including user support, must be
expanded over the next five years to keep pace with the transition of both ALMA and EVLA from
construction, through commissioning, and to early science.
•

The archive infrastructure must be expanded to accommodate EVLA data, which will be done in
conjunction with the EVLA computing group.

•

The infrastructure for Interactive Services must be expanded to accommodate ALMA operations
needs, including integration of software developed during ALMA construction into the operations
model.

•

Because it is likely that the process for proposal submission and refereeing may change across
NRAO, the proposal submission system must be adjusted to accommodate the new operational
changes.

•

CASA and GBTIDL must be expanded to make use of high-performance computing solutions as
well as interoperable environments such as those under development by Opticon/Radionet.

•

Beginning with the introduction of the CASA beta software in the fall of 2007, NRAO’s model
for user support systems will be gradually unified, based on requests from the sites and telescopes
at the times that user support is required for various software systems.

Continued progress towards the “One Observatory” model depends upon a consistent level of funding for
these particular core infrastructure upgrades throughout the FY 2009–FY 2013 period.

Operational Enhancements
Archive Infrastructure and Interfaces: The NRAO Data Archive has been operational since 2003, and
an expansion process was started in 2007 to broaden access to users both inside and beyond the radio
astronomy community. The archive presently contains all VLA data back to 1976, GBT data from 2002 to
present, raw VLBA data back to 1992 (with gaps), some VLBA calibrated data from this time period, and
over 50,000 VLA continuum images processed with a pipeline. The calibrated data and images within the
archive will continue to be expanded until FY10, at which point the full VLA archive will have been reprocessed using pipeline algorithms. In FY09 and FY10, a facility for science users to upload their
processed data and images will be added. From FY11 to FY13, work will focus primarily on transitioning
the archive to a state where long-term data curation (over the life of the instrument) is feasible.
Possibilities for a full data center, with clusters for data reprocessing or with NRAO mounted on
TeraGrid, are currently being explored in conjunction with the National Center for Supercomputer
Applications (NCSA).
A major part of the end to end strategy over the next few years will be leveraging the new data access
application, Google Sky, and its exposure of Virtual Observatory services to broaden access to NRAO
data collections. NRAO will be working closely in partnership with the Google Sky development team to
make this happen, continuing a relationship launched in FY 2008. Continuing until FY 2010, work will
also 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
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Regional Center. This federated model will be expanded upon, with science pipeline support
incrementally added, through FY 2013. Possibilities for a full data center, with clusters for data
reprocessing or with NRAO mounted on TeraGrid, are being explored in conjunction with the National
Center for Supercomputer Applications (NCSA).
Proposal Infrastructure and Interfaces: The EVLA Computing group originally developed a Proposal
Submission Tool capable of supporting VLA and GBT observations. Building on this previous work, the
system has been transitioned to the E2E Operations Division and upgraded. Continued progress towards a
common proposal infrastructure and handling process for all NRAO telescopes is being made, and will
include integration of VLBA/HSA proposals in FY 2008. This work will be done in close collaboration
with the sites and projects, and will full consideration of special constraints on ALMA development and
operations. The ultimate goal is to yield a streamlined system for proposal handling across NRAO,
integrating the developments that are being done in Europe for ALMA.
Data Processing: The beta release of CASA was released in early FY08 provides the basis for future
development. In FY 2009, the main goals will be: a) providing satisfactory, effective user support for
scientists participating in the beta test, b) supporting ALMA commissioning through the ALMA Test
Facility (ATF) in New Mexico, c) extending imaging capabilities, uv/image-modeling, wide bandwidth
calibration and imaging, and offline telescope calibration facilities for ALMA and EVLA, and d)
expanding simulation capabilities, especially for ALMA. The first public release is expected before the
end of FY 2010. Beyond FY 2009/FY 2010, additional functionality will be integrated into the package as
we aim towards using CASA within a “scalable framework” for interoperable data analysis, such as the
one under development with Opticon/Radionet. Full integration with a scalable framework is expected in
FY 2012 and FY 2013.
Until the beginning of FY 2011, End to End Operations will also continue to support the historical
processing of the VLA archive and continued refinement of the VLA pipeline. This effort will help
NRAO identify issues early to be better able to operationalize the pipelines for EVLA and ALMA. All
NRAO staff working on pipelines will be encouraged to work together on tasks this year, and FY 2009
will bring improved coordination in the area of pipeline heuristics development for all telescopes.
Centralized User Support Systems: By the end of FY 2009, NRAO user support systems will be unified
into a model which could prove useful for an Integrated Science Center. This will include the capability
for scientists to easily contribute their calibrated data and processed images to the VO-enabled NRAO
archive for long-term storage and for reference in publications. This mechanism will be maintained and
continuously improved from FY 2010 through FY 2013.

Research and Development (R&D) Driven Enhancements
National Virtual Observatory (NVO): In addition to continuing work with standards development and
prototyping for Virtual Observatory (VO) software, NRAO will participate extensively in planning for the
VO facility. NRAO will play a role in the software development function and the Education and Public
Outreach (EPO) function for the facility. A major part of exposing VO services to the NRAO user base
will be providing services through Google Sky.
Algorithm R&D/High Performance Computing (HPC): Algorithm research and development is one
area in which End to End Operations plans to help NRAO strengthen its capabilities in FY 2009 and
beyond. Although there are many scientists actively working on algorithm development throughout the
Observatory, there have been few attempts to formally monitor the outcomes to determine how the new
capabilities can best be delivered to the user community.
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Additionally, there have been many efforts across the Observatory to learn how to use and leverage
emerging technologies (e.g. FPGA supercomputing, GPUs, game programming hardware) to increase our
ability to process data quickly and to handle large data volumes. End to End Operations will be a resource
to bridge these exploratory activities so that results can be applied Observatory-wide. The role of End to
End Operations will be to ensure that scientists and developers working on problems that are germane to
Observatory needs receive the support and information they need to do the job.
Cooperation with EU FP7/Albius Project: E2E and the New Initiatives Office (NIO) will partner with
Radionet in algorithm development activities starting in FY 2009 as the new European funding cycle
begins. This cooperative work will be conducted over three years, from FY 2009 through FY 2011.

Funding Strategy
Securing external funds to supplement and extend the systems capabilities of NRAO, thus positioning the
Observatory as a leader in data management, will be critical over the upcoming years. The following
opportunities are characteristic of the initiatives that will be managed through the E2E Operations
Division:
•

NRAO will play a key role in bringing the National Virtual Observatory (VO) facility to
operations when the virtual organization is launched in FY 2009, through close collaboration with
member institutions.

•

To ensure that NRAO most effectively utilizes the resources available through national
computing facilities such as the National Center for Supercomputer Applications (NCSA), NRAO
and NCSA together plan to secure funding to support a Data Architect in residence at NCSA.

•

NRAO will also pursue Small Business Innovation Research (SBIR) activities led by independent
software development companies to prototype unique services for the user community.

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

Budget Assumptions
End to End Operations aims to maintain a full-time staff of 14, supplemented by four staff from external
contractors who are engaged on an as-needed basis. Full-time staff includes 8.5 scientists and
programmers managing, developing and maintaining CASA, one in Archive development, 1.5 in Virtual
Observatory development, two managers, and one project scientist. The staffing plan was determined by
the definition of the tasks to be performed in each area, by past NRAO experience, by a desire to keep the
total operating costs down by employing novel business models wherever possible, and by recognizing
that activities such as archive development and proposal management are supplemented by staff from
other divisions (e.g. NAASC).
Long range plans for End to End Operations assumes that this staffing level is held constant and is not
reduced. No growth is projected.
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E2E Milestones FY 2009–FY 2013
Milestones

FY09

FY10

FY11

FY12

FY13

X

X

X

X

X

X

X

X

Management & Administration
Establish external annual reviews
Develop E2E strategic plan aligned with NRAO strategic
plan
Develop E2E systems “design document” in the form of a
continually updated electronic portfolio

X

X

X

Pursue External Funding

X

X

X

Observatory-Wide Science Support Systems
Archive Infrastructure & Interfaces
Establish distributed archive infrastructure
Turn archive interface prototypes into production system;
add science tools (e.g. spectra browser)
Include 12m and 140ft data in NRAO archive with
attached processing/pipeline tools
Continue expanding collection of science products
derived from NRAO archive until all historical data has
been pipeline processed
Expand archive infrastructure to make use of national
computing facilities (e.g. NCSA, PSC)

X
X
X

X

X

X

Proposal Infrastructure & Interfaces
Effective management of joint proposals

X

Integration of VLBA into proposal submission

X

X

Transition to Goal-Based Scheduling/Proposing
Unify scheduling workgroups

X

Centralize scheduling and observation metadata

X

Data Processing
Transition CASA beta to production software; establish
cycle of regular releases

X

X

X

Continually expand functionality
Integrate common environment/scalable framework
pioneered by Opticon/Radionet

X

X

X

X

X

X

X

X

Technology transfer of operational pipelines

X

X

X

First public release of CASA

X

Pipeline lessons learned into ALMA/EVLA dev

X

X

NRAO Interactive Services
Transition ownership of Integrated Services content to
Science Operations at the telescopes

X

X
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Milestones

FY09

FY10

X

X

FY11

FY12

FY13

Research & Development
Algorithms/High Performance Computing
Get NRAO staff involved w/image processing and HPC
communities; increase awareness
Launch algorithm R&D memo series

X

Hold algorithm R&D workshop series

X

X

X

X

X

X

X

X

X

X

X

X

National Virtual Observatory
Continue to participate in technical standards and
protocols development
Complete quality assurance plan for VO software
development

X

Assume active role in NVO facility

X

User Support Systems
Rationalize software helpdesk system at NRAO
Generate systems for end user interaction with and
submissions to NRAO/VO through archive

X

X

X

X

X

2. Central Development Laboratory
As the observatory’s main instrumentation research and development (R&D) facility, the Central
Development Laboratory (CDL) designs, develops, and fabricates key components for other NRAO
facilities, and it undertakes other projects and activities for the astronomy community. Recently,
however, declining budgets have limited the CDL’s R&D effort primarily to ALMA-related development.
Now that the ALMA development phase is nearly complete, 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.
Recently the NRAO Observatory Technical Council (OTC) produced a five-year proposal (2007–2011)
for technology development at the NRAO. The CDL has identified several R&D projects in this proposal
that have the potential to improve significantly the performance of the observatory’s facilities and are also
of particular interest to the CDL staff. A limited level of R&D work has been carried out in some of these
areas at the CDL, but increases in future budgets will be needed to support these activities fully.
Research and Development area
Device noise theory (HFET and HBT) and modeling
MMIC technology
λ = 350 μm (780–950 GHz) heterodyne receivers and
associated development of NbTiN SIS mixers
Physical optics and ultra-wideband feed and receiver
components
Wide-bandwidth digitization and advanced digital
correlators
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All NRAO facilities
GBT, EVLA, and future SKA
ALMA and future submm facilities
All NRAO facilities
EVLA and ALMA
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In addition to these projects, the CDL also participates in the design and development of the Frequency
Agile Solar Radio telescope (FASR), which is described in the New Initiatives section of this report, and
the Precision Array to Probe the Epoch of Reionization (PAPER).

Device (HFET and HBT) Noise Theory and Modeling
The NRAO CDL is the world leader in the development of low-noise cryogenic amplifier technology.
Our most recent amplifier work resulted in a series of world-record-setting HFET amplifier designs in the
frequency range from 1 to 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 keys to the success of this amplifier R&D effort is the “Pospieszalski” noise model of the
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. It 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 by studying the physical origin of the drain noise in HFETs,
including 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 that attempt to
measure continuum radiation, is affected by 1/f-like random gain fluctuations known as the “1/f noise”.
Although some work has been done to quantify this behavior, the physical sources of this effect need
further study and experimentation.
We will also study the cryogenic noise properties of heterostructure bipolar transistors (HBTs) and
possible applications of HBTs in total-power radio astronomy receivers. Recent progress in the
technology of SiGe and InP HBTs has made their application as amplifying devices in radio-astronomy
receivers feasible at frequencies up to 115 GHz. However, owing to the nature of the fundamental noise
sources in HBTs, they are not expected to compete with InP HFETs as ultra-low-noise cryogenic
amplifiers at low frequencies. At present, not much is known about the cryogenic noise performance of
InP and SiGe HBTs. A better understanding of these devices is needed before we can determine whether
they can be effectively used in radio-astronomy receivers, especially in broadband continuum radiometers
where their potentially 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 both at room and cryogenic temperatures with low 1/f noise will also be
investigated.

MMIC Technology Development
Monolithic millimeter-wave integrated circuits (MMICs) have the potential to provide highly repeatable
performance in a smaller, lighter 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 room-temperature MMIC development work. For example, key
components such as custom MMIC power amplifiers, multipliers, and mixers have been developed for the
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ALMA local oscillator (LO) system. We have also developed a MMIC-based prototype compact watervapor radiometer for the EVLA. We will continue developing MMICs and MMIC-based subsystems for
the current and next generations of centimeter and millimeter-wave radio-astronomy receivers and arrays.
Other potential MMIC research areas that we will pursue if the resources are available include
understanding noise limitations and cryogenic applications of MMICs, decade-bandwidth components,
integrating 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, 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 ends for coherent receivers at millimeter and the longer
submillimeter wavelengths. However, the nearly quantum-limited sensitivity of the state-of-the-art
niobium SIS receivers is restricted to < 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 (λ = 0.3 mm). We will
concentrate our R&D efforts initially in the λ = 350 µm atmospheric window (780–950 GHz). This is a
crucial window for the next generation of terrestrial radio telescopes as well as for development of spacebased instruments for adjacent frequency bands that are not observable from the ground; 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 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 (UVML), 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. High-quality Nb/AlN/Nb
junctions, a necessary step toward NbTiN junctions, have been successfully produced, in addition to
NbTiN/AlN/Nb films.
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 to achieve 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 wideband ultra-sensitive amplifiers and mixers, the performance of these
active elements is no longer the dominant factor limiting the throughput and quality of telescopes.
Emphasis has gradually shifted toward improving 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 having multiple optical components and to analyze overall telescope optics. This
task requires 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
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USA Satellite Industry Code Consortium. This code permits accurate analysis of complex geometries
with multiple complex reflecting surfaces, such as the asymmetric VLA antenna/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 design and optimize the optical systems for the
observatory’s other new projects such as FASR and SKA.
We will continue to develop new electromagnetic components having wider instantaneous bandwidths,
lower losses, and better impedance matches. 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 low 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.
This work will build on the experience gained in FY 2007–2008 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 scheduled to end in
FY 2010, 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 analog-to-digital
converters whose sampling times are offset from each other; this technique works well for most
commercial uses, but it generates unacceptable artifacts for 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 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 signal-transmission 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 expected, the necessary
processing power becomes available at an affordable price.
Advanced Digital Correlators: The large cross-correlators needed for synthesis arrays and the smaller but
still complex auto-correlators used for single-dish spectroscopy are amenable to the relentless advance of
digital semiconductor technology described by Moore’s law. On the other hand, developing the specialpurpose machines needed for astronomy is an expensive and time-consuming effort. On balance, it is
worth considering a new generation of correlators every five to ten years, either as replacements at
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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.
Specialized spectral-analysis algorithms may also be used in special applications to achieve practical
results that would be too expensive to implement in a general-purpose machine. For example, the spectral
region 18–26.5 GHz (K band) has a large number of interesting molecular species relevant to star
formation, but in galactic molecular clouds the lines are very narrow, so most of the spectrum is devoid of
spectral features. Using the Tunable Filter Bank algorithm developed for the ALMA correlator, it is
possible to observe only the lines of interest with very high frequency resolution by building a correlator
that is split into many narrow-band analyzers and ignores spectral areas of no interest, greatly reducing
the computing power need compared to providing the same spectral resolution over the entire band. This
could make it practical to produce large high-sensitivity maps of star-forming regions using an array of up
to ~60 pixels with the GBT at K band.
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 of much greater capability, early design of a next-generation correlator for ALMA, a
correlator for synthesis arrays having hundreds to thousands of elements, such as the SKA, and fullysampled 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 early FY 2008 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 by the end of 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 caused by neutral
hydrogen at the epoch of reionization. This is a collaborative project of the NRAO-CDL, UVa
Astronomy Department, and the Radio Astronomy Laboratory at UC Berkeley. The CDL’s contributions
will include the design, fabrication, deployment, calibration, and operation of this unique imaging
instrument. A prototyping array has been developed and tested at Green Bank, and a larger version is
being deployed in Western Australia.
The effort begun in FY 2006–2007 to examine the engineering of the current prototype RF subsystem
designs to improve manufacturability, reduce cost, and enhance reliability will continue. We will explore
new approaches to increase the collecting area of the current sleeved dipole and expand the correlator to
handle more elements. We also plan to develop a system that makes use of the strong downlink signals
from a constellation of low-Earth-orbiting satellites to measure accurately the beam patterns 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 those 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 the GBT, VLBA, VLA, and EVLA, assisting
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in troubleshooting, evaluating the 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 2008 to FY 2011 construction schedule, the CDL will deliver to the EVLA an
average of about 100 amplifiers/year for various frequency bands. 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.

Budget and Staffing
The table shows the budget and staffing requests for the CDL during the period FY 2009–FY 2013.
The “Basic (continuing) operations” line and “Facility enhancements” line can be accommodated within
the NSF long range budget guidelines. The SIS development items in the “Enhancements” section will be
considered for inclusion as part of the ALMA operations budget. The remaining activities listed in the
“Enhancements” section could be undertaken only if the budget were increased above the guideline level.
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G. New Initiatives
Goals for FY 2009–FY 2013

1. Square Kilometer Array (SKA)
The revised U.S. work plan for the SKA Technology Development Program (TDP) was funded by the
National Science Foundation (NSF) at a level of $12 million to be spread over four years, beginning in
November 2007. The TDP work will emphasize the cost and performance of antennas, feeds, and
receivers, and it will be the primary technical development path for the SKA during the FY 2009–FY
2013 period. The NRAO will coordinate its own development work in optimizing future centimeter-wave
receiving systems with the TDP, with specific emphasis on independent paths to developing low-noise
systems having bandwidths ranging over factors of 3–4 (e.g., 1–3 GHz or 2-8GHz). To assist in this
coordination, the NRAO will participate in the antennas working group and possibly the receiver working
group for the TDP. The NRAO also may participate in the concurrent European PrepSKA development
work for the SKA, although this will be done primarily in coordination with the U.S. TDP. By 2011 the
TDP will procure a single antenna that will be instrumented with a suite of hardware selected during the
TDP study in order to assess performance and cost for the SKA. Technical development beyond 2011
will depend on the results of the PrepSKA and TDP studies.
The NRAO will complete the EVLA by 2012 except for the last few 8–12 GHz receivers. The NRAO
will apply its technical “lessons learned” from the EVLA to the SKA, particularly those lessons involving
systems such as data transport that have been de-emphasized in the TDP because of funding limitations.
The first science done with the EVLA will include the first high-sensitivity EVLA imaging of large
fields-of-view with a very high fractional bandwidth. This will require developing and demonstrating the
imaging techniques that will be required by the SKA. In addition, images of the sky at the lowest flux
levels yet achieved will provide important data on the confusion limits for the SKA and determine the
distribution of SKA station separations that will be needed to minimize the deleterious effects of
confusion.
Beyond the EVLA we expect that the NRAO may participate in technical development for one or more of
the self-named “SKA Pathfinders” such as the MeerKAT instrument in South Africa or the Australian
Square Kilometer Array Prototype (ASKAP). Since funding for these arrays is just becoming available
and plans for them are evolving rapidly, no specific plans for NRAO involvement can be provided at
present.
The NRAO co-sponsored the series of three “Chicago” meetings on future development in meter- and
centimeter-wavelength astronomy, which took place in FY 2006 and FY 2007. These meetings provided
key arguments in favor of a growing consensus for the staged implementation of an SKA program that
includes a low-frequency or Epoch-of-Reionization (EOR) component covering roughly 0.1 to 0.3 GHz, a
mid-frequency component from 0.3 GHz to “X” GHz (“X” is thought to have a value of 3 to 10 GHz),
and a high-frequency component that covers the remainder of the frequency range up to 25 GHz. In
FY 2008–FY 2010 the NRAO will play a leading role in developing this concept into a concrete proposal
that will be presented and defended before the U.S. decadal survey committee. That proposal may
involve the construction of a larger-scale EOR instrument to follow the pathfinders that are now under
development, implementation of a mid-frequency array with some fraction of a square kilometer of
collecting area, and additional technology development for a single-beam high-frequency array that might
be centered at the VLA site.
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The agreement setting up the International SKA Consortium, including the financial contributions and
oversight authority of its members, will expire at the end of 2007. This agreement needs to evolve into
one that takes cognizance of the development of SKA “demonstrator” telescopes, the major technologydevelopment programs around the world, and the roles of potential funding agencies in the possible
construction of the SKA. Over the last year, the U.S. has played a leading role in developing future
governance models for the international SKA program; we expect a new governing agreement to begin in
FY 2008. The NRAO will continue to participate in the SKA Science and Engineering Committee that
replaces the SKA Steering Committee, as well as consulting with the NSF on U.S. plans for SKA
development. Thus the NRAO will be instrumental in the programmatic development of the international
program throughout the FY 2009–FY 2013 period.

2. Frequency Agile Solar Radiotelescope (FASR)
FASR is a radioheliograph that will perform ultra-wideband imaging spectroscopy of the Sun from
50 MHz to 20+ GHz with a cadence of 1 s and an angular resolution of 1 arcsec at 20 GHz. The FASR
science program will emphasize transient energetic phenomena, coronal magnetic fields, plasma
processes, space weather, and the quiet solar atmosphere. The FASR project is under development by a
partnership between the NRAO and a number of universities: Berkeley, Caltech, the University of
Maryland, the University of Michigan, and the New Jersey Institute of Technology. The participation of
additional sponsors and partners is under discussion. The partnership will be under AUI management and
oversight, with the NRAO playing a key project management role during construction. As a partnership
between a national facility and university-based science and engineering groups, the FASR Project
represents an innovative model for the development and deployment of an intermediate-sized instrument.
A preliminary proposal for FASR construction and operations was submitted to the NSF in calendar year
2008. The proposed site of the instrument is the Owens Valley Radio Observatory in California. The
project anticipates deploying engineering prototype arrays in FY 2010–FY 2011 and transitioning to array
deployment during FY 2012–FY 2013. Once FASR transitions to operations, it will be an independent
facility under AUI management and oversight.

3. Space VLBI
The Japanese VSOP-2 mission is under development for launch in 2012, and its overall mission concept
will be advanced in FY 2008. The NRAO and JPL are jointly taking the lead on a NASA Mission of
Opportunity (MoO) proposal to the Small Explorer opportunity. The proposal will request funding for
co-observation and correlation support by the VLBA plus construction of one or two spacecraft-tracking
and data-link stations. If this proposal is successful, the NRAO expects to develop and construct these
tracking stations following a common international design that is completed in FY 2008. The expectation
is that the tracking stations are most likely to be deployed in the southern hemisphere during 2011.
The NRAO also is developing a software correlator for operational use on the VLBA by 2009 (see the
VLBA section). If VSOP-2 support is funded, implementation of this correlator for Space VLBI will take
place in 2010 and 2011; such implementation includes the capability of ingesting spacecraft ephemerides,
tracking-station downlink data, various corrections for time and frequency on the orbiter, and correlating
data from a space radio telescope vs. ground antennas.
Operational planning (e.g., data exchange formats and operational methodologies) also will be developed,
if funded during the FY 2009–FY 2012 time frame.
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If the NASA MoO proposal is not funded, the NRAO will seek funding from the Japanese partners in
VSOP-2 for NRAO participation in the mission. If such funding is not forthcoming, then none of the
activities listed above will be carried out and the NRAO, and perhaps the entire U.S. scientific
community, will have little significant participation in the VSOP-2 mission.
The Russian RadioAstron Space VLBI mission has again been advertised for launch in 2008. In view of
the past inabilities of RadioAstron to maintain public launch dates, a very high orbit that makes scientific
imaging unimpressive, and a lack of funding for participation, the NRAO has plans only for informal
discussions and does not expect any significant participation in the RadioAstron mission.

4. VLBA Partnerships
A collaborative program with the Gamma-ray Large Area Space Telescope (GLAST) has been negotiated
by the NRAO, with successful proposals to the GLAST mission resulting in the award of observing time
on NRAO telescopes. This is a particularly important partnership for the VLBA because its submilliarcsecond imaging capabilities are naturally matched to the variability timescales of gamma-ray
blazars, thus enabling inferences to be drawn about the nature and location of the particle accelerators
giving rise to the gamma rays that will be seen from thousands of blazars. The present agreement
between the NRAO and GLAST allocates up to 10% of the total scientific observing time on the VLA,
VLBA, and GBT to GLAST collaborative programs. The NRAO–GLAST collaboration is likely to
evolve substantially during the FY 2009–FY 2013 period, depending on the early scientific results from
both GLAST and the NRAO–GLAST program. Since GLAST launch is scheduled for February 2008,
the nature of the program evolution cannot be predicted until after the first science is achieved.
The NSF Senior Review recommended that the NRAO find significant funding partners for the VLBA by
FY 2011; three partners recommended specifically were NASA, the VSOP-2 mission, and the European
VLBI community. VSOP-2 is described above in the Space VLBI subsection, and that material will not
be repeated here.
The NRAO has reached an agreement with the Max Planck Institut fűr Radioastronomie (MPIfR) for
ongoing support of VLBA upgrades and operations. In FY 2008 the first concrete result of that
agreement will be the completion of a 22 GHz sensitivity improvement on the VLBA, implemented by
the NRAO and funded by the MPIfR. A similar improvement may be carried out at 43 GHz in FY 2009
or FY 2010, depending on the availability of funding and NRAO personnel to carry out the program of
receiver improvement. The NRAO also plans to participate in the RadioNet proposal to the European
Community for trans-national access to unique facilities; this proposal is scheduled for submission in FY
2008. If successful, this proposal could result in modest operational funding for the VLBA over the next
several years.
One natural NASA use of the VLBA is in the important area of spacecraft navigation, because angular
VLBI navigation is a requirement for many NASA interplanetary missions. In FY 2004 and FY 2005 the
NRAO carried out a pilot program that demonstrated the capability of the VLBA to derive accurate
angular positions of spacecraft with 8 GHz downlinks. The VLBA also has been performing a moderate
amount of observing at 22 and 43 GHz to construct the high-frequency reference frame that will be
needed for navigation of future spacecraft with 32 GHz downlinks. Extension and continuation of these
programs is under active discussion; detailed long-term plans await the results of these discussions and
should be developed in FY 2008.
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5. Long-Wavelength Array
The Southwest Consortium for Radio Astronomy, as represented by the University of New Mexico, is
developing a Long Wavelength Array (LWA) that is planned to operate from 10 MHz to 88 MHz over
baselines as long as several hundred kilometers. The NRAO acts as a host for the predecessor Long
Wavelength Development Array (LWDA) at the VLA site; this also may be the site of the eventual core
of the LWA. In FY 2008 LWA planning will move into high gear with the development of system
requirements and a preliminary design for the first LWA station (LWA1), as well as ensuing reviews.
The LWDA operating at the VLA site will continue as a test bed for the LWA, and the LWA team will
make measurements of a possible core site located near the end of the VLA north arm. In FY 2009 the
LWA team expects to commission the first complete LWA station as well as two less-capable outlying
stations. The LWA team hopes to implement as many as 16 stations distributed over 200 km by 2011,
though this ambitious schedule is not yet funded. NRAO scientists will continue to work with the LWA
team to develop the long-term concept for a 52-station LWA distributed around New Mexico and perhaps
in one or two neighboring states. Although the VLA may host the core stations of the LWA under a
future agreement with the University of New Mexico, the NRAO does not plan to expend any significant
operational funds on the LWA during the FY 2009–FY 2013 period.

Staffing and Budget
The personnel and budget plans for the New Initiatives Office (NIO) depend partly on external funding,
with a baseline supported by the NRAO Operations budget. Specifically, the possible work areas include
the Square Kilometer Array (SKA), the Frequency Agile Solar Radiotelescope (FASR), and the VLBI
Space Observatory Program-2 (VSOP-2). Work on SKA will focus on external interfaces and planning,
with some modest amount of technical development. VLBA funding partnerships are a major part of
NIO; any funds received will be allocated in the New Mexico Operations budget so the NIO funding for
VLBA partnerships covers only management and interfaces with the partners. FASR is the subject of a
proposal to be submitted by a consortium including NRAO; since that proposal is not yet submitted, only
the funding from the NRAO Operations budget is included here. Finally, a VSOP-2 Mission of
Opportunity proposal has been submitted to NASA. The personnel and budget requested in that proposal
are included below and shown with an asterisk, to indicate that they will not be funded from the NRAO
Operations budget.
NIO Staffing and Budget FY 2009–FY 2013
Personnel in FTE
Program
Management
SKA
VLBA
FASR
Ops FTE Total
VSOP-2*

FY09
0.25
2
0.25
1
3.5

FY10
0.25
2
0.25
1
3.5

FY11
0.25
2
0.25
1
3.5

FY12
0.25
2
0.25
1
3.5

FY13
0.25
2
0.25
1
3.5

0.75

0.9

1.45

2.45

2.4
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NIO Staffing and Budget FY 2009–FY 2013
Cost in k$ of year
Program
Management
SKA
VLBA
FASR
Ops Funding Total

FY09
72
455
72
181
780

FY10
75
471
75
187
808

FY11
78
488
78
194
838

FY12
80
505
80
201
868

FY13
83
523
83
208
899

228

296

746

791

609

VSOP-2*

NIO Milestones for FY 2009–FY 2013
The table below lists some of the important milestones for the New Initiatives Office from FY 2009–FY
2013. Many of these milestones depend on negotiations with our U.S. and international partners and on
the implementation of the U.S. decadal committee process, so they should be viewed as indicative rather
than as hard deadlines.

New Initiatives Office Milestones FY 2009–FY 2013
Item

FY
2009

Sign MOU for second major partner for VLBA

X

FASR funding start

X

GLAST collaborative observing program

X

FY
2010

FY
2011

FY
2012

FY
2013

X

X

X

X

X

X

X

Completion FASR engineering prototype

X

FASR build-out

X

Complete VSOP-2 tracking station implementations

X

Finish U.S. SKA TDP work

X

Complete VSOP-2 implementation on VLBA correlator

X

Begin full VSOP-2 program on VLBA (funding dependent)

X
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H. Community Support Programs
1. Scientific Community Outreach
Fostering a strong scientific community of researchers and helping to train the next generation of
scientists and engineers remain important parts of 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 office of Science and
Academic Affairs (SAA) 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. This 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, and engineering. Most of these students are funded by the NSF Research
Experience for Undergraduates (REU) program; ineligible students (graduating seniors, foreign students,
and graduate students) are covered by NRAO operating funds.
The NRAO also runs a co-op program that enables undergraduate engineering students to gain practical,
career-based experience as part of their formal academic education. Students from participating
institutions work at NRAO engineering sites for two (non-consecutive) semesters. The NRAO technical
staff supervise the students and engage 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 scientists in the techniques of radio astronomy.
Several NRAO programs exist for this purpose. First, graduating seniors and first- and second-year
graduate students are able to participate in the NRAO summer-student program described above. This
gives students experience in radio-astronomy research early in their graduate careers, allowing them to
incorporate these skills into their thesis research. 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 their PhDs. 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,
analyze their results, and write their theses. Typically there are five graduate summer students and four
resident graduate students (called “Junior Fellows”) supported each year by NRAO operating funds.
In addition to graduate summer students and resident graduate students, more than 100 PhD students
make observations with NRAO telescopes each year. Travel reimbursement, low-cost accommodations,
and computing facilities are provided on-site to assist these students during stays of one to three weeks.
The Observatory also supports stays lasting 3–6 months by students who wish to collaborate with NRAO
staff scientists as part of their PhD research. These internships let graduate students to work closely with
NRAO staff and forge valuable long-term links to the university community.
Financial support is also available for students performing thesis observations on the GBT, the VLBA,
and large, legacy-type VLA projects. Students at U.S. universities are eligible for the program, which is
designed to cover salary and miscellaneous expenses such as computers and travel to a maximum of
$35,000. This very popular program is funded by NRAO operations.
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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-residents 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 NRAO sites.
In addition to the Jansky Fellows, the Observatory funds the NRAO Postdoctoral Fellows. These
appointments are similar to Jansky Fellowships, but the NRAO Fellows have responsibilities (up to half
time) for the operation and support of 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 educating and training future generations of radio users through its 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
scientific 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 NRAO-organized scientific meetings and workshops through which all
scientists have an opportunity to reflect on the current direction of astronomical research and the state of
instrumentation and techniques. The Observatory also supports visits by outside PhD scientists and
engineers to any of its sites so that they may interact with 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 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.

University Instrumentation Support
The NRAO has supported a number of university-based instrumentation development programs, such as
those currently taking place on the GBT. These programs create training opportunities for students and
postdocs, as well as the opportunity to develop science and technology pathfinder instruments.
Continuation of this program is contingent upon funding levels.
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2. 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.” The NRAO participates
in spectrum management in order to preserve, protect, and improve the ability of astronomers to do their
work, and the NRAO has a long history of involvement with such activities.
Spectrum-management processes occur nationally and internationally. The NRAO acts at both levels by
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, CRAF, 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 partly driven by 3–4 year ITU-R cycles which culminate in World Radiocommunication
Conferences (WRCs), next scheduled for 2007 November and 2011. 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 Chile and ALMA into the spectrum-management regime

Regarding the first of these, work is underway on an ITU-R Report that will describe the characteristics of
all such zones and will serve as the initial basis for recognition by the other radio services. Largely
because of SKA-related activities, new radio-quiet zones are being created in Australia, South Africa, and
China, in addition to the one in Chile around ALMA.
Frequency allocations above 275 GHz have been a goal of radio astronomy for more than 30 years. The
U.S. has not provided much official support and it is unclear when this issue will ever appear on a WRC
agenda.
ALMA remains rather isolated despite incorporation of an NRAO-originated spectrum management item
into the official ALMA project plan. RFI-related issues and management of the existing quiet zone
continue to receive much less attention than is deserved. However, CORF was convinced to include a
representative of the Chilean telecommunications authority at its last meeting, and discussions are
underway to broaden the scope of radio-astronomy participation in the Americas-region spectrummanagement group CITEL (an organ of the OAS).
Having filed nearly one dozen comments with the FCC during the period 2003–2007, the NRAO will
continue to pay close attention to issues before the FCC.
Continued participation in spectrum management activities is subject to availability of resources.
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3. Education and Public Outreach (EPO)
Within the five-year period covered by this Long Range Plan, ALMA and EVLA will achieve their Early
Science and full operations milestones, the GBT will mature, and the VLBA will add new capabilities.
These years are a time of extraordinary scientific promise and thus a time of extraordinary EPO
opportunity. New scientific frontiers will open and be explored, and it is the EPO Division’s
responsibility to convey this scientific bonanza to the scientific community, the media, and the public.
The NRAO EPO program will become a leader in astronomy outreach, science education, and public
information. The major EPO program elements will be: (1) Science Community Outreach, (2) Online
Outreach, (3) News & Public Information, (4) Education, (5) Science & Visitor Centers, and (6) Program
Development and Management. Each of these programs will seek to lead its target audience to an
improved understanding of science in general, astronomy in particular, and the universe. We will ensure
that exemplary professional practices, innovation, and the best ideas permeate the program. Individual
program elements will target a variety of audiences, but share resources and staff whenever possible to
achieve maximum efficiency. We will seek grant funding to support the development of new and
innovative programs.
Through professional development of existing EPO personnel, selective additional hiring, and the use of
competitive external contractors, we will maintain, improve, acquire, or access the skills required for a
world-class EPO program:
•
•
•
•
•
•
•
•
•
•
•
•

Web, multimedia, and database programming
Web content creation and management
Image processing
Astronomical visualization, simulation, and animation
Video planning and production
Curriculum development and evaluation
Graphics and illustration
Public relations
Science writing
Project management and administration
Grant writing
Promotional material design and distribution

The EPO Division will strive to partner with existing experts and centers of excellence to extend the
program’s reach. We will also design programs that focus on the underserved, underrepresented, those
having limited access to technology such as the Internet, and populations with special learning needs.

Science Community Outreach
EPO will collaborate with the E2E Division and the Office of Science and Academic Affairs to develop
and implement a plan to significantly improve the impact and visibility of the NRAO in the scientific
community, as well as with the media and the public. We will develop a unique NRAO brand that will be
propagated through our exhibits, website, presentations, and publications.
EPO will expand its annual exhibition program to include additional large-scale science conferences that
will provide broad science-community, media, and public exposure for the NRAO and radio astronomy.
In FY 2008 we will exhibit at the American Association for the Advancement of Science (AAAS)
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meeting for the first time. We will add the European exhibition analog to the AAAS in FY 2009, and the
bi-annual SPIE Astronomical Telescopes and Instrumentation Exhibition will be added in FY 2010. The
NRAO will exhibit at the IAU General Assembly in FY 2009 and FY 2012. EPO will also design a
Spanish-language version of its One Observatory exhibit and deploy it at an increasing number of Chilean
science meetings.
EPO will continue to edit, publish, and improve the quarterly NRAO Newsletter. An electronic version
will debut in FY 2008.

Online Outreach
Innovative use of the Internet and emerging Internet-related technologies will be essential elements of our
EPO program. While personal computers were once the primary means of accessing the Internet, devices
such as PDAs and cell phones now routinely send and receive e-mail and access the Web. Web-based
social networks and the blogosphere offer expanding opportunities to engage and inspire hard-to-reach
audiences, such as young people. By the time the EVLA and ALMA become fully operational, custom
web portals and portable devices for two-way high-data-rate interaction with text, graphics, and video will
likely be commonplace.
EPO and E2E Operations will complete the WWW Project in FY 2008, implementing a more organized,
attractive, and accessible NRAO web presence for the science community, the public, and our staff. New
tools, policies, practices, and procedures will be developed, tested, and implemented through FY 2009
that enable the ready generation of content and provide for much-improved content management and
location. Given the ever-changing nature of the Internet and related technologies, EPO expects to conduct
significant renovations of the NRAO web site every other year.
Through the Internet, NRAO observational data from the EVLA, VLBA, GBT, and ALMA will be made
broadly accessible to the public, teachers, students, and the media. EPO will collaborate with E2E and
the scientific staff to craft on-line tools, procedures, and tutorials that will enable anyone with a computer,
a web browser, and an interest in astronomy to access and study NRAO images, data products, and
educational materials.

News & Public Information
The News & Public Information (N&PI) program publicizes scientific discoveries made by astronomers
using NRAO telescopes, and it publicizes news such as the achievement of major ALMA and EVLA
construction milestones. Santiago-based staff will routinely translate NRAO press releases into Spanish
and release them to the Chilean media.
Since visually compelling images are a fundamental requirement for EPO publications and programs, we
will seek grant funding to develop new and innovative radio-data visualization techniques. Beginning in
FY 2010 we will bring astronomers with interests in art and science to the NRAO for 4–10 week summer
visits. These scientists will collaborate with our staff to develop, implement, and train other astronomers
in radio-data visualization techniques that result in high-quality EPO images.
The N&PI program will produce at least one video per year. We will continue to plan and acquire highdefinition (HD) video of ALMA construction progress and will interview key personnel. This HD video
footage will be edited into short (5–15 minute) or moderate (15–30 minute) length features that deliver
the excitement of ALMA science, technology, and progress to a range of target audiences. Selected video
clips and interviews will be featured on the WWW. We will market ALMA to corporations that produce
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feature-length documentaries, such as the Discovery Channel, PBS, and National Geographic. We will
also strive to document EVLA construction progress, such as the delivery of the WIDAR correlator, and
record interviews.
N&PI will increase its press-release rate to about 36 per year by FY 2012. EPO will introduce “image
releases” to publicize the most visually compelling NRAO images and the science they enable, and we
will routinely include video material in press releases by FY 2009. We will collaborate with the NSF on
press conferences, which will be held either at the NSF facility in Arlington, VA or at the National Press
Club in Washington, DC.
EPO will actively encourage and enable media visits to NRAO facilities—the ALMA site in Chile, the
EVLA in New Mexico, and the GBT in West Virginia—by journalists who write for major North
American newspapers and magazines.
Metrics that measure the frequency, quality, and effectiveness of our N&PI program will be introduced.

Education
EPO education programs increase public awareness of radio astronomy and the NRAO, improve teacher
practice in science and mathematics, and encourage students to consider careers in science, technology,
engineering, and mathematics (STEM). As a national research center, the NRAO is well qualified to
influence science-teaching practice by involving teachers in real-world research experiences.
The Observatory will continue to seek funding for and expand its range of residential programs for
teachers, including the Chautauqua Program (GB, SOC), Master of Science Teaching Class (SOC, evennumbered years), and the Research Experience for Teachers (GB, SOC). We will also continue and seek
grant funding to expand our educational programs that seek to inspire student interest in STEM careers,
such as the West Virginia Governor’s School for Math and Science, and the GLOBE Workshop (Global
Learning and Observations to Benefit the Environment).
The Sister Cities program, initiated to link and provide cultural and educational benefits for Magdalena,
NM and San Pedro de Atacama, Chile, will be a student exchange in FY 2009. At least two students will
travel from each school to the opposite hemisphere for a semester.
We will transition the Navigators program begun as a pilot with the Society of Amateur Radio
Astronomers (SARA) into a national program by seeking grant funding in FY 2009. Navigators trains
volunteers to deliver engaging presentations about the NRAO and radio astronomy in their home
communities, thereby extending the reach of our EPO program.
In partnership with a WV public radio station, EPO will distribute 26 episodes of Cosmic Radio in
FY 2008, a radio show about radio astronomy and the NRAO. Distribution will be free to National Public
Radio and community stations that air these shows weekly over six months.
EPO will expand its long-term collaborations with the amateur optical and radio-astronomy communities
by supporting activities such as the StarQuest and Enchanted Skies star parties in GB and SOC,
respectively, and the SARA meeting in GB.
A joint, three-year (2008–2010) NRAO–West Virginia University (WVU) proposal for a Pulsar Search
Collaboratory (PSC) was recently funded by the NSF ITEST program. Through this program, teachers
and students will assist a worldwide team of astronomers in discovering new pulsars. The project will
introduce students to computational mathematics and distributed computing applications, while engaging
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them in authentic scientific research. The long-term goal is to integrate PSC tools and data into the
National Virtual Observatory, making it possible for a broad cross-section of students and teachers from
across the nation, and especially under-represented groups, to learn about current astronomy practice,
participate in scientific research, and work with scientists.

Science & Visitor Centers
The programs, activities, events, and tours offered by the Green Bank Science Center (GBSC) and the
VLA Visitor Center (VLAVC) now draw 45,000 and 20,000 visitors per year, respectively. EPO will
strive to improve the visitor experience at the GBSC and the VLAVC such that they achieve a combined
100,000 visitors per year by FY 2012. EPO will conduct at least bi-annual reviews of the marketing plans
for the GBSC and VLAVC, and it will implement the highest-priority and most cost-effective
recommendations of these reviews in a timely manner.
We will create a long-term “one Observatory” plan for GBSC and VLAVC indoor and outdoor exhibits
so that visitors learn about the full scope of NRAO science and technology regardless of which site they
visit. We will seek grant funding for these exhibits.
We will seek funding from the New Mexico Legislature in FY 2009 for the construction of a new
VLAVC facility comparable with the GBSC in capability and size. The VLAVC proposal developed in
FY 2006 will be revised and updated. We will pursue community partners for this new VLAVC, such as
the University of New Mexico.
Beginning in FY 2010 we will develop facility and funding plans for a Science Center in Charlottesville,
VA via collaboration with the University of Virginia.

Program Development and Management
EPO will develop and implement a five-year strategic plan that will guide the program vision from the
present through the initiation of full ALMA and EVLA science operations. This Strategic Plan will
define our mission and vision, and it will contain a set of goals that will re-invent our EPO program and
position it as a leader in science education and outreach. The implementation plan is the Long Range
Plan. The EPO team will conduct an annual planning meeting to review and update the Division’s
strategic and long range plans, and to formulate the annual program plan.
An external advisory group will be formed with members drawn from the science, news, education, and
outreach communities. The group’s initial charge will be to review and critique the EPO Strategic Plan
and Long Range Plan. Thereafter, the EPO Advisory Group will be convened every two years to review
the activities of the EPO Division and provide feedback on its programs and accomplishments. It will act
as a guide, a resource, and a review committee whose input will be used to design new program elements
as well as to improve and refocus existing program elements.
We will strive to increase the involvement of scientists in education and public outreach and their
effectiveness in sharing the excitement of astronomical research with the people who fund it. Beginning
in FY 2009 we will develop a program to coach scientists in effective public communication skills that
includes outreach materials that support a range of outreach activities for NRAO scientists.
EPO personnel will participate in the planning and execution of the U.S. and International Year of
Astronomy (IYA) 2009 programs through the AAS IYA 2009 Program and Development committees,
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and through IAU Commission 55, Communicating Astronomy with the Public. Assessment of the
effectiveness of the IYA 2009 activities will continue through FY 2011.

Budget and Staffing
The NRAO Operations, non-ALMA EPO budget for FY 2009 – 2013 increases by ~ 3.5% per year, from
$675K in FY 2009 to $775K in FY 2013. The EPO staffing level throughout this five-year period will be
constant at ~ 8 FTEs, including a combination of full and part-time personnel responsible for science
community outreach, formal and informal education, multimedia design and content creation, news and
public information, graphic design and multimedia, VLA Visitor Center operations, scientific content and
oversight, management and administration, and program development. Contractors will occasionally be
required to augment the EPO staff skills, e.g., in exhibit design. To enable our EPO vision and extend our
reach to new audiences, we will seek external funding for a range of new programs and activities, such as
those that the NRAO will conduct for the International Year of Astronomy 2009 and sustain through 2010
and beyond. We will also seek external funding to establish a nation-wide NRAO Navigators outreach
program, improve our science center exhibits, research and create new methods for compelling radio
astronomy data visualization, establish and execute new formal and informal education programs, and
realize our vision for major new NRAO science centers in New Mexico and Virginia.

EPO Milestones FY 2009–FY 2013
Item
Sister Cities student exchange
Science Community Outreach Plan reviewed
Renovate NRAO web site
NRAO branding reviewed
EPO Advisory Panel
Master of Science Teaching Class
NRAO-WVU Pulsar Search Collaboratory
Chautauqua Program
AAAS exhibition
JENAM / ESOF exhibition
IYA 2009 development, programs, assessment
IAU General Assembly exhibition
Seek Navigators grant funding
VLA Visitor proposal to NM Legislature
UVa-NRAO develop CV Science Center proposal
Radio data visualization program
SPIE exhibition
Science Centers record 100,000 visitors
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I. Computing and Information Services
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.
We must continue to 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 more centralized support
environment with a higher proportion of on-site data reduction, due to limitations in the current
distributed “desktop” analysis model.
Operational support of a computing environment is a highly dynamic discipline. Much of the work is
reactive with focus on service continuity and user change requests, which frequently take precedence over
strategic partnership in project driven enhancements. This prioritization challenge will be addressed by
the new CIO position with focus on supporting key NRAO opportunities such as data archive and shared
cluster computing resources.

Computing Security
Adopting a solid computer-security policy is a prerequisite to securing any enterprise from on-line 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. In 2007 this policy was
augmented by a new policy specifically addressing data security.
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 assaults 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.
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
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maintain Virtual Private Networking, which allows travelers and telecommuters to securely access
internal NRAO services.

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 actively through regularly scheduled meetings and on-line collaborations. Computer
environments are never static: new operating systems emerge as standards (the most recent one was Mac
OS/X), new versions of existing operating systems are released (e.g., Microsoft Vista), new tools and
work habits become standard (e.g., migration to laptops), and emerging technologies (e.g., virtual
operating systems) 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. CIS also maintains 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 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, backup libraries, powerful systems for scientific use, and public printers to personal desktops
and laptop computers.
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.

Long Range Plan for FY 2009–FY 2013
I. Computing and Information Services

72

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 among 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)
In 2007 the NRAO began a major initiative to improve its web services. This will result in a new face to
the astronomical community and to the public at large. Technically, the goal will be to implement a
content management system to provide reliable information with high availability.
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 and other collaboration tools to grow in the coming years.
We provide two web-mail interfaces permitting staff members to access their mail in a safe and secure
manner from any web browser via 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 tollfree 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. The GSA has awarded two new contracts under its “Networx” program in 2007. The NRAO
will, like all other federal agencies, migrate its existing services to the new contract. The Networx
contract has many more options than the previous one, so migrating other services to this contract will
also be pursued.
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.
We presently support approximately twenty videoconference systems, providing a video communication
network among 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. In
2007 we acquired a video hub that supports a greater diversity of connections. This will enable us to
pursue support for personal (desktop and mobile) video systems.
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Headquarters Computing
The mission of the Charlottesville Computing Division is providing 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, and the Charlottesville-based software development staff. The
Charlottesville Computing Division also supports Tucson operations and the AUI office in Washington.
This 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, telephone service, video and
collaboration services, and application software support.

Budget
Operations
The majority of the budget and headcount is dedicated to operations. This includes desktop management,
telephony, video, infrastructure maintenance, as well as core services such as perimeter security, E-mail,
web administration, file store and disaster recovery backup. Better value and reduced cost will be driven
by NRAO wide service consolidation, system vitualization and more appropriate service contract support
levels. In addition, the continued reduction in cost of generic desktop systems, and standardization of
system images will lower expense, while improving supportability. Modification of personnel profiles is
challenged by the heterogeneity of the current supported environment, both for desktops and server
installations. Improved standardization and task automation will allow more junior staff to release senior
contributor time to project based initiatives, thereby further reducing operational costs to meet NSF
guidelines. The shift of one headcount to project funding is reflected in the baseline planning for CIS
FY 2009 funding.

Facility Enhancement
Part of the recurring-cost budget is for enhancement of existing facilities; this is the section referred to as
Digital Infrastructure. Annually, we provide upgrades to the on-line archive and replacement for the
filers. In addition, as need arose, we have provided upgrades to network infrastructure, capability for
printing on large formats, power protection systems, servers, video conference facilities, etc. Such
activities will continue to be supported, but with more focus on delivered mission value and service
centralization.

Research and Development
Part of the Digital Infrastructure fund is reserved for small research and development projects. In the
past, this has been used to investigate new technologies, operating systems, and collaborative tools. In
the future, we can see that investigation of clusters and virtual servers will be needed, but these must be
aligned with the strategic objectives of the wider observatory and leverage external research funding
where appropriate.
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J. FY 2009–FY 2013 Financial Projection
The financial summary for the NRAO Operations and Maintenance (O&M) Base budget over the period
FY 2009–FY 2013 follows below. A graphical summary, which includes the EVLA construction budget,
is also displayed. These budgets conform to the NSF AST long range budget guidance of November
2007. Observatory Support includes building leases, director's office, central administrative support,
information technology support, and other central services and fees. The reserve generated in FY 2011
will be used to balance the majority of the deficit in FY 2012. Additional reductions of approximately 16
staff will be needed to balance the budget in FY 2013. These are shown taken from the Observatory
Infrastructure and Support line as a placeholder, but would be distributed more generally throughout other
cost centers.

NRAO O&M Base Budget, Per NSF AST Forecast ($k)
VLA and VLBA Telescopes
Green Bank Telescope
Central Development Laboratory
Scientific Outreach
E2E Operations
Education and Public Outreach
Observatory Infrastructure & Support
Balancing Reserve
Deficit (Balanced from FY 2011 Reserve)
NRAO Operations Totals

FY 2009
$17,806
$9,945
$1,689
$2,688
$1,464
$675
$9,337

FY 2010
$18,429
$10,293
$1,748
$2,782
$1,515
$699
$7,682

FY 2011
$16,074
$10,654
$1,809
$2,880
$1,568
$724
$8,393
$1,136

$43,605

$43,149

$43,237

FY 2012
$16,742
$11,026
$1,872
$2,981
$1,623
$749
$9,291

FY 2013
$17,433
$11,412
$1,938
$3,085
$1,680
$775
$8,008

-$1,395
$42,889

$44,331

NRAO Budget Plan
NRAO Operations SPO-1
$60,000
$50,000
$40,000
$30,000
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$0

FY 2009

FY 2010

FY 2011

FY 2012

FY 2013

NRAO Operations Base

$43,605

$43,149

$43,237

$42,889

$44,331

NRAO Operations EVLA

$6,190

$6,376

$1,130

$0

$0
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Acronyms and Abbreviations
Acronym
AAAS
AAS
AAT
ACU
AD
AGN
AIPS
AIV
ALMA
ANASAC
AOC
AOP
AOS
ARC
ASAC
ASKAP
AUI
Band 3
Band 10
CADC
CASA
CASPER
CCE
CDL
CDR
CICADA
CIS
CITEL
CO
CORF
CRAF
CSC
CSV
CV
CY
DASI
DSN
E2E
EOR
EPO
ESA
ESDP
ESA
ESO
ESOF

Definition
American Association for the Advancement of Science
American Astronomical Society
Archive Access Tool
Antenna Control Unit
Assistant Director
Active Galactic Nucleus or Nuclei
Astronomical Image Processing System
Assembly, Integration, and Verification
Atacama Large Millimeter Array
ALMA North American Scientific Advisory Committee
Array Operations Center (Socorro, NM)
ALMA Operations Plan
Array Operations Site (ALMA)
ALMA Regional Center
ALMA Scientific Advisory Committee
Australian Square Kilometre Array Prototype
Associated Universities, Incorporated
84–119 GHz
787–950 GHz
Canadian Astronomy and Data Centre
Common Astronomy Software Applications
Center for Astronomy Signal Processing and Electronics Research (Berkeley)
Common Computing Environment
Central Development Laboratory (Charlottesville, VA)
Conceptual Design Review, Critical Design Review
Configurable Instrument Collaboration for Agile Data Acquisition
Computing and Information Services
Inter-American Telecommunications Commission
Carbon Monoxide
Committee on Radio Frequencies
Committee on Radio Astronomy Frequencies
Computing Security Committee
Commissioning and Science Verification (ALMA)
Charlottesville
Calendar Year
Degree Angular Scale Interferometer
Deep-Space Network
End-to-End
Epoch Of Reionization
Education and Public Outreach
European Space Agency
Early Science Decision Point
European Space Agency
European Southern Observatory
EuroScience Open Forum
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Acronym
EU
EVLA
FASR
FCC
FE
FET
FITS
FP7
FPGA
FRM
FSS
FTE
FTS
FY
GB
Gbps
GBSC
GBT
GBTIDL
GHz
GLAST
GLOBE
GPRA
GPU
GSA
HBT
HD
HFET
HI
HPC
HSA
HVAC
IAU
IDL
IF
InP
ITEST
ITU
ITU–R
IUCAF
IYA
JAO
JENAM
Jy
K
K band
Ka band

Definition
Europe
Expanded Very Large Array
Frequency-Agile Solar Radiotelescope
Federal Communications Commission
Front End
Field-Effect Transistor
Flexible Image Transport System
Seventh Framework Programme (European Union)
Field-Programmable Gate Array
Focus Rotation Mount
Full Science Support (ALMA)
Full-Time Equivalent
Federal Telecommunication Service
Fiscal Year
Green Bank
Gigabits per second
Green Bank Science Center
Green Bank Telescope
GBT Interactive Data Language
Gigahertz
Gamma-ray Large-Area Space Telescope
Global Learning and Observations to Benefit the Environment
Government Performance and Reporting Act
Graphics Processing Unit
General Services Administration
Heterostructure Bipolar Transistor
High Definition
Heterostructure Field-Effect Transistor
Neutral Hydrogen
High-Performance Computing
High-Sensitivity Array
Heating, Ventilation, and Air Conditioning
International Astronomical Union
Interactive Data Language
Intermediate Frequency
Indium Phosphide
Information Technology Experiences for Students and Teachers
International Telecommunications Union
International Telecommunications Union–Radio
International Committee for radio-astronomy frequency allocations
International Year of Astronomy (2009)
Joint ALMA Office
Joint European and National Astronomy Meeting
Jansky
Kelvins (temperature)
18–26.5 GHz
26.5–40 GHz
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Acronym
Ku band
L band
LNA
LO
LWA
LWDA
M&C
M&R
Mbps
MHz
MIS
mm
MMIC
MoO
MOU
MPIfR
MR&D
μm
MUSTANG
N&PI
NA
NAASC
NAS
NASA
Nb
NbTiN
NCSA
NGAS
NRAO
NRQZ
NSF
NTC
NVO
OAS
OPT
OSF
OST
OT
OTC
PAPER
PDR
PI
PM
PRESTO
PSC
PST
PTCS
Q

Definition
12–18 GHz
1–2 GHz
Low-Noise Amplifier
Local Oscillator
Long-Wavelength Array
Long-Wavelength Development Array
Monitor and Control
Maintenance and Repair
Megabits per second
Megahertz
Management Information Services
Millimeter
Monolithic Microwave Integrated Circuit
Mission of Opportunity
Memorandum Of Understanding
Max Planck Institut fűr Radioastronomie
Maintenance, Repair, and Development
micrometer
Multiplexed SQUID/TES Array for Ninety Gigahertz
News and Public Information (NRAO EPO program)
North American / Not Applicable / Not Available
North American ALMA Science Center
National Academy of Sciences
National Aeronautics and Space Administration
Niobium
Niobium Titanium Nitride
National Center for Supercomputing Applications
Next Generation Archive System
National Radio Astronomy Observatory
National Radio Quiet Zone
National Science Foundation
NRAO Technology Center (Charlottesville)
National Virtual Observatory
Organization of American States
Observation Preparation Tool
Operations Support Facility (ALMA)
Observation Scheduling Tool
Observing Tool
Observatory Technical Council
Precision Array to Probe the Epoch of Reionization
Preliminary Design Review, Production Design Review
Principal Investigator
Plant Maintenance
PulsaR Exploration and Search TOolkit
Pittsburgh Supercomputing Center, Pulsar Search Collaboratory
Proposal Submission Tool
Precision Telescope Control System (GBT)
Quarter
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Acronym
R&D
REU
RF
RFI
ROSES
S band
SAA
SARA
SCO
SAGE
SDFITS
SiGe
SIM
SIS
SKA
SOC
SPIE
Splatalogue
SSS
STEM
SW
SZ
TDP
THz
UVa
UVML
VLA
VLAVC
VLBA
VLBI
VO
VSOP
VSOP–2
W band
WBS
WIDAR
WMAP
WRC
WVU
WWW
X band

Definition
Research and Development
Research Experiences for Undergraduates (NSF program)
Radio Frequency
Radio-Frequency Interference
Research Opportunities in Space and Earth Sciences (NASA)
2–4 GHz
Science and Academic Affairs (NRAO office)
Society of Amateur Radio Astronomers
Santiago Central Office
Science Advisory Group for the EVLA
Single-Dish Flexible Image Transport System
Silicon/Germanium
Space Interferometry Mission
Superconductor–Insulator–Superconductor
Square Kilometre Array
Socorro, NM
Society of Photographic Instrumentation Engineers
Spectral-line Catalogue (ALMA)
Science Support Systems (EVLA)
Science, Technology, Engineering, and Mathematics
Software
Sunyaev-Zeldovich (effect)
Technology Development Program (SKA)
TeraHerz
University of Virginia
University of Virginia Microfabrication Laboratory
Very Large Array
Very Large Array Visitor Center
Very Long Baseline Array
Very Long Baseline Interferometry
Virtual Observatory
VLBI Space Observatory Program
VSOP successor
68–117 GHz
Work Breakdown Structure
Wideband Digital Interferometric Architecture (EVLA correlator)
Wilkinson Microwave Anisotropy Probe
World Radiocommunication Conference
West Virginia University
World-Wide Web
8–12 GHz
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