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A Project Summary

Funds are requested to develop and deploy the telescope and facility instrument for the Atacama Submil-
limeter Telescope and Robotic Observatory (ASTRO) to be located on the ALMA site. The facility will be
optimized to perform large-scale, high-spectral resolution surveys of the Milky Way and nearby galaxies in
astrophysically important lines at submillimeter wavelengths. The telescope will have a 1.7 m aperture and
build upon the past success of the Antarctic Submillimeter Telescope and RemoteObservatory (AST/RO).
The facility instrument will be a self-contained, closed-cycle, 64 pixel SISreceiver with a modular mixer ar-
ray that may be swapped-out for operation in different atmospheric windows. Molecular and atomic species
with lines falling in the 450 micron window (∼ 600−700 GHz) will be initially targeted. The instrument
is made possible by recent advances in mixer, local oscillator, low-noise amplifier, cryogenic, and digital
signal processing technologies. The instrument,SuperCam-2, will benefit directly from experience gained
in the development of the 345 GHzSuperCam-1 instrument for the Heinrich Hertz Telescope (HHT).

1 What is the intellectual merit of the proposed activity?

ASTRO, with its large format heterodyne imaging array and arcminute resolution, will be able to map
hundreds of square degrees of the Galaxy each year at wavelengthsnot routinely available at other sites. This
exceptional mapping speed will make ASTRO a uniquely powerful instrument for probing active regions of
star formation and warm gas in our Galaxy and the local Universe. ASTROsurveys will be used to answer
fundamental questions about the physics and chemistry of the star formationprocess, molecular clouds,
and evolved stellar envelopes. By comparing ASTRO’s surveys to those made at lower frequencies on
larger telescopes (e.g. the HHT), the impact of Galactic environment on these phenomena will be realized.
ASTRO surveys will also serve as finder charts for focused research (e.g. with ALMA) while simultaneously
improving the interpretation and value of numerous contemporary surveys.These developments will put
Oberlin and its collaborative institutions at the forefront of research andtechnology in this wavelength
regime for years to come.

2 What are the broader impacts of the proposed activity?

A key project for ASTRO will be to conduct sensitive, large-scale,12CO and13CO J = 6 → 5 surveys of
the Galactic Plane, Magellanic Clouds, and nearby galaxies. Definitive andcomprehensive science products
from these surveys will be made available to the astronomical community via the Web soon after calibrated
maps are produced. The anticipated richness of the data set makes delaying web publication for a proprietary
period unnecessary and unproductive.

Nationally and internationally the impacts of this galactic plane survey will coincidewith three syner-
gistic surveys: the FCRAO-BU Galactic Ring Survey (GRS), GLIMPSE, a Spitzer Space Telescope Legacy
Program, and the Bolocam Galactic Plane Survey (BGPS), along with overlaps on sources in the “Cores to
Disks” Spitzer Legacy program and Herschel GTO and Key programs.As has been shown by these groups,
tremendous new insights are made possible by large surveys of this kind, and that by freely releasing the
data the entire community is energized to explore questions that frequently were not even considered by the
original proposers.

The proposed effort is both multi-disciplined and multi-institutional. Our team members have worked
closely together both on the AST/RO telescope at the Pole and in the construction of the firstSuperCam-1
instrument. As with these projects, the design and fabrication of ASTRO andSuperCam-2 will be an
interdisciplinary, team effort involving students and faculty from astronomy, physics, optical sciences, and
electrical engineering. Astronomical instrumentation is becoming ever more complex, requiring the talents
of many individuals to bring projects to fruition. Providing students with both technical training and team-
work experience increases their probability of success not only within astronomy, but society as a whole.

1
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C Project Description

1 Instrument Location

After its development in various locations around the
U.S., ASTRO andSuperCam-2 will be placed at the
ALMA site on the Atacama Plateau, Chile.

2 Research Activities

The proposed combination of the 1.7-meter ASTRO
telescope andSuperCam-1 andSuperCam-2 instru-
ments will provide essential and timely research op-
portunities to the astronomical community, with sur-
vey data made immediately available as it is cali-
brated. Diffraction-limited arcminute resolution and
<0.5 km s−1 spectral resolution coupled with a 15-
30′ instantaneous field of view makes ASTRO a truly
exceptional facility for large-scale spectroscopic sur-
veys of the Galaxy.

Here, we outline the initial ASTRO “key
project”, a submillimeter-wave CO survey of the
Galactic Plane observable from Chile. It will com-
plement the northern CO survey to be performed in
2009-2011 with theSuperCam-1 instrument at the
Arizona Radio Observatory’s Heinrich Hertz Tele-
scope (HHT). The science-driven characteristics of
theSuperCam-2 instrument on ASTRO is presented
in detail in Section 3.

2.1 Scientific Overview

The internal evolution of all galaxies is determined to
a large extent by the life cycles of interstellar clouds,
as shown in Figure 1.

These clouds are largely comprised of H, H2 and
He. Atomic hydrogen is detectable via the 21 cm
spin-flip transition and provides the observational ba-
sis for current models of a multiphase Galactic ISM.
Its emission is insensitive to gas density and does not
always discriminate between cold (T∼70K) atomic
clouds and the warm (T∼8000K) neutral medium
that is thought to pervade the Galaxy. Furthermore,
neither atomic helium nor molecular hydrogen (H2)
have accessible emission line spectra in the prevail-
ing physical conditions in cold interstellar clouds.
Thus, it is important to probe the nature of the ISM
via trace elements. Carbon, for example, is found
in ionized form (C+) in neutral clouds, eventually
becoming atomic (C), and molecular (CO) in dark
molecular clouds.

Figure 1:The ASTRO telescope will observe the most
diagnostic submillimeter lines of CO that probe the
entire life cycle of dense molecular clouds. In partic-
ular, ASTRO will witness the interaction of the in-
terstellar medium (ISM) with the young stars that
are born from it, the return of enriched material to
the ISM by stellar evolution, and (combined with
other surveys) will identify where molecular clouds
are forming.

Although we are beginning to understand star
formation, the formation, evolution and destruction
of molecular clouds remains shrouded in uncertainty.
The need to understand the evolution of interstellar
clouds in the context of star formation has become a
central theme of contemporary astrophysics. These
studies have far-reaching impact; detailed interstel-
lar studies of the widely varying conditions in our
own Milky Way Galaxy serve as a crucial diagnos-
tic template, or “Rosetta Stone”, that can be used to
translate the global properties of distant galaxies into
reliable estimators of star formation rate and state of
the ISM. ASTRO is designed with the goal of pro-
viding insights into the gaps of our knowledge of the
interstellar life cycle.

A new, comprehensive survey of the Galaxy must
address the following questions to make significant
progress toward a complete and comprehensive view
of Galactic star formation:

1



• How do molecular clouds form and evolve?
How are they disrupted? How do typical atoms
and grains cycle through the ISM?

• How and under what conditions do molecular
clouds form stars?

• How do the energetic byproducts of stellar
birth, UV radiation fields and (bipolar) mass
outflows regulate further star formation in
molecular clouds?

• How does the Galactic environment impact the
formation of clouds and stars? What are the
specific roles of spiral arms, central bars, and
infall and other influences from outside the
Galaxy?

To answer these questions, we propose a large-
scale Galactic Plane survey in the most diagnostic
submillimeter-wave lines of CO, with sufficient an-
gular and spectral resolution to disentangle the com-
plicated structural and kinematic processes in inter-
stellar clouds. The extensive mapping coverage of
this survey will place star formation and the molecu-
lar ISM in a fully Galactic context.

2.2 Properties of the Proposed Survey

ASTRO with its unique instrumentation will pro-
vide the clearest view of star forming clouds in the
Galaxy and reference maps for future focused stud-
ies with the LMT & APEX telescopes and the SMA,
CARMA and ALMA interferometers.

Velocity-Resolved Imaging Spectroscopy Tech-
niques commonly used to diagnose the molecular
ISM include submillimeter continuum mapping of
dust emission [Hildebrand 1983] and dust extinction
mapping at optical and near-infrared wavelengths
[Lada et al. 1994]. Large format detector arrays in
the infrared are now commonplace, and with the ad-
vent of bolometer arrays like SCUBA at the JCMT
and SHARC at the CSO, degree-scale maps of sub-
millimeter dust emission associated with molecular
material have been made. However, these techniques
have limited applicability to the study of the large-
scale evolution of molecular clouds due to their com-
plete lack of kinematic information.

at CO J=3−2  (346 GHz)
Supercam−1 on ASTRO

Supercam−2 on ASTRO
at CO J=6−5 (691 GHz)

Figure 2: The 64 beams ofSuperCam-1 and
SuperCam-2 at 350 and 650 GHz on ASTRO over-
laid upon a Spitzer1o

×0.75o infrared composite of
the M17 star-forming region. Each beam will mea-
sure a high-resolution spectrum, a portion of which
is shown at upper-right.

The confluence of many clouds along most
Galactic lines of sight can only be disentangled
with spectral line techniques. Fitting to a model of
Galactic rotation is often the only way to determine
each cloud’s distance and location within the Galaxy.
With resolution finer than 1 km s−1, a cloud’s kine-
matic location can be distinguished from other phe-
nomena that alter the lineshape, such as turbulence,
rotation, and local effects such as protostellar out-
flows. These kinematic components play a vital role
in the sculpting of interstellar clouds, and a survey
that has the goal of understanding their evolution
must be able to measure them.

CO is second only to H2 as the most abun-
dant molecule in the ISM, and it remains the most
accurate, most sensitive spectroscopic tracer of H2
on large scales. ASTRO withSuperCam-1 and
SuperCam-2 will resolve the intrinsic profiles of
Galactic CO lines (Figure 2), with a per-channel
resolution of<0.5 km s−1 over 250–500 km s−1 of
spectrometer bandwidth, comparable to the Galactic
rotational velocity.

A Submillimeter-Wave Galactic Survey Molec-
ular line surveys have been performed over the en-
tire sky in the light of the 2.6 millimeter J=1→0
line of 12CO, and have been used to synthesize our
best understanding of the molecular content of the
Galaxy. Still, our understanding of Galactic molec-
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ular clouds is incomplete. Early results were ob-
tained with large beams, e.g.,>9′ [Dame et al.
1987; Dame, Hartmann, and Thaddeus 2001]); were
undersampled, e.g., 3′ for the UMass/Stonybrook
survey – [Solomonet al. 1987; Scovilleet al.
1987]; or had limited areal coverage, e.g., the early
FCRAO surveys – [Carpenter, Snell, and Schloerb
1995; Stark and Brand 1989; Bally, Langer, and Liu
1991; Miesch and Bally 1994]. The Galactic Ring
Survey (GRS) at FCRAO is by far the most com-
prehensive spectroscopic survey of the inner Galaxy
to date [Simonet al. 2001]. However, this survey
does not span the 4th Galactic Quadrant, the focus of
this study, and traces only the J=1→0 line of 13CO,
which is less sensitive to warm, low-opacity, high ve-
locity gas such as produced by outflows, photodisso-
ciation regions (PDRs), and shocks. This point is
illustrated in Figure 3, with images of a synthetic
model cloud constructed in the integrated light of dif-
ferent spectral lines of CO. The model cloud is exter-
nally illuminated by a B-type star and cloud excita-
tion, temperature and chemical abundances are deter-
mined self-consistently using Monte Carlo and Cou-
pled Escape Probability methods [Elitzur and Asen-
sio Ramos 2006]. The integrated spectral line images
show that the heated portion of the cloud is traced
best by the J=3→2 and J=6→5 lines. Almost 40% of
the molecular mass would be missed by examining
the J=1→0 alone.
A more comprehensive view of molecular clouds can
therefore be gleaned from measurement of thesub-
millimeter lines of CO and its isotopes, in combina-
tion with existing millimeter-wave observations. The
proposed CO surveys will be orders of magnitude
larger than existing submillimeter line surveys. The
gas probed by higher-J transitions is of greatest inter-
est to our posed questions – it is theenergeticgas that
1) participates in molecular outflows, 2) senses radia-
tion fields at the photodissociated surfaces of clouds,
and 3) is warmed by star-formation in cloud cores.
Higher-J lines are also needed to properly interpret
even basic properties of clouds derived from existing
CO 1→0 observations.

Due to the prevailing physical conditions in the
interstellar medium, the 850 and 450µm (350 and
650 GHz) atmospheric windows are among the rich-
est in the electromagnetic spectrum [Helmich and
van Dishoeck 1997; Schilkeet al. 1997]. At these
wavelengths, ASTRO has high aperture efficiency
(80%) and excellent atmospheric transmission more
than 75% of the year at 350 GHz and 50% of

the Austral winter at 650 GHz (Figure 4). These
prospects make the design of a large format multi-
beam receiver in these atmospheric windows very at-
tractive.

CO J=6−5CO J=1−0

Figure 3: The need for a submillimeter survey:
Simulated image of a fractal molecular cloud in two
CO transitions. The energetic gas that dynamically
interacts with stars is far better probed by submil-
limeter CO lines, which are needed to extract a com-
prehensive understanding of cloud properties, dy-
namics, and evolution.

Figure 4:Modeled submillimeter atmospheric trans-
parency for the ASTRO on the ALMA site on Chaj-
nantor in in 75 percentile (bottom), median (middle),
and 25 percentile (top) atmospheric conditions, de-
rived from 183 GHz and 860 GHz tipping radiome-
ter measurements accumulated over the past decade
[Radfordet al.2008]

Angular Resolution Angular resolution is a criti-
cal aspect of improvement for a new Galactic survey.
Figure 5 depicts the model cloud of Figures 3, pro-
jected to a distance of 7 kpc. Clearly, disentangling
different clouds and cloud components can only be

3



accomplished with arcminute angular scales. The an-
gular resolution of ASTRO is 1.0′ at 690 GHz and
2.1′ at 345 GHz.

1’ beam 5’ beam

Figure 5: The need for sufficient angular resolu-
tion: The synthetic cloud from Figure 3 is pro-
jected to a distance of 7 kpc, and observed in12CO
6→5 with beam sizes of 1′ (left) and 5′ (right). The
structure of the cloud is essentially lost in the largest
beam. In order to probe cloud structure and excita-
tion over the entire Galactic disk, arcminute angular
resolution is vital.

High Sensitivity CO survives in the ISM in part
because of the UV shielding from dissociation pro-
vided by H2; thus CO’s survivability depends upon
a molecular, H2-dominated environment. For typ-
ical molecular clouds, the sharp transition from
H to H2 typically occurs by a visual extinction
of ∼1 magnitude in the local interstellar radiation
field, or N(H)= 1.8× 1021 cm−2. We therefore
aim to detect all CO down to this hydrogen col-
umn density limit. This corresponds to a 3σ de-
tection limit of N(12CO)∼ 1015 cm−2, which im-
plies an integrated intensity for cool gas (20K<
Tk < 40K) of 1.5 K km s−1 in the J=3→2 tran-
sition. For 12CO J=6→5, an intensity limit of
0.6 K km s−1 is reached at a gas density ofnH =

104 cm−3 and Tk=50K. The J=3→2 sensitivity limit
is achievable (5σ) within 5 seconds of integration
time per independent beam in the poorest 75%-ile
atmospheric conditions (PWV=1.5mm, Tsys∼450K)
on Atacama. With 64-beams onSuperCam-1, 1.5
square degrees can be readily mapped per hour
with 30′′ grid spacing. The J=6→5 sensitivity
limit in the best 25%-ile weather conditions in win-
ter/fall/spring (PWV=0.5mm, Tsys∼2000K) will be
achieved within 200 seconds per independent beam,
for a 64-beam mapping rate of 18 hours per square
degree. Detection of (or limits on) either J=3→2 or
J=6→5 in that time would constrain the gas temper-

ature and density, based upon the line brightness of
millimeter wave transitions.

Large-Scale Coverage of the Galactic Plane Fig-
ure 6 demonstrates the proposed sky coverage of the
SuperCam-1 and SuperCam-2 submillimeter-wave
Galactic plane surveys. Interstellar pressure, abun-
dances, and physical conditions vary strongly as a
function of Galactocentric radius, so it is necessary
to probe both the inner and outer Galaxy, and both
spiral arms and interarm regions, to obtain a sta-
tistically meaningful survey that encompasses the
broad dynamic range of physical conditions in the
Galaxy. We propose therefore to probe the entire
Galactic plane as seen from Chile (−120o

< l <

30o). Previous surveys have shown that the scale
height of CO emission toward the inner Galaxy is
less than one degree [Dameet al. 1987; Dame,
Hartmann, and Thaddeus 2001]. Withinl = 100o,
a completely unbiased surveywill be undertaken,
covering 260 square degrees (−1o

< b < 1o). This
Galactic Plane survey will coincide with three syner-
gistic surveys: the FCRAO-BU Galactic Ring Sur-
vey (GRS), GLIMPSE, a Spitzer Space Telescope
Legacy Program [Benjaminet al. 2003], and the
Bolocam Galactic Plane Survey (BGPS) [Nordhaus
et al. 2008]. The remaining 40 square degrees
will be distributed among clouds at higher Galac-
tic latitude and will follow the CO 1→0 distribution
[Dameet al. 1987; Dame, Hartmann, and Thaddeus
2001] while maximizing synergies with the “Cores to
Disks” Spitzer Legacy program [Evanset al. 2003]
sources and Herschel GTO and Key programs.

The proposed combination of the ASTRO tele-
scope and theSuperCam-1 andSuperCam-2 arrays
exceeds all of these needs as well as current capa-
bilities elsewhere (Table 1) and constitutes the ideal
Galactic survey facility.

2.3 Survey Activities

Mapping Strategy The most efficient mode of
data collection with a focal plane array and which
produces the highest fidelity images is On-the-Fly
(OTF) mapping. In this mode, the telescope contin-
uously scans back and forth across a field while the
backends are read-out at a sufficient rate to eliminate
aliasing and beam smearing (typically 4×/beam).
The primary advantage of OTF mapping with an ar-
ray is that a given position on the sky is observed by
all pixels in the array. This redundancy removes any

4
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Figure 6: The power of ASTRO withSuperCam-2: a definitive chemical and kinematic survey of star
forming clouds in12CO & 13CO J=3-2 and J=6-5 can be performed in less than 2 calendar months per
spectral line at 350 GHz, and 8 months total at 650 GHz. No other facility hasthe capability of performing
such an expansive survey.

Array (#pix) Telescope deg2/day (@freq)
SuperCam-2 (64) ASTRO 30 (@350)

3 (@690)
SuperCam-1 (64) HHT 5 (@350)

HARP (16) JCMT 0.3 (@350)
SMART (8) NANTEN 2 (@460)

0.1 (@810)
CHAMP+ (7) APEX 0.01 (@690)

Table 1:Spectroscopic mapping speed of current submillimeter heterodyne array systems. Tabulated is the
time needed to sample one square degree to 3σ=1 K km s−1 sensitivity per beam.SuperCam-2 on ASTRO
exceeds the mapping speed of any other heterodyne array by an order of magnitude.

noise and gain inhomogeneities between pixels and
reduces the degree to which the data are correlated,
as a singular off-source measurement is distributed
to on-source data.

The broad coverage of the Galactic Plane Survey
lends itself naturally to efficient, 24-hour/day map-
ping. With 64 pixels at 345 GHz,SuperCam-1 can
reach the requisite sensitivity of 1σ=0.3K over a full
square degree in<1 hour. At 690 GHzSuperCam-2
can reach this limit in 8 hours, but additional sen-
sitivity is needed to reach AV=1 (see Section 2.2).
We will therefore use a total of 12 months of ob-
serving time over two years to perform the baseline
survey; the first year of observing will be devoted
to 13CO and12CO J=3→2 mapping (331-346 GHz),
and 300 square degrees will be mapped in both spec-
tral lines. The second year will be devoted to13CO
and 12CO J=6→5 mapping (661-691 GHz), during
which at least 100 square degrees will be mapped
in both spectral lines. Additional mapping cover-
age in the J=6→5 lines will be sought after this
proposal’s performance period.SuperCam-1 and
SuperCam-2’s wide instantaneous IF bandwidth
(ultimately 8 GHz; see Section 3 for details) also al-
lows measurement of the 850 and 450 µm dust con-

tinuum emission.Thus, we will also simultaneously
record total power scans and construct dust contin-
uum maps, particularly where the13CO lines become
optically thick.

Science Products and Dissemination The pri-
mary challenge of OTF mapping is data man-
agement, which becomes particularly acute with
an array for which the data rates are typically
100 times larger. We therefore plan to adopt
the scheme developed at FCRAO for OTF map-
ping with the 32 pixel SEQUOIA array (see
http://www.astro.umass.edu/∼fcrao/library/manuals/), where
coadded and regridded data is written as a FITS cube
or CLASS file, and headers for each scan are written
into a MySQL relational database, which facilitates
efficient logging and retrieval of the data. Our most
demanding storage requirements for a 300 square de-
gree map, gridded to 30′′ spacing, with 1024 spectral
points per grid position, is 20 GB. The total disk re-
quirements for the survey will be less than 100 GB.
This volume can be readily handled by a single com-
puter with a redundant disk array for data integrity.
The greater scientific community can access these
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data products through a Java-based web browser in-
terface that will interface with the FITS data cubes.
In addition to data products, released science prod-
ucts include the following:

Source Catalogs: All Galactic cloud cores and
star forming regions will be separated, identified,
and analyzed from the master dataset as a func-
tion of position in the Galaxy. They will be cross-
referenced against other surveys (e.g. stellar sources
from GLIMPSE and mm-wave continuum sources
from the BGPS). An unbiased survey of Galactic out-
flows, and their energy inputs to the ISM will be tab-
ulated.

CO Analysis Package and Cloud Models: Numer-
ous tools used to extract physical properties of
clouds, such as volume density and temperature,
will be released. These tools will include statisti-
cal equilibrium calculations, radiative transfer codes
based upon LTE, Coupled Escape Probability (CEP),
and Monte Carlo techniques, a basic chemical net-
work capable of following hydrogen and carbon
chemistries, and foundational models of molecular
clouds and photodissociation regions.

2MASS Extinction Maps and the Formation of
Molecular Clouds: The release of the 2µm All Sky
Survey will be used to make extinction maps in the
photometric J, H, and K bands, to be compared with
the measured CO emission and used to search for
molecular cloud formation in the Galaxy: regions
where large amounts of gas have become molecu-
lar, but CO has not yet formed. The ideal probe
of nascent H2 is the 158µm fine-structure line of
the C+ ion, owing to its intensity and utility as a
densitometer [Kaufmanet al. 1999]. The Strato-
spheric Terahertz Observatory (STO, Walker PI) will
perform mapping of this fine structure line in 2009–
11 with similar resolution to ASTRO at 650 GHz.
The combination of 21 cm HI, submillimeter CO, and
far-IR C+ measurements will enable the crucial first
measurement of the formation of Galactic molecular
clouds.

Systematic calibration of the dataset: Co-PI Kulesa
is executing a unique survey of Galactic molecular
clouds, using high resolution infrared absorption line
spectroscopy of H2 and 12CO, using ARIES (Ari-
zona Infrared Image and Echelle Spectrometer) at the
6.5-meter MMT. These observations directly mea-
sure the12CO and13CO abundances relative to a
precisely measured column density of H2 [Kulesa

2003]. These pointed measurements will be used to
calibrate the submillimeter dust continuum maps and
molecular line observations provided by ASTRO, the
infrared extinction maps from the 2MASS survey,
and the mm-wave continuum from the BGPS.

All science tools, packaged reduction software, data
products and science products will be made avail-
able from theSuperCam-2 survey’s web page with
no proprietary period.

2.4 Results from Prior NSF MRI and non-MRI
Support

AST/RO AST/RO, which will be dramatically en-
hanced by this proposal, received support from the
NSF in a variety of ways (with PI and Co-I partic-
ipation from various members of this project: A.
Stark, C. Martin, C. Walker, & C. Kulesa). Prior
to February 2002, the observatory was funded as
part of the Center for Astrophysical Research in
Antarctica (CARA), an NSF Science and Technol-
ogy Center, supported by Cooperative Agreement
OPP89-20223 to the University of Chicago. Start-
ing in May 2002, core observatory functions were
supported directly by a grant to the Smithsonian
Astrophysical Observatory (part of the Harvard-
Smithsonian Center for Astrophysics) from the NSF
Office of Polar Programs, grant ANT-0126090 “Con-
tinuing Operation of the Antarctic Submillimeter
Telescope and Remote Observatory (AST/RO)” (PI:
A. Stark, May 2002–2006, $2,588,889), with addi-
tional awards for specific sub-fields including (ANT-
0338150) “Middle Atmospheric Dynamics by Sub-
Millimeter Radiometry” (PI: C. Martin, Sept. 2004–
2008, $60,419). Numerous students and post-docs
were trained by working with the AST/RO tele-
scope (including the PI and two Co-Is (C. Groppi
and C. Kulesa)) and over 100 publications (a sam-
pling: [Starket al. 1997; Starket al. 2001; Stark
2003; Chamberlin and Bally 1994; Lane 1998; Stark
et al. 2001; Chamberlinet al. 2003; Kulesa
2002; Groppi 2003; Bolattoet al. 2000; Ingallset al.
1997; Kulesaet al. 2004; Groppiet al. 2004; Martin
et al. 2003; Tieftrunket al. 2001; Burrows, Martin,
and Roberts 2007]), demonstrating the transforma-
tive power of successful NSF funding.

University of Arizona Over the past ten years, Co-
PI Walker’s team at the University of Arizona has
constructed three spectroscopic heterodyne array re-
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ceivers;PoleSTAR, a 4 pixel 810 GHz receiver that
operated at the 1.7 m AST/RO telescope at the South
Pole,DesertSTAR, a 7 pixel 345 GHz array receiver
for the 10-meter Heinrich Hertz Telescope (HHT) on
Mt. Graham, Arizona (Figure 7), andSuperCam-1,
a 64 pixel 345 GHz array also for use on the HHT.
PoleSTAR was completed in 2000 and offered ex-
cellent receiver performance on all 4 pixels [Kulesa
et al. 2005]. PoleSTAR was funded by the NSF Of-
fice of Polar Programs (A. Stark–PI: OPP-0126090),
andDesertSTAR development was a joint effort be-
tween the University of Arizona, the University of
Massachusetts, and the University of Virginia, with
partial funding through the NSF ATI program (AST-
9622569).

Figure 7:Map of the W3 molecular cloud taken with
theDesertSTAR instrument on the HHT.

In 2004 a multi-institutional team led by Co-
PI Walker was awarded an NSF MRI grant, (AST-
0421499) “Development of a Submillimeter-wave
Superheterodyne Camera (SuperCam) for the Hein-
rich Hertz Telescope” (PI: C. Walker, Sept. 2004–
Dec. 2009, $2,148,007), to constructSuperCam-1,
a 64 pixel, heterodyne array for the Heinrich Hertz
Telescope [Groppiet al. 2008]. SuperCam-1
represents the cutting edge of heterodyne array de-
velopment technology in terms of integrated mixer
and low noise amplifiers [P̈utz et al. 2006], and
scalable IF processor and spectrometer technology.

SuperCam-1 will be commissioned at the HHT in
the autumn of 2009. The design ofSuperCam-1 is
readily scalable to operate in the 450µm atmospheric
window being targeted in this proposal.

In 2006 funding was obtained through NSF/OPP
(ANT-0538665: Walker-PI, Kulesa-CoPI) to per-
form a design study for the High Elevation Antarc-
tic THz Observatory (HEAT). In 2007 an NSF-SGER
proposal was funded (ANT-0735854: Walker-PI,
Kulesa-CoPI) to constructPre-HEAT, a 450µm tip-
per and spectrometer.Pre-HEAT was constructed
and successfully deployed to Dome A with the Uni-
versity of New South Wales’ PLATeau Observatory
(PLATO) in January 2008. The effort was an inter-
national collaboration between the US, China, UK
and Australia. It set a new record for high-powered
autonomous operation on the Antarctic plateau. Pre-
HEAT’s principal science products are submillimeter
atmospheric transmission data and Galactic spectra
of the13CO J = 6→ 5 line [Kulesaet al. 2008].

Finally Co-I C. Groppi has participated in ATM-
0723239, “MRI: Development of the Active Tem-
perature Ozone and Moisture Microwave Spec-
trometer (ATOMMS) cm and mm-wave Occulta-
tion Instrument” (PI: E. Kursinski, Sept. 2007–2010,
$1,883,695). This project is in the process of build-
ing an airborne radio occultation system for water
and ozone lines in the Earth’s atmosphere [Kursin-
ski et al. 2007; Kursinskiet al. 2008].

3 Description of the Research Instrumenta-
tion and Needs

ASTRO Telescope The Atacama Submillimeter
Telescope and Robotic Observatory will re-use the
primary mirror and steel structure of the Antarctic
Submillimeter Telescope and Remote Observatory
(AST/RO). The telescope structure is shown in Fig-
ure 8 and documented in Starket al. 1997 and 2001.
In its original form, the telescope operated at the NSF
Amundsen-Scott South Pole Station from 1994 until
2005. The telescope worked reliably for many years,
and completed some of the largest submillimeter-
wave line surveys ever made [Martinet al. 2004].
The most significant operating problems were: (1)
the need for liquid cryogens in the receivers, (2)
pointing inaccuracies due to thermal variations in the
telescope foundation, (3) drive motor and gear fail-
ure, and (4) computer disk failure. These issues will
be resolved by the hardware improvements described
below.
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The new Atacama telescope will be optically
similar to the South Pole version: a 1.7 meter diame-
ter offset Gregorian capable of observing at wave-
lengths between 200µm and 1.3 mm. The un-
blocked aperture gives a good beam with high for-
ward spillover and scattering efficiency (ηfss> 0.95).
This simplifies data calibration. The design pointing
accuracy of the telescope is 3

′′

[Starket al. 2001].

Figure 8: The ASTRO telescope structure. In
the foreground is the Nasmyth focus where
SuperCam-2 will be mounted.

In the South Pole version of AST/RO, the re-
ceivers were located underneath the telescope at a
Coud́e focus. This allowed the receiver to oper-
ate in a laboratory environment. Waste heat from
the instrument room beneath the telescope was used
to keep the drive motors and electronics mounted
within the telescope structure warm. This was nec-
essary as the minimum outside temperature in winter
was as low as -83 C. At the Pole, the telescope was
installed on an insulated steel tower, floating atop
large timber rafts buried in the snow. Pointing shifts
caused by flexing of the mount were of the same or-
der as the intrinsic pointing accuracy.

From the beginning, AST/RO was designed to
allow remote operation. Complex observational pro-
grams often ran unattended for days at a time. At the
South Pole, however, the need to refill the receivers
with liquid cryogens meant that a winterover scien-
tist had to be physically present at the telescope sev-
eral times a week.

Atacama Implementation: AST/RO → AS-
TRO For its relocation to Atacama, the optics and
mechanical parts of the AST/RO telescope will be
refurbished to meet or exceed the original specifica-
tions given in [Starket al. 1997]. Additionally, tele-
scope systems will be upgraded to allow completely
unattended operation, and to address shortcomings
of the original AST/RO telescope, as determined by
a decade’s experience in Antarctica.

Liquid cryogens will no longer be required as
SuperCam-2 will use closed-cycle coolers. This is
described below in the section on the array cryostat.

The major structural change is that the hetero-
dyne array instruments will be placed in a small en-
closure at the Nasmyth focus on the side of the tele-
scope. At the Pole, this focus was used for the SPIFI
array receiver [Oberstet al. 2006] The Coud́e focus
will not be used. This allows mounting the telescope
on a wide but short steel platform. The more rigid
support will give better pointing accuracy.

servo control computer

elevation
servo

amplifiers

azimuth
servo

amplifiers

network firewall

Figure 9: Simplified block diagram of the ASTRO
drive system and telescope control. The firewall,
control computer and ethernet switch are redundant
pairs configured for automatic fail-over if a fault oc-
curs.

Another major upgrade will be in the telescope
control system. A simplified block diagram is shown
in Figure 9. The design philosophy is to eliminate
unreliable components and avoid single points of
failure. For example, the computers which control
the servo motors have no hard disks, only solid state
memory. There are two control computers, one act-
ing as a “hot spare”. In the event of a failure, the
redundant computer will automatically “fail-over”,
taking control and restarting the observation. The
control system is also responsible for providing time
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and frequency distribution to the receiver and back-
end electronics.

Recognizing that remotely operated scientific
equipment can be an “attractive nuisance” to so-
called “hackers”, the entire telescope control and
data system is isolated behind redundant firewalls,
allowing encrypted access only to authorized per-
sons.

ASTRO will reside in a commercially available
(Middough Inc.), 20 ft. diameter, dome. The roof of
the dome slides open under computer control, giv-
ing the telescope full access to sky (see Fig. 10). A
converted, 40 ft. shipping container will be located
beside the dome. The container will be divided into
sections and house support electronics, compressors,
UPS, and an on-site control room and laboratory.
Electrical power for ASTRO will be provided by
diesel generators until such time as power from the
local grid becomes available (see ALMA support let-
ter).

Figure 10:Schematic of ASTRO andSuperCam-2
inside of a 20-foot diameter automated retractable
dome on the Atacama plateau, with a standard ship-
ping container behind containing compressors, elec-
tronics and other support equipment.SuperCam-2
(dark blue) is located at the Nasmyth focus on the
right side of the telescope structure.

SuperCam-1 (330–370 GHz) is a 64 pixel array in-
corporating leading-edge technology.SuperCam-2
(660–695 GHz) will be a scaled version of
SuperCam-1.

Array Receiver Development

Overview The scientific objectives described
in the previous sections require observations of

hundreds of square degrees of the Milky Way in
submillimeter-wave transitions at high spectral res-
olution. This requirement can only be met using
large format heterodyne array receivers. Unlike the
situation with bolometric detectors, heterodyne re-
ceiver systems are coherent, retaining information
about both the amplitude and phase of the incident
photon stream. From this information a high reso-
lution spectrum of the incident light can be obtained
without multiplexing.Each pixel of a heterodyne ar-
ray typically provides∼ 1,000 simultaneous spectral
measurements. High resolution spectroscopy can,
in principle, be performed in this same wavelength
regime using incoherent detectors together with fre-
quency dispersive quasi-optical devices such as grat-
ings and Fabry-Perot interferometers. However, the
size requirement of quasi-optical devices and/or the
need to scan in order to construct a spectrum make
them too cumbersome or insensitive for the scientific
objectives of the proposed study.

Over the past decade our team members have led
the development of 3 heterodyne array receiver sys-
tems. The first to be deployed wasPoleSTAR, a 4
pixel, 810 GHz array for the AST/RO telescope at the
South Pole. The second system wasDesertSTAR a 7
pixel, 345 GHz array receiver for the HHT. The lat-
est generation instrument isSuperCam-1, a 64 pixel,
array receiver designed to work throughout the 870
micron atmospheric window. A block diagram of
SuperCam-1 is shown in Figure 11.SuperCam-1
is constructed by stacking eight, 1x8 rows of fixed
tuned, SIS mixers. The IF output of each mixer is
connected to a low-noise, broadband MMIC ampli-
fier integrated into the mixer block. The instanta-
neous IF bandwidth of each pixel is 2 GHz, with a
center frequency of 5 GHz. A spectrum of the central
section of each IF band is produced by sixteen, sub-
divided, 1 GHz wide, A/D converters feeding FFT
digital signal processors. Mixer, magnet, and MMIC
bias of each mixer are optimized under computer
control. Local oscillator power is provided by fre-
quency multipliers whose output is divided between
the pixels by using a broadband, 64-way waveguide
power divider and a single dielectric beam splitter
for LO injection. The mixer array is cooled to 4 K
by a closed-cycle Sumitomo cryocooler. A second
cryocooler is used to absorb the heat load of the 64
stainless steel coax cables leading from the mixer ar-
ray to connectors on the cryostat vacuum housing.
Each pixel provides a diffraction limited beam on the
sky.
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SuperCam-1 will begin the northern COJ = 3→
2 survey of the Milky Way on the HHT in October
2009. Here we propose to:

1. installSuperCam-1 on ASTRO at the ALMA
site once the northern survey is complete (May
2012). It will then be used to perform the
southern half of the survey.

2. constructSuperCam-2, a 64 pixel, heterodyne
array based onSuperCam-1 technology opti-
mized for the 450 micron atmospheric win-
dow. SuperCam-2 will be used to conduct a
CO J = 6 → 5 survey of the Milky Way, first
on ASTRO and then on the HHT.

SuperCam-1 was specifically designed to allow a
straightforward scaling to higher frequencies. In
the following sections we describe howSuperCam-2
will be constructed.

Figure 11: System Block Diagram of the 64 pixel
SuperCam-1 heterodyne array

Receiver Design TheSuperCam-2 instrument
will build on the successfulSuperCam-1 splitblock
mixer design as shown in Figure 12. This mixer
module integrates eight single-ended SIS mixers,
low noise amplifier (LNA) modules, individually bi-
ased electromagnets and bias distribution into a sin-
gle splitblock module [Groppiet al. 2008]. Sim-
ple, single-ended mixers with integrated feedhorns
are used to maximize reliability and to eliminate the
need for cold optics inside the cryostat. The mod-
ule, equipped with blind-mate RF and DC electri-
cal connectors, slides on rails into a receptacle in the
cryostat with mating connectors. This receptacle also
provides the heat conduction path for cryogenic cool-
ing of the module. The modules will be fabricated at
Arizona State University using a state-of-the-art mi-
cromilling system similar to the system used to fab-

ricate the originalSuperCam-1 mixers. Dr. Christo-
pher Groppi, who was responsible for the fabrication
of theSuperCam-1 mixer modules, will lead the de-
velopment and fabrication of theSuperCam-2 mod-
ules. The SIS mixers inSuperCam-1 were designed
by Dr. Jacob Kooi and fabricated at the University of
Virginia by Dr. Arthur Lichtenberger.SuperCam-2
will use the same team for fabrication of similar 660
GHz devices. The design of the original 350 GHz
SuperCam-1 mixers, fabricated on 3 micron thick
SOI (silicon on insulator) membrane, was specif-
ically designed to allow straightforward scaling to
higher frequencies [Kooi 2008]. These new devices
will be integrated into a similar mixer block, with
identical pixel spacing. TheSuperCam-1 design and
components will be re-used wherever possible, with
cryo-mechanical and electrical refinements based on
our team’s past experience.

Figure 12:1x8SuperCam-1 mixer module with in-
tegrated LNA modules and electromagnets.

For the deployment of ASTRO andSuperCam-2
on the Atacama plateau, only the Nasmyth focus will
be used for mounting the heterodyne array receivers.
This configuration is shown in Figure 10.

Integrated IF Amplifiers A critical compo-
nent for the ASTRO receiver are the cryogenic IF
amplifiers described in Figure 13. Fortunately, these
amplifiers were developed by Caltech for the 64-
pixel SuperCam-1 receiver and are available for use
in ASTRO without change in the design. Caltech
has made provisions to sell cryogenic amplifiers
to other research institutions and 80 amplifiers (in-
cludes spares) will be provided to the ASTRO pro-
gram as purchased parts.
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Figure 13: IF amplifier for ASTRO. The noise and
gain vs. frequency at 20K for 3 bias settings (0.6V,
21.1mA; 0.4V, 10.7mA, and 0.2V, 5.8mA) are shown
at the top. The amplifier module shown on the quar-
ter is 10mm square with a 2 x 0.7 mm InP chip
bonded between two transmission lines. The input
transmission lines contain a DC block and SIS bias
tee and bond directly to the SIS junction. The mod-
ule with cover and output coaxial cable is shown at
lower right in a test fixture.

Local Oscillators The LO power for the ar-
ray will be provided by two solid-state, synthesizer-
driven sources available from Virginia Diode Inc
(quote provided). One LO chain will be optimized
for observations of the13CO J = 6 → 5 line at 660
GHz and the other for the COJ = 6 → 5 line at
690 GHz. The active multiplier chains consist of
high power solid-state amplifiers followed by a se-
ries of tunerless broadband multipliers. There are no
mechanical tuners, so the output frequency simply
tracks the synthesized input frequencies. The chains
utilize a series of broadband varactor doublers and/or
triplers that have been developed at Virginia Diode
Inc. Each LO chain will produce> 3mW of output
power, more than sufficient to drive the SIS mixers.
A similar 345 GHz VDI LO chain is used to pump all
64 SIS receivers in the existingSuperCam-1 array.

SuperCam-1 uses a hybrid waveguide and qua-
sioptical LO multiplexing and injection scheme. A
waveguide power divider takes the output of a single
LO chain and divides it into 64 beams in an 8x8 array
spaced by 11mm. An image of theSuperCam-1 LO
power divider’s measured power pattern is shown in
Figure 14.

Figure 14: LO Beam map ofSuperCam-1. 64
beams are formed by a waveguide power divider
feeding an array of diagonal feedhorns.

A diagonal feedhorn array identical to the focal
plane modules launches the 64 LO beams through
a refractive relay optics system. A simple My-
lar beamsplitter then diplexes the LO and signal
beams. We plan to use a largely identical scheme
for SuperCam-2. A similar waveguide circuit will be
fabricated by Dr. Patricio Mena at the University of
Chile for SuperCam-2. Mena’s team will optimize
the splitter design for 660 GHz and machine it us-
ing their Kern micromilling system (identical to the
one used to machineSuperCam-1 waveguide com-
ponents).

IF Processor Conversion of the sixty-four 5 to 6
GHz band into inputs for the digital spectral proces-
sor will be accomplished at low risk and cost by a
copy of the downconverter system developed at Cal-
tech for theSuperCam-1 system. A photograph is
shown in Figure 15.

The IF processor designed forSuperCam-1 pro-
vides 64 independent down conversion chains from
an intermediate frequency of 5 GHz to a baseband
signal to drive the spectrometer digitizers. The pro-
cessor can also provide integrated total power mea-
surements from each pixel. The design allows for se-
lection between two IF bandwidths, up to 1000 MHz
wide. Therefore, the same design can be used with
minimal modifications to support bandwidths of 500
MHz and 1000 MHz forSuperCam-2.
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Figure 15: Chassis with 8 IF converters as con-
structed forSuperCam-1.

Figure 16: The assembled 8-board, 16 GHz FFT
spectrometer from Co-PI Walker’sSuperCam-1
project is no larger than a rack-mounted PC and re-
quires only 200 watts of input power. One additional
spectrometer module will be purchased for ASTRO.

Spectrometer The ASTRO Galactic Plane surveys
require both fine kinematic resolution (<0.5 km s−1)
to disentangle cloud components and wide instanta-
neous bandwidth (≥200 km s−1) to span the velocity
dispersion of the Galaxy. Recent gains in high-speed
ADCs and FPGAs have made such a wide band-
width, direct-digitization spectrometer economically
feasible. The baseband output of the IF processors is
fed into two direct digitization spectrometer boards,
each board with four IF inputs. For each IF input,
the spectrometer board provides 0.5 GHz of instanta-
neous bandwidth at 0.25 MHz resolution. The result-
ing velocity coverage (up to 500 km/s at a resolution
≤ 0.25 km/s) enables CO lines to be resolved and ob-
served throughout the Milky Way. Omnisys Inc. has
already designed and delivered 8 of these boards for
the Co-PI Walker’sSuperCam-1 array project, which

perform admirably (Figure 16). The measured Allan
variance (spectroscopic stability) time of the combi-
nation of IF-processor and FFT spectrometer is 650
seconds. Funds are requested to purchase an addi-
tional spectrometer unit to accommodate the increase
in bandwidth needed to support 690 GHz operations.

Array Cryostat The cryostat developed for the
original SuperCam-1 instrument has proven to be
both successful and reliable (see Figure 17 ). The
SuperCam-2 cryostat will be based largely on this
design, with refinements based on our experience
with SuperCam-1. The same Sumitomo 4K cry-
ocooler, with 1.5W capacity will be used, driven by
an air cooled compressor. The supplementary 15K
cryocooler will also be sourced from Sumitomo.

Figure 17:SuperCam-1 instrument with LO injec-
tion system.

4 Impact on Research and Training Infras-
tructure

Institutional Impact The combination of ASTRO
andSuperCam-2 will provide an order of magnitude
leap in the mapping speed available in the astrophys-
ically important 450 micron atmospheric window.
ASTRO will be the most powerful instrument in the
southern hemisphere for probing the history of star
formation on Galactic scales and serve as a finders
scope for investigations on ALMA. It will put Ober-
lin (and the Co-PIs) at the forefront of research and
technology in this wavelength regime. This will in
turn attract more highly qualified physical science
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students, technical staff, and faculty to the participat-
ing institutions. The substantial technological spin-
offs from the project will place the partners in an ex-
cellent position to propose for future instruments and
facilities.

Educational Impact The visage of the dusty lanes
of the Milky Way has inspired artistic and scientific
imaginations for generations. This inherent fascina-
tion is a powerful tool to attract “students” of all ages
and callings to a better, more literate appreciation of
the sciences. Thus, spreading enthusiasm for science
and training the next generation of scientists is a sig-
nificant component of this research program. Three
examples of these efforts to be carried out during the
proposal performance period are outlined below.

Instrument Development Experience The
training of students in the development of state-of-
the-art instrumentation is essential to the future of
science. This is particularly true in mm/submm as-
tronomy where technological advances are happen-
ing so rapidly. Ironically, there are only a handful of
laboratories in the world where students gain hands-
on experience in the design, fabrication, and fielding
of radio astronomy instrumentation. Many of these
labs are under the supervision of our ASTRO team
members. A number of students (both graduate and
undergraduate) have participated in the development
of submm-wave instrumentation in these labs. This
work, and the astronomy that has come from it, has
led to 9 Ph.D. dissertations at the Univ. of Arizona
alone and the basis of numerous undergraduate re-
search projects. ASTRO is a natural extension of
these research efforts. Funding for ASTRO will help
support the research efforts of graduate and/or under-
graduate students at Oberlin, the Univ. of Arizona,
Arizona State Univ., the Univ. of Virginia, and Cal-
tech. These students will interact with each other di-
rectly through weekly telecons and (when possible)
in face-to-face meetings. Indeed, one of the most
important aspects of training students in instrument
development is experience in working in teams. As-
tronomical instrumentation is becoming ever more
complex, and requires the talents of many individ-
uals. Providing students with both technical train-
ing and team-work experience increases their prob-
ability of success and the long-term progress in the
entire field. This is especially true for the ASTRO
project, where direct collaborations between students

and faculty at several universities will be ongoing.

Web-based Outreach The broadest impact of
the proposed research may be drawn from the use
of these surveys as educational and outreach tools.
More people rely on the Internet for news, infor-
mation, and entertainment than ever before; a trend
which is unlikely to change soon. Thus, provid-
ing online outreach tools that are accessible and in-
teresting is an excellent way to reach a wide range
of people. Distributed software should be opera-
ble on multiple platforms and be open source, so
that others in the online community can embrace
and extend what is provided within the confines
of this study. A practical application would be to
present a view onto the multi-wavelength Universe
using existing planetarium software (e.g.Stellarium,
http://www.stellarium.org/).

K-12 Outreach: A Student Radio Telescope
In support of education and public outreach ac-
tivities, Co-PIs Walker and Groppi and their stu-
dents have constructed a remotely operable, steer-
able, 3.5 m Student Radio Telescope (SRT) for ob-
serving the HI line in the Milky Way. Like AS-
TRO, the SRT is a spectroscopic Galactic Plane sur-
vey telescope. During development and operation
of ASTRO, we will develop instructional modules
for various age groups that focus on the science and
technology of ASTRO and use the SRT as a “hands-
on” laboratory with the goal of providing students
with an intuitive understanding of underlying physi-
cal concepts.

Global Impact: Synergies with Contemporary
Surveys

GLIMPSE: a Spitzer Legacy Program The
Spitzer Space Telescope Legacy program GLIMPSE,
headed by E. Churchwell, provides a thermal in-
frared survey of the Galactic plane that provides a
complete census of star formation, shows the stellar
structure of the molecular ring, maps the warm in-
terstellar dust, constrains extinction laws as a func-
tion of galactocentric radius and detects all young
embedded O and B stars. The proposed Galac-
tic Plane survey will provide the best correspond-
ing molecular cloud survey that will account for the
dense cloud material that forms stars, cloud interac-
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tion with formed stars, and kinematic disruption by
mass ejection, outflow, and supernova remnants.

Cores to Disks: a Spitzer Legacy Program
A second SST Legacy proposal, “From Cores to
Disks”, or “C2D”, has surveyed a sample of giant
molecular clouds and complexes in infrared contin-
uum emission to provide a complete base for nearby
star formation and to follow the transition from star-
less cloud cores to low-mass disks. The COM-
PLETE survey of Alyssa Goodman provides a ref-
erence study of the millimeter wave dust continuum
emission in these clouds, and their molecular line
survey will support theJ = 1 → 0 lines of CO and
13CO using the FCRAO Sequoia array. Our target
surveys of Outer Galaxy and high latitude GMC’s
add significant value to the baseline by providing
higher-J CO data critical for the study of star form-
ing regions where many excitation components are
often present and cannot be disentangled with only
one spectral line.

BU-FCRAO Molecular Ring Survey The on-
going FCRAO Molecular Ring Survey led by J. Jack-
son will provide the most sensitive study of the inner
Galaxy to date, but only maps the13CO J = 1 →

0 line. This proposed study will yield the crucial
higher-J lines that make proper interpretation of ex-
isting CO surveys possible.

Bolocam Galactic Plane Survey The Bolo-
cam Galactic Plane Survey (BGPS) is a 1.1 mm
continuum survey of the Galactic Plane made us-
ing a bolometric camera on the Caltech Submil-
limeter Observatory. Millimeter-wavelength thermal
dust emission reveals the repositories of the dens-
est molecular gas, ranging in scale from cores to
whole clouds. By pinpointing these regions, the
connection of this gas to nascent and ongoing star
formation may be explored. The BGPS coverage
totals 170 square degrees (with 33” FWHM effec-
tive resolution). The proposed ASTRO/SuperCam-2
survey will provide the spectroscopic follow-up to
over 8000 mm-wave condensations and hundreds
of molecular cloud complexes. The northernmost
part of the BGPS will be covered by the northern
SuperCam-1 survey from the HHT.

2MASS & Formation of Molecular Clouds
The 2 Micron All Sky Survey (2MASS) has im-

aged the northern and southern hemisphere skies in
the photometric J, H, and K bands from 1–2.5µm.
This survey will be used to construct extinction maps
over the entire region to be surveyed by ASTRO and
SuperCam-2 [Lada et al. 1994; Alves, Lada, and
Lada 1999], which will be used to locate regions in
the Galaxy where new molecular clouds are being
formed; i.e. where gas has become molecular (i.e.
H2), but CO has not yet formed. These measure-
ments will enable the crucial first measurement of
the formation of Galactic molecular clouds, and will
leverage the investment of the 2MASS survey in an
innovative way.

5 Management Plan

Figure 18:ASTRO project organizational chart

The development and deployment of ASTRO and
its facility instrumentSuperCam-2 is a challenging,
multi-institutional project that requires a high degree
of coordination between its team members. Collec-
tively the proposal team members represent many
years of successful telescope/instrument develop-
ment and observing experience. We have defined an
organizational structure (shown in Figure 18) to meet
this task. The organizational structure is optimized to
pull on each team member’s experience and institu-
tional strength, while allowing the delegation of au-
thority to be made at the proper level within the orga-
nization. The PI (Chris Martin) has extensive expe-
rience operating and maintaining the AST/RO tele-
scope and instrumentation from his time in Antarc-
tica. He has conducted one of the largest surveys of
the Milky Way at submillimeter-wavelengths [Mar-
tin et al. 2004] and, more recently, is serving as the
PI on a multi-national,Herschelkey project. He will
oversee all aspects of the project and be ultimately
responsible for its success. The ASTRO Project
Scientist (Co-PI Kulesa) has extensive experience
in submillimeter-wave, infrared, and optical astron-
omy and their associated instrumentation. He will
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Figure 19:ASTRO project key milestones and timeline. The telescope and receiver systems are developed
in parallel, until the telescope structure ships to the Atacama plateau in year 3.At that point it will be
commissioned withSuperCam-1 and then outfitted withSuperCam-2 when it is ready the following
year.

work with the PI and team members to design, co-
ordinate, and fulfill ASTRO’s key science program.
Co-PI Stark was PI of the AST/RO telescope at the
South Pole and will oversee its refurbishment and de-
ployment at the ALMA site. Co-PI Walker is PI on
the SuperCam-1 project for the HHT and will lead
theSuperCam-2 development effort. The integration
and testing ofSuperCam-2 will take place in his lab-
oratory at the University of Arizona. Prof. Patricio
Mena at the University of Chile has extensive expe-
rience developing receiver systems for ALMA. He
and his team will participate in the development of
SuperCam-2 and be responsible for the on-site oper-
ation of the telescope/instrument. A Project Manager
will aid the PI and Co-PI’s in overseeing the fiscal
and logistical aspects of the project. The Science and
Instrument Teams (to be assembled in early 2010)
will provide extensive scientific and technical guid-
ance throughout the course of the project. A sched-
ule of key project milestones and tasks is provided in
Figure 19. Routine communications between project
participants is essential. There will be quarterly tele-
cons between Science and Instrument team mem-
bers to monitor progress, provide insight into solu-
tions to emerging problems, and redefine priorities as
needed. There will be weekly telecons and quarterly

meeting (either in person or through teleconferenc-
ing) between the PI, Co-PI’s, PM, and Mixer Array
lead Groppi (ASU), IF technical lead Weinreb (CIT)
and Device technical lead Lichtenberger (UVa) along
with active participation by associated postdocs and
students.

Atacama Operations ASTRO will be optimized
for unattended, remote operation on the ALMA site.
Observing programs will be downloaded and data
retrieved from ASTRO by the PI at Oberlin on a
daily basis. Project Scientist Kulesa will work with
the PI to formulate the observing programs and pro-
cess incoming data. Co-PI’s Stark and Walker will
routinely monitor the health and performance of the
telescope and receiver system. Prof. Patricio Mena
and his team at the University of Chile will over-
see site operations and perform routine maintenance
on the facility. ASTRO will be visited routinely (at
least quarterly) by the PI and one or more of the Co-
I’s and their students. The sharing of infrastructure
(e.g. power, telecommunications) between ASTRO
and ALMA will be coordinated by the PI and a pre-
liminary agreement with ALMA has been reached
(see attached letter).
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