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ABSTRACT

The sub-mm wave portion of the electromagnetic spectrum is on the frontier of both scien-
tific and technical research in astrophysics. Being arelatively young field, scientific
advancement is driven by advancementsin detector technology. In thisthesis, | discussthe
design, construction, testing and deployment of two sub-mm wave heterodyne array
receivers. PoleStar isa4 pixel (2x2) heterodyne array built for operation in the 810 GHz
atmospheric window. It isin operation at the AST/RO telescope at the South Pole. This
receiver hasincreased imaging speed in thisband at AST/RO by afactor of ~20 compared
to previous receiver systems. DesertStar isa 7 pixel, hexagonally close packed heterodyne
array receiver built to operate in the 345 GHz atmospheric window at the Heinrich Hertz
Telescopein Arizona. This system will be afacility instrument at the telescope, and will
increase mapping speed over the existing dual polarization single beam receiver at the
telescope now by afactor of ~16. Both these receiver systems enabl e scientific projects
requiring large areaimaging that were previously impossible. | also discuss two scientific
applications of sub-mm wave receiver systems. We have used multiple telescopes to
observe several mm, submm transitions and continuum emission towards the R CrA
molecular cloud core. Originally thought to be associated with high mass star formation,
we find that the driving source behind the mm-wave emission isalow mass protostar. The
close proximity of R CrA allows usto achieve high spatial resolution even with single dish
mm-wave and sub-mm wave telescopes. With this resolution, we are able to disentangle
the effects of infall, rotation and outflow motions. We also use vibrationally excited HCN
emission to probe the protostellar accretion disk in a sample of nearby high and low mass
protostars of varying ages. While these observations are difficult with single dish tele-

scopes, we show the promise of the technique, and report results on 4 sources.
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1. INTRODUCTION

The submillimeter region of the electromagnetic spectrum is one of the most
recently accessible tools for the study of astrophysical phenomenon. Only in the past 35
years has Wilson, Jefferts and Penzias discovered emission from the CO molecule using
the NRAO 36 foot telescope and a Schottky diode heterodyne receiver of their own design
(Wilson et al. 1970). Since then, the study of molecular gasin our own galaxy and beyond
has exploded. While a more mature discipline than in 1970, the submillimeter is still tied
very closely to the technologies used to build telescopes and detectors. The combination
of innovative science and innovative technology drives thisfield at arapid pace. The tech-
nology of heterodyne receivers allows us to obtain very high spectral resolution. In addi-
tion, the natural linewidth of molecular transitions are small, encoding all the kinematics
of the source into the molecular line shape. This makes the submillimeter an important
tool in studying the star formation process. Deeply embedded and obscured protostars are
invisible to visible and even infrared radiation. The only radiation that can penetrate the
dust to alow study of the nascent star are far infrared, submillimeter and longer wave radi-
ation. Since stars are born in molecular clouds, the molecular gas and dust present is the

primary tool to probe very young objects.

Since the discovery of CO, the basic picture of the star formation process has been
sketched. In the earliest stages, infalling gas, arotating dense core, Keplarian disk rotation

and feedback through molecular outflows are all competing processes occurring in most
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protostellar sources. Size scales range from tens of AU for the protostellar source and
inner accretion disk to parsecs for the outflow lobes and surrounding molecular cloud. We
need to be able to see the combined effects of all these processes to be able to disentangle
the data we collect and understand the process of star formation. Ideally, we would like to
be able to collect data on size scales from individual protostars and accretion disks to
entire molecular cloud complexes. With the next generation of submillimeter interferome-
ters several years away, we need to devel op techniquesto study protostellar accretion disks
with single dish sub-mm wave telescopes. By carefully choosing molecular tracers that
only emit under conditions found in the disk (i.e. high density and temperature), we can
study the disk through its kinematic signature encoded in the shape of the molecular line.
With small maps and the moderate spatial resolution available to us with single dish tele-
scopes, we can spatially resolve and study infall and rotation, again through the informa-
tion encoded in the line shapes. Individual outflows are within our reach with moderate to
large scale mapping observations. The ultimage goa of mapping entire molecular clouds
at the spatial and spectral resolution necessary to begin to understand the star formation

feedback processis still difficult or impossible.

Since study of protostars began, technology has been alimiting factor in our ability
to understand the star formation process. Outflows can contain as much or more mass than
the protostellar source driving them. They influence the molecular cloud energetics and
structure far from the source, but the role outflows play in the life cycle of molecular

cloudsis not well known. All but afew sub-mm receiver systems on today’s radio tele-
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scopes have asingle spatial pixel. While the On-The-Fly mapping process, and decreases
in receiver noise temperature have dramatically increased mapping speed allowing for
moderately wide field imaging, the technology isreaching itslimit. Most modern receivers
are within afew times the quantum noise limit of hv/k, the uncertainty of a single photon,
inherent to all coherent detection techniques. While dual polarization and single sideband
receiver systems can increase mapping speed by factors of ~2, the only way to break
through the barrier preventing wide field imaging with large single dish telescopesis
through focal plane arrays. The Steward Observatory Radio Astronomy Laboratory
(SORAL) has been a pioneer in the development of heterodyne focal plane arrays at sub-
millimeter wavelengths. Currently, there are only four submillimeter wave heterodyne
array receiversin operation in the world, and only three more millimeter wave (hetero-
dyne) array receivers. Table 1 summarizes these receivers. In this dissertation, | discuss
the two heterodyne array receivers built by SORAL in the past 6 years: PoleStar, a4 pixel
array receiver operating in the 810 GHz atmospheric window, and DesertStar, a 7 pixel
array receiver operating in the 345 GHz atmospheric window. Both receiversincrease
mapping speed for wide field imaging by over an order of magnitude compared to the sin-
gle pixel receiversat their respective telescopes. Thisincrease in imaging capability brings

into reach projects that were impossible before their construction.

Using a combination of data from the AST/RO telescope at the South Pole, the Kitt
Peak 12m telescope and the 10m Heinrich Hertz Telescope, we have studied the most

active part of the R CrA molecular cloud. Since R CrA is extremely nearby, we are ableto
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obtain physical spatial resolution as high as 0.01pc over an area of 0.16 pc?, with velocity
resolution finer than 1 km/s. With this combination of spatial and spectral resolution, we
can separate the effects of infall, rotation and outflow to assemble a clear picture of low
mass star formation in action. Using vibrationally excited HCN(4-3) emission as a probe
of protostellar accretion disks, we have developed atechnique for finding and studying
structure in these disks without spatially resolving disk structure. While the observations
are difficult with single dish telescopes, the technique has promise for unlocking the
secrets within protostellar disks, and might lead to a better understanding of the star and
planet formation process. In addition, this technique can be applied with the next genera-

tion of sub-mm wave interferometers increasing its effectiveness by orders of magnitudes.



Receiver L ocation Frequency Beams

NRAO 8 Kitt Peak 230 GHz 8
beam 12m
BEARS Nobayama | 230 GHz 25

45m
HERA IRAM 30m | 230 GHz 9 (2 poal)
CHAMP CSO 460 GHz 15 (2 pol)
SMART KOSMA 460/810 8x2

3m GHz
DesertStar HHT 10m 345 GHz 7
PoleStar AST/RO 810 GHz 4

1.8m

Table 1: Operational Heterodyne Array Receivers

16
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2. POLESTAR: AN 810 GHZ ARRAY RECEIVER FOR AST/RO

2.1 Introduction

A 4-pixel array receiver constructed to operate in the astrophysically important 810
GHz atmospheric window was assembled and tested at the Steward Observatory Radio
Astronomy Lab (SORAL) and installed on the Antarctic Submillimeter Telescope and
Remote Observatory located at the South Pole (AST/RO) at the South Pole (Groppi et al.
2000). In this chapter, we describe the instrument and its performance both in the lab and
on the telescope. The cold, dry conditions at the South Pole, coupled with its relatively
high altitude (~10,500 ft.) make it an excellent location for observations at submillimeter
wavelengths. AST/RO has a 1.7 m aperture and was designed to take advantage of these

conditions (Stark et al 2001). Figure 1 shows a CO J=(4-3) image of the giant molecular
cloud NGC 6334 made with AST/RO. CO J=(7-6) and [CI] 3P2 spectra toward the same

object are also shown. These are first light data taken in the middle of the Antarctic sum-
mer with adual channel, 460/810 GHz receiver system built by our team afew years ago.
Much higher atmospheric transmission is routinely available in the winter. These amost
ideal atmospheric conditions and the resulting observing efficiency available from the
South Pole motivated us to build an 810 GHz array for use on AST/RO. Figure 2 is a pho-

tograph of the receiver front-end as it appeared in the lab before deployment.
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2.2 Recever Description

2.2.1 Pole Star Optical Design

The purpose of the optical system is to re-image ASTRocal plane onto a com-
pact 2x2 array of lenses located in the array cryostat antidiery inject local oscilla-
tor paver into each migr. Focal plane re-imaging is ackiexd by a pair of parabolic
mirrorsandtwo flats(Figure3). EachAST/RO beamexpandsrom thefocal planelocated
~900 mm abwee the recejer pallets on to the firstfset parabola (P1). P1 collimates the
beams and comys them via tw flats to the second parabola (P2). P2 focuses and re par-
allelizes the beams so thatyharive at the migr lenses with the correct size and place-
ment. The beam footprint of the array on NGC 6334 isvaha Figurel (open circles).
Each difraction limited, half-pawer beam diameter is ~54”. A quasi-optical LQveo
divider (Figured) is used to split the focused LO beam into 4 equal parts. Wer po
dividing is accomplished by wy low-loss, ~50% crystalline quartz beam splitters. Each
beamsplitteris pairedwith aflat mirror to give theemepging beamshe properhorizontal
andverticaloffsets.After includingall lossmechanismsye estimatethat 18% of theinci-
dent LO paver is in each LO beam at the output of thes@odivider. Initially, the plates
in the paver splitter were figd, lut an upgraded desigraw later added with adjustable
mirrors and plates, along with sarg¢ype attenuators forveling LO paver. The LO
polarization is orthogonal to the signal beams. The four beams are then injected into the
sky signal path by a high quality wire grid. A Martin-Pupplet Interferometer (MPI) then

rotates the LO beam polarization to match that of tigeaski directs them into the cry-
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ostat. A 2x2 array of HDPE lenses then focuses the beams into the mixer feedhorns. We
later chose to replace the MPI with a ssmple Mylar beamsplitter. While the MPI theoreti-
cally couples 100% of both the LO and sky power, they are very sensitive to misaligned
beams. Even a 0.5 degree beam squint can cause 3 dB of lossin both LO and sky power,
adding close to 600K of noise (Martin et al. 1977). Some groups, like KOSMA, solve this
problem by holding each mixer by the horn with a precision machined reference plate. We
were not able to do this since the Potter horns used for the PoleStar mixers were too frag-
ile. Thismakesit virtually impossible to co-align al 4 mixer beams. The Mylar diplexer is
not sensitive to mixer squint, and adds very littleloss aslong asthe Mylar thicknessis kept

small.

2.2.2 JPL Loca Oscillator

The first magjor upgrade to PoleStar was the replacement of the LO chain with whis-
ker contacted multipliers with a state-of-the-art planar diode LO chain with 100 GHz
power amplifiers before thefirst doubler. This LO chain uses multipliers developed for the
Herschel HIFI project, designed and built jointly by JPL and UMass (Mehdi et al. 2003).
The sourceis a 100 GHz Gunn Oscillator from J. Carlstrom. Thisis followed by two 100
GHz power amplifiersin series, then a 200 GHz doubler, a 400 GHz doubler and an 800
GHz doubler. The multipliers are self biased and tunerless. Measured power output at the
operational frequency of 807.3 GHz isin excess of 250 uW. After the LO upgrade, it was

possible to saturate al the mixers using only a0.5 mil Mylar beamsplitter. In addition, the
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self-biased tunerless operation makes the system much easier to use for the winter-over

operators. Figure 5 shows the JPL/UMass LO chain installed on PoleStar.

2.2.3 Pole Star Front-End Design

2.2.3.1 Cryostat

The Pole STAR cryostat (Figure 6) was constructed by Precision Cryogenicsand is
based on the successful Caltech Submillimeter Observatory (CSO) hybrid design. It usesa
CTI model 350 coldhead to cool the outer and inner radiation shieldsto ~77 and ~12 K,
respectively and a4 liter liquid helium can to maintain the mixers at their operating tem-
perature. This same basic design is used for all AST/RO and CSO receivers. In the single
pixel AST/RO receivers, 30.5 mm diameter, Teflon coated, crystalline quartz windows are
used at 300 and 77 K. Zitex isused asthe IR filter on the 12 K radiation shield. With a
good vacuum, hold times of ~6 days can be achieved. With Pole STAR, we have 4 such
apertures to contend with in the same cryostat. Furthermore, Teflon coated, crystalline
guartz windows are difficult to obtain and the emerging beams from our close-packed lens
array makes it impossible to fabricate 4 independent vacuum windows. At 77 K, we have
simply substituted an additional layer of Zitex for the 50 mil quartz windows. For the
300K vacuum window, we use a 0.3 in. thick z-cut crystalline quartz vacuum window with
polyethylene anti-reflection coating, and diamond dust coating on the inner surface to
reduce thermal load. While polyethyleneis not as good an anti-reflection coating as Teflon

for crystalline quartz, it is easy to apply, robust and inexpensive. Thiswindow is based on
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the design successfully used on the SPARO polarimeter used on the VIPER telescope also
at the South Pole (Dotson et al. 1998). Thiswindow has virtually no loss at 810 GHz, and
dramatically improved the dewar hold time and vacuum compared to earlier windows.
With all 4 mixers and amplifiers mounted in the cryostat, the measured hold timeis~3
days. The hold time is much better than expected based upon the optimum performance of
the single pixel receivers. This was achieved by doing away with the vent tube normally
used in these cryostats. In the lab we have found that without the vent tube, thefill lineis

LESS likely to ice up, most likely due to the increased back pressure of helium gas.

2.2.3.2 Mixers

The SIS mixers used in PoleStar were made by KOSMA.. Each mixer uses a Potter
horn with acircular to half height rectangular waveguide transition to couple radiation to a
Nb SIS junction. The junctions achieve low noise (~450 - 650K) performance through the
use of an on-substrate Al tuning structure and a fixed waveguide backshort. The mixers
have embedded magnets to suppress the Josephson effect. A four-wire bias system is used
to ensure stable operation of the mixers. Figure 7 shows a SEM image of the junction and
on-chip tuning structure. The inductive stub tunes out the capacitance of the SIS junction
over the entire operating band, eliminating the need for mechanical backshort and E-plane
tuners. Figure 8 is a picture of one of the PoleStar mixers. Each mixer is extremely com-
pact, with asmall, square cross-section allowing easy stacking in recilinear arrays. A

novel magnet probe design with a rear-mounted el ectromagnet spool allows the mixers to
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be packed directly against each other. These mixers are prototype designs for the KOSMA
effort to build mixersfor Herschel HIFI instrument’s band 4. Developments pushed by this
effort promise to reduce mixer noise temperatures to below 300K at 800 GHz in the next

few years.

2.2.3.3 Pole Star |F Processing

Figure 9 provides aglobal schematic of the IF processing in Pole Star. The 1.5 GHz
output of each mixer isamplified ~30 dB by alow-noise, 1-2 GHz amplifier mounted to
the cryostat’s 12 K radiation shield (Figure 6). The amplifiers are balanced and have a
Lange coupler on their input, effectively eliminating the need for an isolator (Kooi 1998).
Each signal is then amplified an additional 35 dB by room temperature Miteq amplifiers
mounted on the dewar frame. After passing through a 3.6m cable run the array I1Fs enter a
4-channel total power box. The total power box provides 60 db more amplification and
contains a bandpass filter and crystal detector that permits the total power of each receiver
channel to be measured either manually or under computer control. Once through the total
power box, the 4 IFs enter an up/downconverter box which trandates the 1.5 GHz IFsto
14.5 GHz and then down to 2.075 GHz, the center frequency required by the array

Acousto-Optical Spectrometer (aAOS) (see the next section).
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2.2.3.4 Pole Star Array ®S

The Array A0S (aA0S) lilt by KOSMA provides four independent spectrometer
channelseachwith ~1 MHz of spectraresolutionoveral GHz bandwidth At 810GHz,
these numbers translate to 0.37 and 370 km/s regplgctt uses a single lasex 4-chan-
nel, lithium niobateBraggcell, anda customCCD to achieve its performancearameters.

The aAOS has been successfully tested on the IRAM 30m and CSO. This spectrometer
also benefits from &SMA's contrilution to the Herschel HIFI instrument, through their
contractto provide amulti-channebkpectrometesystentor theinstrumeniSchiedesetal.

2003).

2.2.3.5Pole Star Bias Control Harcse

The SIS junctions, the electromagnets used to suppress quantum-generated mix
noise, and the Lw Noise Amplifiers (LMs) all require noise-free, accurate electrical
biasingfor reliableoperation On single-piel recevers,providing theappropriateviasing
voltages and currents is handled adequately byithgal boxes with manual potentiome-
ters and LCD panels on the frontitiMthe adent of array recgers, havever, the sheer
numberof boxesrequiredmakesthiskind of controlimpractical.ThePoleStabiassystem
uses praen circuit design used on single @lixecevers at AST/® and the Heinrich
Hertz Telescope. W replace the manual potentiometers in these designs with a Xicor dig-
ital potentiometerand package 4 channels of bias on a single Euro 96 card. These modu-

lar 4 channel cards can be plugged into a backplane in a 19” equipment radkgallo
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easy extensibility. All digital communications with the bias system are done through a bi-

directional optically isolated connection with the control computer. The 12C bus used for
digital communications has a separate clock line. The digital lines, including the clock, are
only active when changing a bias setting. The voltages and currents for the SIS junctions,
magnets and amplifiers, the total power from the 4 channel total power box and the cry-
ostat temperature information are read through a A/D card in the control computer. Sig-
nals from the bias system are multiplexed with Burr-Brown analog multiplexers, and read
through a single BNC output. This design eliminates any clocks or digital signalsin the
bias rack except when changing to anew bias value. A block diagram of our bias control
system is shown in Figure 10. This design can support up to 16-channels with no modifi-
cations, and is extensible to over 100 channelsin its current configuration using asingle

control compulter.

2.2.3.6 Software

The philosophy of compactness and flexibility, seen in the design of the computer

controlled bias electronics, carriesinto the software design aswell. The 12C s gnals
needed by the electronics is generated at the parallel port of an otherwise normal rack
mounted PC running the Linux operating system. The excellent documentation of system
internals, tight use of system resources, remote accessibility via X-Windows, and free
compilers and programming tools make Linux an excellent choice for this design. An

Intelligent Instrumentation PCI-20428W multi-purpose Data Acquisition (DAQ) card is
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used for non-12C control of the instrument. The array software is highly modular and the
source code, written in C and supplemented by Perl CGlI is nearly independent of the hard-
ware. The actual graphical user interface takes advantage of the open source, popular and
highly capable GTK+ X-Windows toolkit. All bias control functions can be accessed
remotely. The mixer bias control window is shown in Figure 11. The current Pole Star PC
ispowered by a75 MHz AMD K5 processor, comparable to a 75 MHz Pentium, with only

32 MB of RAM.

2.3 Recaver Performance M easurements

2.3.1 Noise and stability measurements

Figure 12 showsthe LO pumped IV curves of each of the three mixers currently
functioning as of summer 2003, together with IF power sweeps. The fourth mixer has
developed a super short and will be replaced during the Austral summer of 2003-2004.
Thered curve showsthe | F power output when aHOT (290K) load is placed in front of the
receiver. The blue curve shows the response with a COLD (77K) load After two seasons of
upgrades, PoleStar is now working with noise temperatures close to those measured in the
lab at Cologne with an optimized test receiver. After the installation of the new LO system
with Mylar diplexer, the crystalline quartz window and properly leveling input power to
both the total power box, up/down converter and aAOS, mixer noise temperatures are
between 625K and 640K. Even with three pixels, the receiver isalmost 15 times faster for

mapping than WANDA, the single pixel 810 GHz facility receiver. Receiver stability mea-
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surements on Pole STAR were made by monitoring the | F output power of two of the
receivers over ~1000 sec. The IF power variation was about 1 part in 1000 over this

period.

2.3.2 Beam pattern measurements

A computer controlled antenna test range was constructed to measure the 4 Pole
STAR beams. We used aliquid nitrogen load with a 10 mm aperture as the signal source.
The signal was chopped and synchronously detected using alock-in amplifier connected
to the receivers total power output. Maps of the 4-beams and their relative placement are
shown in Figure 13. To within the measurement errors the beams have the right size and
shape. One beam (from Mixer 3) had a small squint angle compared to the others. On

warm-up, the horn on this mixer was found to be out of alignment and was readjusted.

2.3.3 First Light on AST/RO

Pole STAR was installed on AST/RO during a three week period from mid Novem-
ber to early December 2000. Figure 14 shows the First Light spectra obtained toward
NGC 6334. Two CO J=7-6 and [CI] 3P2 lines were observed. Figure 15 shows spectra

taken with PoleSTAR in its latest configuration, with al upgrades. Spectrafrom the three
functioning mixers are shown, also towards NGC 6334. The instrument has been at the

South Pole continuously since the Austral summer of 2000.
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2.4 LessonsLearned

In the process of building, deploying and operating PoleSTAR, we have learned sev-
eral lessons that we can apply to all our future designs of heterodyne array receivers. Sev-
eral componentsin theinitial PoleSTAR design did not work as expected, and advancesin

technology have allowed us to improve receiver performance and reliability.

2.4.1 Local Oscillator and LO Injection Optics

Initially, one of the most pressing problems in developing an array for high fre-
guency operation was the difficulty of obtaining LO power. At the time PoleSTAR was
deployed, our LO source produced only 40 uW of power. Thisforced ustouseaMPI LO
diplexer since we could not afford to waste any L O power. While theoretically capable of
delivering 100% of both the LO and sky power, small optical misalignments destroy their
performance. While other solutions exist, especially for afixed tuned receiver (Silicon eta-
lons, meandering waveguide feeds), advancementsin L O technology made this problem
moot. We have benefited from the enormous devel opment effort created by work for the
Herschel HIFI instrument, which has increased available LO power by almost an order of
magnitude since PoleSTAR was deployed (See Section 2.2.2). The new, more powerful
LOiseasier to align and use, is more robust, and the optics simplifications allowed for an

improvement of more than 500K in receiver noise temperature.
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2.4.2 Vacuum Windows

PoleSTAR aso went through three iterations of vacuum windows before we found
one with suitable performance. Anti-reflection coated crystalline (z-cut) quartz has the
lowest loss of any material suitable for large diameter vacuum windows. Optimally, Teflon
isused for the AR coating becauseits dielectric constant is the closest to the square root of
the quartz. At the time of deployment, no company we could find would coat a vacuum
window with Teflon. We decided to make awindow out of high density polyethylene
(HDPE), 0.5 in thick with pockets milled out for each beam. A solid window would have
unacceptable loss at 810 GHz. By milling pockets leaving a membrane of 2A thickness
behind, the window spanned the 4 in. window aperture, with acceptable loss. While this
window did work, it added ~200K to the receiver noise temperature and was subject to
cracking. We next tried a window made from ZoteFoam PPA-30 nitrogen blown Teflon
foam. This low dielectric constant material holds a vacuum, and has very low loss at 350
GHz. No measurements existed at 810 GHz, but the resulting window was very inexpen-
sive and more robust than the HDPE window. We found the loss to be less, but this win-
dow still added ~150K to the receiver noise temperature. As shown in Figure 16, the loss
of adlab of ZoteFoam risesrapidly above 400 GHz, possibly due to scattering off the foam
cells. We finally chose a z-cut crystalline quartz window with polyethylene AR coating as
discussed in section 2.2.3.1. This vacuum window cost over $3000 US, but is the only

solution that offers good performance at 800 GHz over a4 in. cryostat window aperture.
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2.5 Summary

We have constructed a 2x2, 810 GHz array receiver for the AST/RO telescope. The
array utilizes acommon set of re-imaging optics, an efficient 4-way quasi-optical LO
power splitter, a solid-state LO, low noise mixers, aflexible computer controlled bias sys-
tem, and an array AOS. A state-of-the-art planar, tunerless LO chain with W-band power
amplifiers can easily pump all the mixerswith only a0.5 mil Mylar LO diplexer. Upgrades
and repairs have reduced the receiver noise temperatures to between 625K and 640K per
mixer, making the system ~15 times faster for mapping than the previous 810 GHz system

on the AST/RO telescope.
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Figure 1. A map and spectra of NGC 6334.
This map was taken from the South Pole with areceiver built by
SORAL. Superimposed on the map is the 2x2 beam footprint of

PoleStar. The spectrum is of [CI] 3P2 and CO(7-6) observed simul-
taneously with one line in each sideband.
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Figure 2: PoleStar in the lab during front-end testing.
All system electronics fit into a single transportable equipment rack. A He-
Ne laser is mounted on the optics plate here for optics alignment.
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PoleStar Array Optics
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Figure 3: A optical diagram of the Pol eStar re-imaging optics.

All AST/RO receivers must re-image the focal plane to allow easy
switching between the 4 receivers on the palate. MPI LO diplexer
was later replaced with a Mylar beamsplitter.
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Figure 4: The PoleStar LO power splitter module.
Two quartz plates and two mirrors split the single LO
beam into a4 beam array. Since PoleStar is fixed-
tuned, this solution is simple and effective.
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Figure 5: The JPL/UMass L O chain added to PoleStar.

Thiswas added during the Austral summer of 2001. This chain puts out 0.25
mW at 807.3 GHz, enough to saturate all the mixerswith a 0.5 mil thick
Mylar LO diplexer. This LO chain is based on Herschel HIFI technology,
using planar tunerless multipliers and 100 GHz power amplifier modules.
Figure courtesy Craig Kulesa.
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Figure 6: Theinside of the PoleStar cryostat.

The 4 L-band Low-Noise IF amplifiers are mounted on the 15K radiation
shield, and the mixers, lenses and bias tees are mounted on the 4K work-
ing surface. Figure courtesy Craig Kulesa.
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Figure 7: A SEM image of the SIS junction and on-chip tuning structure.

The junction and tuning structure are fabricated at the center of a bowtie
antenna and cross-guide choke structure on a quartz substrate. Figure courtesy
Karl Jacobs.
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Figure 8: An image of a PoleStar mixer.

Unlike the SORAL designed mixer in DesertStar, the KOSMA mixers use
separate bias tees to decrease the size of the mixer. With the separate cut-
away horn, it is possible to inspect the junction and IF wire bond without
removing the horn. Figure courtesy Karl Jacobs.
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Figure 9: A block diagram of the PoleStar IF chain.

The box has a switch array to allow a single TP detector to monitor all 4 IF
channels. A SAO built up/down converter trandates the L-Band IF to the 1.1-
2.1 GHz AOS input band.
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Figure 10: A block diagram of the PoleStar bias electronics system.
All digital signals areisolated from the bias el ectronics during operation.
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8§10 GHz Array Control Seftware, Version 1.00, 20 September 2000
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Figure 11: A screenshot of the PoleStar software interface.
The receiver can be controlled from the receiver room, or from a remote ter-
minal. The software also writes a status webpage for remote performance

monitoring.
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Figure 12: Post-upgrade 1V and total power curves.
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4 Channel Beam Map

X (cm)

Figure 13: A beam map of the PoleStar beams.
These beam patterns were measured with the SORAL antenna
test range. 3 of the 4 beams are in the proper location, and are

theright size. The 4™ peam was measured to be off, but was
later corrected at the telescope by adjusting the mixer feedhorn.
Figure courtesy Craig Kulesa.
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Figure 14: PoleStar first light spectra of NGC6334.
These data were taken during the Austral Summer of 2000. While the weather condi-
tions were not optimal during this observation (Tg1g gn,~2.0), the receiver still did

detect both [CI] 3P, and CO.
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Figure 15: PoleStar spectra after upgrades.

Both [CI] and CO(7-6) are visiblein al three spectra, taken during the Austral sum-
mer of 2002 toward NGC6334. Since no measurement of beam precession had been
done, pointing is not known well for this observation. Figure courtesy Craig Kulesa.
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3. DESERT STAR: A 7 PIXEL 345 GHZ HETERODY NE ARRAY
RECEIVER FOR THE HEINRICH HERTZ TELESCOPE

3.1 Introduction

While the standard for heterodyne receivers at millimeter and submillimeter-wave
telescopes around the world is still asingle pixel, many multibeam receivers are currently
in use (BEARS (Sunada et al. 2000), CHAMP (Gusten 2000), SMART (Graf 2000), Pole-
Star (Groppi et a. 2000) & HERA (Schuster et al. 2000)) and being developed (HARP-B
(Dent 2000)). Given that ~55% of the time available at the HHT is suitable for 345 GHz
observations, we have concentrated our array development for this atmospheric window.
Array receivers can dramatically increase the speed of mapping, making difficult projects
easier and bringing impossible projects into reach. SCUBA and SHARC revolutionized
submillimeter continuum observing. Heterodyne arrays have the same promise for high
resolution spectroscopy. Heterodyne focal plane arrays with modern, tunerless mixers can
increase observing efficiency in imaging mode by more than an order of magnitude over
the previous generation of single pixel receivers with tuners. DesertStar will increase
imaging speed at the HHT by afactor of ~15 compared to the current MPIfR dual polar-
ization 345 GHz receiver. For many projects, like the proposed HHT Galactic plane CO
survey lead by John Bieging, thisis enabling technology. Heterodyne arrays make the
most efficient use of good weather, increasing the observing efficiency of telescopes even

at sites with weather that is not optimal.
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3.2 Mapping Speed

While it seems oldous that an array rea@r will be faster than a single mk
recever, the answer to the question is not straighteodyv\What is bettea fully opti-
mized, dual polarization single @krecever or an array?d¥ the mapping speed aafv
tage of a small, single polarization array to be realized, the performance of eddh pix
the array must beevy close to the performance of an optimized singlelpipstrument
(this holds for array sizes of ~10 pig or less). The ~60K rewer noise temperature of
DesertSAR will result in ~15 timesdster mapping of Ige areas than the dual polariza-
tion 345 GHz receer currently in use on the HHCompared to a fully optimized, dual
polarization, single sideband reasi with a state of- the-art noise temperature, Desert-
STAR should be ~4 timesster Combined with the On-The-Fly mapping technique, we
expect to increase observing throughput bgcdr of ~100 compared to traditional posi-
tion-switched maps made with a singlegdirecever. When ' F mode is used for both
recevers, with the same number ofoper rav, and with map sizes significantly dgar

than the array size of 108", thaig in speed is simply

timearray — npixels Hsys,single%?
timegingle Npol EIl%sys,arrayﬂ

wherenyg is thenumberof polarizationsn the singlepixel recever. This simpleformula
doesnottake into accounsinglesidebandperationwhich canincrease¢hecompleity of
the calculationsignificantly Gainsfrom SingleSideBand(SSB)operationdependnthe

losses in the SSB filtethe temperature of the filter and sideband dump, and the atmo-
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spheric quality at the time of observation. Notesin the ALMA memos series show that a
lossless SSB filter with a4K dump can improve the system temperature of areceiver by
20%-30%, but if the filter has appreciable loss, these advantages are quickly lessened
(Jewell et al. 1997, Thompson et al. 1997, Lamb 2001). While we have designed a Martin-
Pupplet single sideband filter with 40K optics and a4K dump, we have chosen to omit it
initially in favor of increased simplicity. Table 2 summarizes the On-The-Fly mapping
speed performance of the facility MPIfR dual polarization receiver currently at the HHT,
DesertStar, and the expected performance of the dual polarization 345 GHz channel of the

HHT multifrequency system, now in development.

3.3 Atmospheric Conditions

With al the effort put into the devel opment and construction of an array receiver, it
should be used as much as possible. With thisin mind, we chose the 345 GHz atmospheric
window. This window exhibits ~75% transparency from 310-380 GHz, and offers a huge
number of astrophysically important lines, as shown in Figure 17. A spectral survey by
Groesbeck shows hundreds of linesin the tuning range, ranging from ssimple CO to
extremely complicated organic molecules. Figure 18 shows a composite spectrum over the
entire 345 GHz window (Groesbeck 1995). Hundreds of molecular lines are evident, and
are useful in many areas of astronomy, from astrochemistry to the study of the ISM in
external galaxies. In addition, weather at the HHT isfriendly to 345 GHz observations.

Figure 19 shows the cumulative atmospheric opacity distribution for the 1999 observing
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season, measured by a 225 GHz tipping radiometer mounted on theutidhiigathree
timesperhour Thepercentagef time peryearwith 15,5 GHz<0.15is ~55%,comparable
with other sub-mm telescope sites, especially considering the HHT caneoBddmaurs
per day while the Caltech Submillimeter Obsatory and James Clerk Maxwek[€-

scope cannot obsenduring daylight hours.

3.4 Instrument Description

3.4.1 Overvien

DesertSAR was designed for use asazifity instrument for the Heinrich Hertz
Telescopelocatedat10,500ft. on Mt. Grahamin southeasterArizona.Thetelescopés a
10m Cassgrain design with Carbon Fiber Reinforced Plastic (CFRP) primary reflector
panels and backup structure. The quadrupod and the subreflector are als®l&-RP
CFRP construction pwades \ery good stiiness, plus the temperature stability necessary
to operate 24 hours per day (Baars et al. 1999). Thacguof the main reflector has an
RMS roughness of ~1i3m, measured with holographrhe HHT is currently the most
accurate lage radio telescope irxistence. Desert®R will be mounted on the right
Nasmyth platform, bolted directly to the telescope flange. F2iie a photograph of
DesertSAR on the right Nasmyth flange of the HHT during an engineering run in June,
2003. The flange opening itself limits the maximum number @lgix\ith the 2R spac-
ing of the piels in DesertSAR, the outer beams clear the flange at tde8el. The

beams on the gkas shwn in Figure21, are 22" FWHM, with 44” centdp-center spac-
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ing, arranged in a close packed hexagonal arrangement. This configuration maximizes the
number of beams through the telescope flange on the HHT, while still preserving ~20 dB

isolation between pixels.

DesertSTAR uses fixed-backshort Superconductor-Insulator-Superconductor (SIS)
mixers with a broadband waveguide probe. | nstantaneous bandwidths of 2 GHz can be
achieved over the entire 345 GHz atmospheric window. A cryostat with a Joule-Thompson
(JT) mechanical refrigerator allows continuous operation and 1.8W of cooling capacity at
4K, and provides the needed temperature stability for low-noise operation. Local Oscilla-
tor (LO) distribution is accomplished with anovel phase grating that yields high efficiency
and power uniformity in ahexagonally symmetric geometry. The computer controlled bias
system is an evolution of aproven design that is simple, portable to any computer plat-
form, and readily extensibleto over 100 channels. It provides bias control of the mixers, IF
amplifiers and magnets as well as monitoring of temperature and vacuum. It can be oper-
ated from any X-windows capable machine and writes an instrument status web page visi-
ble with any web browser. The 2 GHz Intermediate Frequency (IF) bandwidth allows the
future addition of awideband backend optimized for extragal actic observations, with

~1700 km/s of velocity coverage.
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3.4.2 Optics

Giventhatanarrayreceveris alreadyavery complicatedsystemwe choseto make
theopticsof DesertSAR assimpleaspossible Experiencewith the PoleSAR 810GHz
arrayatthe AST/RO telescopenthe SouthPolehasshavn thatin practice complex opti-
cal circuits are dffcult to implement in practice with array reeeis. An gample is the
Martin-Puppletinterferometerwhich canbeusedasa quasi-optical O diplexer or single
sideband filterEven a 0.5 dgree misalignment of a beam proptigg through the inter-
ferometer will cause a 3 dB loss in couplingtMan array architecture based on vndh
ual mixers mounted in the focal plane, it isfidifilt to control the beam boresight to the
required tolerances. Other arraysel@HAMP (Gusten 2000) and SMARGraf 2000)
have gonethroughgreatpainsto ensurealignmentof opticalcomponentandmixers.We
have choserto eliminateall opticsfrom the systemthatrequireextremelytight tolerances
on mixer beamboresightandminimizethe numberof lensesandmirrors. Thebeamfrom
each diagonal horn is matched to the telescope with separate High DensityyRaigeth
(HDPE) lens mounted directly to the nanhousing, decreasing the chances ofemix
squint due to horn-lens misalignment. The beams then reffecsbfgle, cold 45° flat
mirror and directly illuminate the flat tertiary of the telescope. Most designs useed curv
mirror to cross the beanubdle at the location of theeuum windw to minimize win-
dow sizeandthenuseanothercurved mirror to parallelizeexpandingbeamsWe choseto
keep the beams parallel throughout at the cost of increasedm windw size. A ngv

material, ZoteBam PR-30, made it possible to construct a 4.5 in. clear aperageum
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window with extremely low loss and good vacuum properties. ZoteFoam PPA-30isa
closed-cell polyethylene foam blown with dry nitrogen gas. A 1” thick window 8’ in
diameter (1.75" glue surface, 4.5” clear aperture) is sufficient to hold vacuum with no
other materials present, with acceptable deflection under vacuum, and no noticeable
helium permeability or outgassing problems. Figure 16 shows a measurement of the loss
of al” thick slab of ZoteFoam PPA-30 as measured by Jacob Kooi at the Caltech Submil-
limeter Observatory. While lossis significant at high frequencies, the performance from
300-400 GHz is quite good. The transmission of the DesertStar window is 96%-98% from
300-400 GHz, adding noise of ~10K. Thisis about twice the added noise of a 0.5 mil
Mylar window or a Polyethylene coated crystalline quartz window. Zotefoam was chosen
asthe best option, since Mylar cannot span awindow opening that large, and a quartz win-
dow would cost more than $8000. It has been in use as awindow material in an instrument
at the South Pole (AKBAR) for over two years with no reliability problems (Kuo et al.

2002).

3.4.3 Loca Oscillator

Local oscillator power delivery is another difficult problem for array receivers. LO
power must be efficiently and equally divided into each pixel. While many waveguide
techniques are available, they are complicated, difficult to implement and lossy at high fre-
guencies. Quasi-optical techniques can aso be lossy and complicated, with difficult align-

ment issues. Recent work by the Cologne and MPIfR groups in Germany have lead to the
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development of both transmissive and reflective phase gratings that form multiple LO
beams from a single input beam through diffraction. Our LO distribution system uses a
novel reflective grating design from the University of Cologne (Heyminck et al. 1998).
This design creates a 7 beam array with hexagonal symmetry with 80% efficiency and is
superimposed on a parabolic mirror. This optic then acts as a collimating mirror for the
L O beam, and also forms the 7 beam array. The phase grating has an operational band-
width of ~10% centered on 345 GHz. A simple Mylar beamsplitter acts asthe LO
diplexer. Figure 22 is a cutaway CAD drawing of the LO optics and receiver optics.
Figure 23 shows the measured beam pattern of the LO phase grating at 345 GHz, with
insets at other frequencies. This measurement was made at the University of Cologne by

Urs Graf with afacility 350 GHz receiver system.

3.4.4 Cryogenics

DesertSTAR was designed to allow for cooled optics and have room for a second
sub-array. To achieve these goals, we designed a cryostat, with a28” cold plate, alarge 4K
volume for cold optics, and alarge 4K cooling capacity. The cryocooler is based on the
proven NRAO JT refrigerator, used for the facility receivers at the NRAO 12m telescope.
The unit has a 180W capacity at 77K, a 1.8W capacity at 4K, a 20K helium precool er
stage and a self-cleaning JT expansion valve. The refrigerator is mated to a commercial
Balzers cold head, and driven by a custom NRAO compressor. Cooldown tests show stable

4K operation is achieved in ~13 hours. In addition, we have used aresistive heater on the



4K cold plate to measure a cooling capacity of 1.44W (Figure 24). This measurement was
made with full infrared (IR) loading on the cold plate. Cal cul ations show that the total heat
load including amps and infrared loading is 0.9W. The IR heat load is dumped to the 77K
shield with a Gore-Tex GR IR filter. Figure 25 shows an image of the receiver’s JT refrig-
erator outside the cryostat during service. Since cryogenic testing began in 2000, we have
experienced no failures of the cryogenic system. Table 3 summarizes typical operating

temperatures for avariety of pointsin the receiver.

3.45 Mixersand Cold Electronics

DesertSTAR uses 7 independent single ended mixers, each mounted together with a
HDPE lens, isolator and amplifier in a modular rocket, which is cooled by the JT refriger-
ator viaacold finger. The mixers were designed in collaboration with Gopal Narayanan at
the University of Massachusetts and Jacob Kooi at Caltech. The mixers were machined at
UMass, and the SIS junctions fabricated at the University of Virginiaby Art Lichten-
berger.The simple, single ended waveguide design uses a diagonal feedhorn to couple the
telescope beam through a multi section impedance transformer to half height waveguide.
The waveguide backshort is fixed and there is no E-plane tuner. The cross-guide probe
uses the proven suspended stripline design of Blundell & Tong (Blundell et al. 1995). The
Nb SIS junctions were designed with an on-chip tuning structure for low return loss across
the atmospheric window, permitting a fixed backshort. High Frequency Structure Simula-

tor (HFSS) simulations of the junction return loss assuming a 40-j20 Q waveguide embed-
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ding impedance are shown in Figure 26. Junction performance was also simulated using
the embedding impedance determined from scale model measurements, with similar qual-
itative performance. The optimum backshort position was a so determined via HFSS mod-
eling. The diagonal horn was chosen since it could be readily made with the UMass micro
milling machine. While their coupling to the fundamental Gaussian mode is less than a
scalar corrugated horn, diagonal horns still provide adequate broadband performance at a
fraction of the cost (Johansson et al. 1992). Figure 27 shows an Agilent HFSS simulation
of the diagonal horn. The beam pattern is gaussian, but the diagonal horn has about 14%
crosspolarization, lowering it’s efficiency when used in combination with alinearly polar-
ized input signal. A 4-wire bias tee is mounted in the mixer block, and monitors junction
voltage and current with a precision current-sense resistor. Figure 28 isaAgilent ADS
simulation of the performance of the IF matching network. The plot shows return |oss,
insertion loss, and leakage out the bias terminals. Return loss is better than -20 dB from 4-
6 GHz and leakage is less than -40 dB. Insertion loss is afraction of adB. The mixer pro-
duces a4-6 GHz IF, and is connected via a Pamtech cryogenic ferrite isolator to a Miteq 4-
6 GHz cryogenic low noise amplifier (LNA). Losses of the bias tee and isolator are less
than 1.5dB from 4-6 GHz, as measured via vector network analyzer. The Miteg amplifiers
have 27 dB gain, less than 1 dB passband ripple, 30 mW power dissipation and a measured
noise temperature of 7K at 4K operating temperature. The amplifiersrequire only asingle,
unipolar 0.6V bias, greatly simplifying the wiring and bias supplies. A simple supercon-
ducting coil electromagnet provides the necessary magnetic flux to minimize Josephson

noise with soft iron field concentrators embedded in the mixer block. Figure 29 is a close-
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up photograph of a prototype mixer, showing the diagonal horn, waveguide and junction

channel. Figure 30 shows the mixer array inside the cryostat with 3 mixersinstalled.

3.4.6 DC Electronics

Array receivers present a new challenge to the DC bias el ectronics necessary to pro-
vide power to the SIS junctions, magnets and LNAS. Simple boxes with manual controls
are far too cumbersome to implement with alarge number of pixels. To solve this prob-
lem, we have developed a computer controlled bias system. The electronics are based on

the design used with single pixel receivers at the HHT, but replace manual potentiometers

with digital potentiometers that communicate via the Philips 1°C bus. Each bias card con-
tains 4 channels of electronics. The DesertSTAR system uses two SIS bias cards. The

LNA and magnet bias system each use 4 cards. Two analog multiplexer cards select moni-

tor signals. Both the 12C input from the control computer and the DC monitor voltage out-
puts are optically isolated, eliminating any electrical connection between the bias rack and
computer. A simple data-10 card in the computer digitizes the monitor signals. The Linux
control computer runs a graphical interface written in C/GTK+, which provides a user-
friendly interface to the bias parameters. Cryogenic, vacuum and L O status are also avail-
able on-screen. The X-windows interface allows the receiver to be optimized from any X-
windows capable machine, which will allow the instrument builders to diagnose and fix

tuning problems remotely. The software has been written in a hardware independent man-
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ner, allowing easy hardware changes with a minimum of new code development.

Figure 31 is a screenshot of the DesertStar software interface.

3.4.7 Backends

The HHT is currently upgrading the telescope control system and backend electron-
icsfor al receivers. Asapart of thiseffort, amodern, flexible filterbank spectrometer with
a 2x1 GHz bandwidth and 1 MHz resolution is being constructed. The |F processor for
this backend can support 8x256 MHz | F sub-bands for use with DesertSTAR. This band-
width and velocity resolution is adequate for alarge variety galactic astronomy projects.
The filterbank should provide extremely high stability without the platforming problems
often associated with hybrid correlators. In the future, we hope to obtain a7x2 GHz digital
autocorrelator. Thiswill allow extragalactic observing with the full 2 GHz IF bandwidth
of DesertSTAR with 8 MHz resolution. The flexibility of the correlator also allows for
widely variable resolution via an adjustable system clock. During the fall 2003 season, we
will operate the receiver in three pixel mode using the existing facility acousto-optical
spectrometers and chirp transform spectrometers. The existing |F processor system for the
new HHT multifrequency receiver will be modified to accept three simultaneous 4.6 GHz

|F channels.
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3.5 Receaiver Performance

3.5.1 Preliminary Results

Initial tests of asingle array mixer/IF chain have been conducted in an IR Laborato-
ries LN,/*He cryostat. The test system uses a 0.5 mil Mylar LO diplexer, a 1.0 mil Mylar

cryostat vacuum window, and asingle layer of Zitex A for IR filtering. The mixer beamis
launched with an unmatched HDPE lens mounted directly to the mixer housing. The first
prototype mixer has avery long backshort channel, that is then shortened to the proper
length with aluminum shim stock. This allows some adjustability of the backshort posi-
tion. All other mixers were fabricated with a machined, non-adjustable backshort. A room
temperature total power box and a Hewlett-Packard power detector were used for the Y-
factor measurements. The bias control system interrogates the output of this meter to
allow total power vs. bias voltage sweeps. Before mounting a device in the mixer block,
we tested ~20 devices using a dipstick inserted into aliquid helium storage dewar.

Figure 32 showsthe |-V sweeps of 4 representative devices. The noisein the Josephson
region is due to noise pickup in the test setup, and is not a characteristic of the devices
themselves. Of the ~20 devices tested, only 3 were nonfunctional, and the remaining
devices appeared to be virtually identical. The device mounted in the test block was ran-

domly selected from the good devices.
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3.5.1.1 Test Receiver Performance

Figure 33 shows apumped |-V curve of the test mixer, aong with hot and cold total
power curves. The bias system uses the slope of the supercurrent at OV to measure the
contact resistance, and then remove it from the |-V curve. We measured R,~48.5 Q, a
leakage current of ~3 HA and atransition voltage of ~2.3 mV. Optimum bias voltage for
the highest Y-factor was ~1.6 mV. Uncorrected receiver noise temperatures as a function
of LO frequency are plotted in Figure 34. From the waveguide probe simulations shown in
Figure 26, we would expect T, to remain fairly constant from ~300 GHz to ~390 GHz.
Preliminary measurementsindicate receiver temperatures between ~55K and ~65K across
the available band, with fairly flat response, as shown in figure 20. These are uncorrected
noise temperatures, and include the losses of the L O diplexer, window and unmatched
lens, along with noise from the IF chain. At this bias point, we measured total power sta-
bility to be better than 0.5% over 10 minutes. Figure 35 shows the 4-6 GHz |F bandpass
with ahot and cold load. The Y factor is approximately constant across the entire pass-
band. The LO source used in the test was unable to tune below 326 GHz or above 356
GHz, so we could not measure the receiver temperature over the full band of the

waveguide probe.

3.5.2 Instrument Performance Characterization

After characterizing the performance of a single mixer in the test system, we

installed the prototype mixer, and two additional mixers with fixed, machined backshorts
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into the JT cryostat. We repeated the same tests done in the test setup, and found that the
mixers behaved identically, but with receiver noise temperatures of 60-70K. It is not
uncommon for the noise of amixer in an array dewar to be dightly higher than in ahighly
optimized single pixel test system. We believe that losses in the cryostat window material
and IF lossesin thelong runs of semi-rigid coaxial cable are responsiblefor theincreasein
noise temperature. We measured the loss of the window material by inserting a slab of
ZoteFoam in the beam and observing the change in Y-factor. We found that the ZoteFoam

contributed ~5K to the receiver noise temperature.

3.5.2.1 Stability Analysis

We performed an Allan variance stability analysis of the receiver to determine if
microphonics from the large Bal zers cryo-head would negatively effect receiver stability.
We used a Hewlett-Packard power meter, sampled every 50 ms with a data acquisition
card in the computer control system. Data was taken for more than 1.5 hours, and folded
every 5 minutes to lower the noise due to the short integration time. We measured the total
power over the entire 4-6 GHz IF for thistest, and then scale the result to a 100 MHz post-
detection bandwidth, since we did not have a narrow-band 5 GHz center frequency filter

on hand. The data were analyzed following Kooi et al. (2000), with the help of an algo-

rithm from Narayanan (2003). We assume a power law noise spectrum proportional to t2.

Then the Allan time scales like
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Tal B|F2
The results in Figurd6 shav an Allen variance time of ~3s for a 100 MHz bandwidth.

This translates to an Allaraxiance time of ~30s with a 1 MHz post detection bandwidth.

This stability time is adequate for all observing modes at the. HHT

3.5.2.2 Beam Rittern Measurement

Using a computer controlled XY stage system, we measured E and H plane cuts of
the recerer beam pattern. The sourcasa liquid nitrogen cold load behind a sheet of
roomtemperatur@bsorberA smallholein theabsorbercreateda strong,negative source
which could be detected using a lock-in amplifier and room temperature chopper wheel.
The 3cm source size alled adequate sampling of the reegibeam, and pvaded sufi-
cient signal. Seeral scans were co-added and then fit with a 5 compoaassign.

Results sheed the beam to beagssian in shapeubthe beam was more broad and ellip-
tical thanexpected Thehornlensesveredesignedasedipontheanalyticalpredictionof
the horns emegent beam (Johansson et al. 1992)wEler, our later HFSS simulations
shav the actual horn beam to be wider than predicted. Vaeilbumination of the lens
results in a emgent beam 15% too broadeVdre currently redesigning the lens mounts
to compensatéor this effect. Figure37 shavsthe E andH planecut dataaswell asthefit-
ted beam patterns. Note that these patterns are measured afterethiemsies, and are
therefore much narveer than the beam engamt directly from the diagonal horn as

shavn in Figure28.
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3.6 Telescope Performance and Initial Results

In early June, 2003 DesertStar was taken to the HHT for a 6 day engineering run.
The goal wasto identify areas of difficulty in using the receiver on the telescope, and to
perform as many performance tests and verifications of the central mixer as possible.
Overall, the results were good with some minor disappointments. Initial installation and
cooldown were trouble free, but the receiver’s mount proved to be inadequate. The weight
of the receiver caused the mount to deform under load, and it was obvious that the mount
was not rigid enough to prevent the receiver oscillating due to the cold-head cycle. The
mount was reinforced as a stop-gap measure, and we continued to align the receiver to the
telescope. Within two days, we had the central beam of the array on the sky, and had easily
achieved receiver noise temperatures of ~90K. Measurements with alaser level proved the
cryostat was indeed oscillating with a peak to peak amplitude of more than 40.” This oscil-
lation prevented us from making fine pointing or focus measurements. We used spectra
and maps from extended regionsto coarsely point the telescope. On centrally concentrated
sources, peak line temperatures were diluted since the receiver beam was not on-source
for al the integration time. Spectra were obtained from a variety of sourcesincluding
IRAS16293, IRC+10216, DR21, CepA and S140. This data was used to verify the proper
operation of the receiver system. Representative spectra and maps are shown in Figure 38

and Figure 39. We aso measured the telescope’s beam coupling efficiency to the moon,
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Nmoon Calculation of the oo 1S €ssentially identical to the calculation of main beam

efficiency with the assumption that the source size gdar

r]mb:'l'

source

O [lebeam D2 -1
T,0 o050 n@)g
A [1 _ e source

The term in the square braatk goes to 1 with the ab®assumption.

VMoon _VOff
TaU = Tho

Viot _Voff
whereT o is thetemperatur®f theambientoad, V ,oonis thetotal power voltageon the
moon, \pg is the total paver woltage on sk and {4, is the total pwer wltage on the

ambientoad.Assuminga 105K temperaturdor thenensy moon,we calculateda mooneffi-
cieng/ of 78%, which is not an unrealistic number taking into account the error in the
mixer lens illumination. The 40” pointing oscillation due to thevement of the instru-
ment mount pneented us from performing measurements of the main bdanerdy.

Since the engineering run, weveaconstructed a me much stifer instrument mount,

3.7 Summary

We have completedhefirst phaseof constructingandtestinga 345GHz heterodyne
array receier for use on the Heinrich Hertel€scope on Mt. Graham in Arizona. The
instrumenusedixedbackshortsuspendedtripline SISmixerswith 2 GHz IF bandwidth.
Coolingis providedby ahigh capacityclosedcycle refrigeratorin alarge,expandablecry-

ostat. V@ have demonstrated proper operation of the cryogenic system and computer con-



trolled bias system. Preliminary measurements indicate the prototype array mixer can
provide uncorrected receiver noise temperatures of ~60K-70K from 326-356 GHz. Perfor-
mance has been verified in the JT cryostat with 3 mixers, and the instrument has had a
engineering run on the HHT, where it successfully collected data. The instrument will go
into regular operation on the HHT in October 2003 with 3 pixels. The remaining 4 mixers
will be added to the system in the summer of 2004, bringing the array up to its full compli-

ment of 7 pixels. DesertStar is thefirst operational 345 GHz array receiver.



HHT
MPITR 345 DesertStar Multi-
GHz
frequency
Tex 130K 60K 60K
(expected)
Npeams 1 7 1
npo| 2 1 2
Relative 1 16.4 4.7
OTF map (expected)
speed

Table 2: Relative OTF mapping speed for current and future

HHT receivers.

L ocation Temperature
JT Cold 3.8K
Stage
Mixer Plate | 3.9K
1% stage 36K
heat
exchanger
2nd Stage 85K
heat
exchanger
Radiation 42K
shield

Table 3: Typical stable operating
temperatures for DesertStar
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ZENITH - TRANSMISSION OF THE ATMOSPHERE
IN DEPENDENCE OF THE PRECIPITABLE WATER VAPOR
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Figure 17: Submillimeter atmospheric transmission vs. frequency.
The 345 GHz atmospheric window has the highest transmission of any
sub-mm window, especially in marginal westher.
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Figure 18: A spectral line survey of the 345 GHz atmospheric window.

This plot, from Groesbeck, shows the large number of astrophysically impor-
tant linesin this spectral region.
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Figure 19: Cumulative atmospheric opacity at the HHT.
The opacity, measured by atipping radiometer at 225 GHz, isless than 0.15 (the
threshold for effective observing at 350 GHz) about 55% of the time.
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Figure 20: A picture of DesertStar mounted on the HHT.
This photograph was taken during an engineering run in June, 2003.

68



22“

S
SIS

Figure 21: The beam footprint of DesertStar on the HHT.
Each beam is 22" at FWHM with 44" spacing. The 2FA spacing
gives better than 20dB isolation between pixels.
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Grating

~ Tilt Stage

Rotation Stage

Figure 22: A cutaway CAD drawing of DesertStar.

This shows the LO distribution optics, mixer array and internal flat
mirror. Since the beam bundle is not crossed anywhere in the system,
optics complexity is minimized. Figure courtesy Dathon Golish.
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Measured Diffraction Pattarn at 345GHz
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Figure 23: A beam pattern map of the DesertStar L O phase grating.

Pattern measured by Urs Graf at the University of Cologne. At 345 GHz, LO
power is extremely well balanced. The effective bandwidth of the grating is ~10%,
after which LO power is unbalanced by more than 3 dB.



Desert Star JT Lood Copacity
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Figure 24: JT refrigerator temperature as afunction of thermal load.

This measurement was done with full IR loading on the system. The upper
curve isthefirst cooldown, the lower after tightening all fastenersin the cryo-
genic system. Measured load is 1.44W at 4.2 K.
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Figure 25: A photo of the DesertStar JT refrigerator.
The small gold cylinder at the top of the refrigerator is
the helium collection pot.
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345 GHz Suspended Stripline SIS Junction Input Return Loss
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Figure 26: HFSS simulation of the SIS junction input return loss.

The probe offers good performance from 300-390 GHz. The qualitative shape
issimilar using a Supermix simulation of the device impedance. Simulation &
figure by Jacob Kooi.
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Figure 27: Agilent ADS simulation of the DesertStar bias tee.

The top plot shows return loss less than -30 dB across the band, and |eakage out the
bias terminals less than -50 dB across the band. Bottom is the insertion loss, about -
0.1dB.
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Legend

Phi(dhorn345_0)(E)_1
Phi(dhorn345_90)(E)_1

Figure 28: Agilent HFSS simulation of the DesertStar diagonal
feedhorn.

E plane and H plane cuts are shown. The beampattern has side-
lobes of about -30 dB, and is quite gaussian, but has ~10% cross-
polarization. Figure & simulation courtesy Dathon Golish.
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Detector

Waveguide

Figure 29: A close-up picture of a prototype mixer block.
The backshort is machined to the end of the block, and is then filled with alu-
minum shim stock to allow for some adjustability on the prototype mixers.



Figure 30: A photograph of three mixersinstalled in the JT cryostat.
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a 345 GHz Array Control Software
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Figure 31: A screenshot of the DesertStar control software.
The interface alows the user to monitor and modify all receiver parameters

including cryogenic and vacuum data, either at the control computer or from a
remote terminal.
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Figure 32: IV curvesfrom 4 SIS junctions, measured via dipstick.
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The curves areremarkably similar for randomly selected junctions. The current
between 1 and 2 mV is due to noise pickup in the test setup, and is not a char-
acteristic of the devices themselves.



Figure 33: Representative IV and hot/cold total power curves.

81



Temn P w3, Frequency

Figure 34: Receiver noise temperature vs. LO frequency.
Noise temperature is relatively flat from 326-356 GHz, as
expected from simulation.
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Figure 35: Hot/Cold IF bandpasses for Mixer 1.
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Figure 36: An Allan variance plot for mixer 1.
This result has been scaled to 100 MHz post-detection bandwidth from
the measured data taken with a 2 GHz post-detection bandwidth. The

dotted line represents a t2 decrease in noise with time as theoretically
expected.



DesertStar beam scan
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Figure 37: Measured E and H plane beam pattern cuts from the SORAL test range.
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Figure 38: 12CO (3-2) Spectrum of the star forming region DR21.
This observation was made in position switched mode with an off posi-
tion of 30" in azimuth. A linear baseline has been fit and subtracted.
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Figure 39: A 12CO(3-2) integrated intensity map of the DR21 region.
The problems with the mount have smeared out detail in the map, but no
other instrument related artifacts are visible. The map was made with in
position switching mode with t~1.0 at the observing frequency of 345
GHz (LSB).
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4. MILLIMETER AND SUBMILLIMETER SURVEY OF THE RCRA
REGION

4.1 Introduction

R CrA isone of the most nearby active star forming regions, at 126pc (Maraco and
Rydgren 1981). This close proximity alows for high spatial resolution observations, even
with single dish millimeter wave and submillimeter wave telescopes. This cloud is home
to many Herbig Ae/Be and T Tauri stars that have been studied extensively in the near
infrared (Wilking et al. 1997). Recent observations in millimeter wave continuum (Hen-
ning et al 1994) and in molecular lines (Harju et a. 1993, Anderson et al. 1997, 1& 2) have
shown the existence of active, embedded star formation not directly associated with R CrA
or any of the other pre-main sequence stars, but most likely associated with the class |

source IRS7 (Taylor & Storey 1984).

R CrA wasfirst studied in CO by Loren in 1979. Hisfairly low spatial resolution
maps, 2.4’ , showed large amounts of CO peaking at the general location of R CrA, with
high velocity wing emission throughout the map. The wing emission was | ater interpreted
asamolecular outflow by Levreault (1988). His higher spectral and spatial resolution data
revealed alarge bipolar outflow with an extent of over 10'. Levreault also suggested that
two outflows might be responsible for the morphology he observed, and that the embed-

ded source IRS7 might be responsible for the outflow, not R CrA itself.
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In 1985, Wilking et al. used the Kuiper Airborne Observatory to map R CrA in 100
pm and 50 pm continuum emission. The spatia resolution was not adequate to determine
if R CrA or IRS7 was the driving source for the continuum and molecular line emission.
Since these are both thought to be high mass sources that are not deeply embedded, there
isapossibility the sourceis neither of these objects. At both 50 and 100 pm, the emission
was found to be extended, with a flux density of 570 Jy/beam at 100 um. These FIR con-
tinuum observations were supplemented by Henning et all. (1994) when they mapped the
region using the 19 channel 1.3mm facility bolometer array at SEST. This 23" resolution
map spatially resolved the region, and showed that the peak of the FIR emission is not

associated with R CrA, but is much closer to the infrared source IRSY.

In 1993, Harju et a. performed alarge area (40'x10’) survey of the entire R CrA
molecular cloud in C180. They estimated that the entire cloud complex contains more than
120 M of molecular gas. The densest part of this core, centered around IRS7 and R CrA
contains ~60 M g, of molecular gas. Their kinematic analysis showed evidence for rota-
tion around IRS7, and also clearly identified outflow lobesin the area. Follow-up work by

Anderson et al. in 1997 (1997-1) concentrated on the outflow and rotational motions, and

identified alarge molecular disk around IRS7, which shows the kinematic signature of

rotation. This work mapped the region around R CrA in multiple transitions of HCO™ to
trace the dense gas. In this dense gas tracer, the outflow lobes have an extent of 4', but

show no evidence for the multiple outflows suggested by Levreault. Unfortunately, con-
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verting HCO" column densities to H, column densities is uncertain due to the widely

varying abundance of HCO™ throughout the Galaxy (Hogerheijde et a. 2002). HCO™(3-2)
was used to obtain high spatial resolution maps of the central 2'x2’ region centered on R
CrA with the intent of studying the possibility of amolecular disk. The data show an elon-
gated structure, with three peaks to the northwest, southeast and south of IRS7. A dlicein
centroid velocity through IRS7 at a position angle of 135 degrees shows signs of rotation.
Anderson et a. (1997-2) then followed up their previous wirk witih HCO+(4-3) mapping
of the central 2'x2’ around IRS7, providing improved spatial resolution and kinematic
information. The integrated intensity map shows a structure elongated in the N-S direc-

tion, unresolved in the E-W direction, peaking on IRS7. The multi-lobed structure visible

in HCO*(3-2) is not present, which they explain as the effect of self-absorption on the line
profiles. Velocity centroid maps show a strong velocity gradient near IRS7, and adlice

orthogonal to the gradient at a position angle of about 135 degrees revealed the unmistak-
able fingerprint of rotational motion. They fit this rotation curve with a disk+central point

source mode! and derived acentral mass of 0.8 M . Thisresult points towards the conclu-

sion that IRS7 is ayoung, deeply embedded protostar of fairly low mass.

Our work is based on a data set consisting of 2CO(1-0), 13CO(1-0) and C180(1-0)
mapping from the Kitt Peak 12m telescope, CO(4-3) and [Cl] 3P1 mapping from the 1.8m
AST/RO telescope, both at moderate spatial resolution, supplemented by higher spatial

resolution 870 um continuum mapping, and H12CO+(4-3) and H13CO+(4-3) mapping
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from the 10m Heinrich Hertz Telescope. These data trace the mass and kinematics of the
molecular outflow over a10’'x10’ region, and provide several methods of determining the
mass and energetics of the outflow system, and the morphology, kinematics and mass
associated with the molecular disk structure. Combined with the work by previous
authors, we are closing in on building a coherent and consistent picture of the protostarsin

the R CrA molecular core.

4.2 Observations

Observations for this study were performed with a variety of mm-wave and submm-
wave telescopes between April 2001, and April 2003. We have combined 100 square
areminute maps of 0.04-0.06 pc spatial resolution and sub-km/s velocity resolution in var-
ious transitions and isotopes of CO and atomic carbon, with higher resolution mapping of
the central region around IRS7 in CO(3-2) and the high density molecular tracer HCO™ (4-
3) and its isotopic form H3CO*(4-3). Using the queue priority observing mode at the
HHT, we have also obtained afully sampled 10°'x10’, 870 pum continuum map of the
region at 23" resolution. These multi-frequency, multi-transition data give a more com-
plete picture of the active, young and heavily embedded star formation in the R CrA
region than have been available before. A summary of the observationsisgiven in Table 4.
Figure 40 shows spectrain all our transitions at the position of IRS7. The spectrawere
generated by interpolating all the data cubes to the same number of spatial pixels (25x25)

then convolving them to match the 95” beamsize of AST/RO at 460 GHz.
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4.2.1 HCO*(4-3) and CO(3-2) Mapping

In April, 2001 we made fully sampled 120" x80" maps centered on the embedded
infrared source IRS7 in 2CO(3-2), H2CO*(4-3) and H13CO*(4-3), at the HHT. Data
were taken in the On-The-Fly mode with the facility dual polarization 345 GHz receiver
built by the Max-Plank-Institut fur Radioastronomie in Bonn, Germany. Typical system
temperatures at 15 degrees elevation were Tg,~2500K. The beamsize was 23", and the
telescope efficiency was ng~0.7 (for extended sources). RM S noise for the completed
maps was 0.18K, 0.14K and 0.14K respectively. Backends were 62.5 kHz, 250 kHz and 1
MHz resolution filterbank spectrometers. The 250 kHz data was used for this work. Cali-
bration was done with an ambient temperature and liquid nitrogen load, using the Hot-
Sky-Cold method. Baselines were subtracted using alinear fit, and data was gridded and
convolved to a23” beam using the GILDAS software package. Data cubes were then

exported in the FITS format for further processing using the IDL data processing package.

4.2.2 CO(4-3) and [Cl] 3P;-3P, Mapping

CO(4-3) and [CI] 3P,-3P, observations were performed at the 1.8m Antarctic Sub-

millimeter Telescope and Remote Observatory (AST/RO) between November, 2001 and
January, 2002 (Stark et al. 2001). For the remainder of this chapter we will omit the lower

level of the atomic fine structure transition for brevity. Maps were 10'x10’ in size, fully



93

sampled and centered on IRS7. Data were taken with the facility 490/810 GHz receiver,

WANDA, in the position switched mode. Normally, CO(7-6) and [Cl] 3P, are simulta-

neously observed along with CO(4-3) or [Cl] 3P1, but these data were taken in the Austral
summer. While weather conditions were adequate for 460 and 490 GHz observations, the
atmospheric opacity was too high to effectively observe in the 850 GHz atmospheric win-
dow. System temperatures ranged between 1500K and 9000K with typical values of
~4000K. Facility AOS spectrometers with 1 GHz bandwidth and 1 MHz resolution were
used. Calibration was done using the Sky-Cold 1-Cold 2 method using actively cooled
cold loads at 15K and 60K. Efficiency was measured to be ng~0.81, with a beamsize of
95" (Stark et al. 2003). Data were exported with the facility COMB software tool to indi-
vidual FITS spectra. These were then compiled into asingle CLASS format datafile. The
data were then fit with linear baselines and baseline subtracted. Processed data cubes were
then exported in FITS format for further processing with IDL. Typical RMS noise for the

reduced data cubesis 0.19K and 0.20K for CO(4-3) and [CI] respectively. Note that isoto-

pic observations of CO were not made. 3CO(4-3), C¥0(4-3) and C’O(4-3) all occur at
frequencies that are not observable from the ground, as they are al obscured by pressure

broadened atmospheric water lines.

4.2.3 12Cc0o(1-0), 13cO(1-0) and C180O(1-0) Mapping

CO(1-0) observations were performed at the Kitt Peak 12m telescopein April, 2003.

The fully sampled maps are 10'x10’, centered on IRS7. Data were taken with the facility



94

3mm-hi dual polarization, single-sideband receiver in On-The-Fly mode. The MACS
hybrid digital autocorrelation spectrometer was used, with 600 MHz bandwidth and 300
kHz resolution. System temperatures varied between 250K and 1000K. Several OTF maps
per transition were co-added to produce the final data cube. Raw data had linear baseline
fits subtracted, and were gridded and convolved to a 60” beamsize using AIPS software
with the standard OTF reduction toolsincluded with the latest AIPS release. Baseline sub-

tracted and gridded data cubes were then exported viathe FITS format for further process-
ing with IDL. Typical RMS noise levels are 0.08K, 0.01K and 0.03K for °CO, 13CO and

C180 respectively.

4.2.4 870 um Continuum Mapping

870 pm continuum observations were made at the 10m HHT in March, 2003. Maps

were 10'x10" centered on IRS7, and fully sampled. Mapping was done with the facility

19-channel 3He bolometer array used in the On-The-Fly mode. Beamsize was 23", with a

typical efficiency of ny~0.70. Thisisthe identical instrument used by Henning et al. for

their 1300 pm map on SEST, with adifferent bandpassfilter. Data consists of asingle OTF
map made in less than one hour. Weather was exceptional, with the zenith atmospheric
opacity measured at 225GHz of less than 0.05. Opacity at the observation frequency and
azimuth was determined via skydips. Fits to this data show opacity at 343 GHz to be
0.260. Absolute calibration was done using Mars, assuming aflux at 343 GHz of 741.8 Jy,

determined with the GILDAS ASTRO task. Reductions were performed using the GIL-
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DAS NIC package. Scans were despiked, gridded and restored using standard NIC tools.
Reduced and calibrated maps were exported viathe FITS format for further processing
with IDL. RMSnoisein the map is 0.3 Jy/beam, assuming the worst case noise at the edge

of the map.

4.3 Anaysis

4.3.1 Morphology

Our survey concentrates on the central 10x10 arcminutes centered around IRS7.
This encompasses the peak of the sub-mm continuum emission near IRS7, and isalocal

maximum for the molecular gas emission. Since optical depth effects severely effect the
morphology of the 2CO measurements, we use our 870 um continuum map, along with

the optically thin tracers of 3CO(1-0) and C180(1-0) to trace the dust and gas massin the
region. Both the gas and dust show the same qualitative morphol ogy, peaking around
IRS7, with extended emission towards the northwest. The continuum emission is very
strongly peaked around IRS7, with extended emission at flux levels ~10 times lower than
the peak. Emission in optically thin CO isotopes peaks at the same location, but is much
more extended, with a second peak ~200” to the northwest. Emission above the 30 detec-
tion limit extends throughout most of the mapped region, but is generally oriented from
the SE to NW. Features in the CO emission do not tend to correlate with the positions of

the brightest infrared point sources in the region. A map of the central 120"x80” in the
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high density tracer HC@4-3) at 23" spatial resolutionveal the “molecular disk”

detected by Anderson et al. (1997-1). The high denasytigices a structure elatgd in

Dec relatve to RA with an aspect ratio of about 3:1. The continuum data, with the same
spatial resolution, also clearly sk this elongted structure in the centraren of the

map. A hint to the structure is also seen in the CO mapshé lager 60” beamsize of

these data mask the disk. Maps of these data are presented iMiigure

4.3.2 Far Infrared Spectral Engy Distribution

We havre combined our measured flux for the peak of thet8@@mission with
1.3mm data from Henning et al. (1994) and IRAS 1610 60um, 25um and 12um
fluxes from the IRAS point source catalog to produce a FIR SpectrajyEDetribution
(SED) of the R CrA core. The 1.3 mm and &ir® measurements were done VviaFO
mapping with virtually identical beam sizes. The IRAS beam is mugbrg+1007), it
giventhemm andsub-mmemissions stronglypealedatthe centralposition,we estimate
only 10%-20%contaminationmesultsfrom theinclusionof extendedemissionn thelarger
IRAS beam. W consider only the 1g@m and 6Qum fluxes when fitting a single diluted
blackbody to the SED, since theawhorter vavelength bands are kky to contain con-
tamination from hot dust. The SED shape bears this out. Since we are only concerned
with thecold dustassociateavith themmandsub-mmline emissionwe do notattempto
fit asecondblackbodycomponentWefit the FIR spectrakenegy distribution with afunc-

tion of the form:
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F, = QB,(T)(1-¢€ ).
where B,,(T) isthe Planck function, Qqis the source size, and 1, is the dust optical depth

modeled as:
=
0
where 3 isthe spectral index of the grain emissivity and v is the frequency at which the
dust becomes optically thick. Thisis generally assumed correspond to the peak in the FIR
spectrum (Walker et a. 1990). Thefit isanon-linear least squares fit to the flux, varying

the parameters of source size, temperature and spectral index. Figure 42 shows the SED

with our fit to the four lowest frequency points. We determine the fit parametersto be
(28:3.05x10'9 Sr, T=36.4 K and 3=1.66. Formal errorsin thefit are insignificant compared

to the uncertainties involved in the ssmple model for the SED and the later estimates of
dust and gas masses. The temperature and spectral index are comparable to other dust
cores (Walker et al. 1990) but the beam filling factor israther large at 0.31. Thisis
explained by the close proximity of R CrA, only 126 pc. We then measure the FIR [umi-
nosity by integrating under the fit:

L = 31x 10_10D2J’dev
where L isthe luminosity in solar luminosities, D is the distance in pc (126 pc), F, isin

Janskys and v isin GHz. We determine the luminosity to be 21.1 L ), typical for alow

mass, young protostar.
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We can also use these data to estimate the dust and gas massin the core, if the dust is opti-
cally thin. We can estimate the optical dust using the following relation:
-1
1y = F,[QB,(T)]

The dust opacity at 870 um is 0.016, allowing usto follow Hildebrand (1983) to estimate

the dust mass;
2
M. = —FVD ﬂ)
d = Q,By(T) 3
where
_ _ar25umf
QV = 7.5x%x10 DTD

and aand p are the grain radius and density. We assume 0.1 um for aand 3 g cm for the
grain density. Assuming a gas to dust ratio f of 100, we can estimate the molecular hydro-

gen mass and column density.

N, = g 4aef O
Ha — VIBm,,QU

We cal culate aH, mass of 0.6 M g, and aH, column density of 7.3x10%3 cm for the cen-

tral 23" region centered on the peak of the FIR emission. Using the dust opacities of
Draine and Lee (1984) the results are lower by about 30%. Given the large uncertainty in

the gas to dust ratio, and dust properties, these estimates are probably reliable within only



99

afactor of several, but give some clue asto the properties of the dust core, especially when

combined with mass and column density measurements obtained through other methods.

4.3.3 Core Mass and Kinematics viaHCO*(4-3)

Using the higher spatial resolution (23”) 120”x80" H2CO*(4-3) and H13CO(4-3)
maps of the IRS7 region, we have determined the central mass of the FIR emission peak
through LTE estimates of the gas column density and through the kinematic signature of
the rotation of the molecular disk. Anderson et al. (1997-2) determined the central mass
using HCO*(4-3) observations using the kinematic method. This gives four independent
measures of the central mass of the dust core, giving us some confidence in determining

the properties of the central source.

With both H12CO* and H13CO* measurements at the central position, we can esti-

mate the column density of HCO*, and then estimate a column density of H, assuming an

abundance for HCO™. While the abundance of HCO*/H,, can vary by factors of several,
and the assumption of LTE may not be good, this estimate still gives some handle on the
gas mass at the peak of the FIR emission. We will assume the gasisin local thermody-
namic equilibrium, and follow Walker et al (1988). The line shape of H?CO* clearly
shows the effects of self-absorption, so the LTE formalism will overestimate optical depth

and therefore overestimate the column density and mass. Effects of self absorption on the
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optically thick line'sintegrated intensity is unlikely to be more than afactor of two, over-
estimating the mass by afactor of afew. More complicated microtubulent methods can be
used to take the effects of self absorption into account, but many more assumptions are
necessary. We calculate the optical depth from the ratio of the optically thick to optically
thin species:

Il

Ithlck (1 e
lhin  (1-€T)

)

where |y, and Iy, are the integrated intensities of the optically thick and thin species,
respectively, r, is the abundance ratio of the optically thick to thin species, and T isthe
optical depth of the optically thin species. We assume an abundance ratio of 60 for the
abundance of H2CO* to H13CO* (Kulesa 2003). We solve this equation numerically
using a graphical-method root finding algorithm. We then assume the excitation tempera-
ture isthe peak H12CO* line temperature divided by the telescope efficiency of 0.7. This
underestimates the excitation temperature, which partially counters the effect of the over-
estimate in optical depth. It is possible to solve for the excitation temperature, but this
method grossly underestimates the excitation temperature when self absorption is present.
Given the optical depth and excitation temperature, we can then cal culate the column den-

sity of the optically thin species Ny, yin:
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where | isthe lower rotational level, uisthe upper rotational level, U isthe dipole moment
of the molecule and Av is the frequency region over which the integrated intensity is mea-

sured. At the peak of the map, we calculate an excitation temperature of 15K, an optical

depth for H3CO* of 0.04, and a column density of H, of 2.2x10% cm™. Thistranslatesto
agas massin the central beam of 0.5 M ), assuming an abundance ratio of H12CO" to H>

of 10°°.

We can also calculate the central mass using the motion of the gas by making a map
of the centroid of the line velocity calculated over the line core. If bulk rotation is present,
a slice through the source orthogonal to the velocity gradient will result in the kinematic
signature of rotation (arotation curve). We simply measure the amplitude of the positive
and negative velocity peaks, and the projected distance between them assuming a distance
to the source of 126 pc. We then calculate the central mass assuming circular motion
around a point mass, and amassless disk. We also assume the disk isviewed edge-on. This

provides a kinematic lower limit to the enclosed mass.

We calculate the velocity centroid of each map position following Adelson et al.

(1982):
z (VDopp)i (TA)i
ST,

Vv

C
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where Vo, isthe velocity offset from line center and Ty isthe line brightness at the off-

set velocity, indexed by velocity channel i. Theresult isamap of line centroid velocity,
where the line centroid is the velocity at which the integrated intensity redward and
blueward of the centroid velocity is the same. This gives a measure of the kinematics of
the object averaged over the line. We compute the centroid velocity over the range -3.0 to
+2.5 km/s, which encompasses the entire line core at the central position, and averages
over self-absorption effects.The resulting map is shown in Figure 43. We take adlice at a
position angle of 120 degrees, orthogonal to the velocity gradient. The map has been inter-
polated by afactor of 3 in both dimensions. A slice centered on IRS7 was averaged over
three columns to produce the rotation curve. We then assume circular motion around a
point mass to determine an upper limit for the central mass:

V2I'
M. =

cT G
where we define v as the half-amplitude of the rotation curve, and r as half the distance

between peaks in the curve. We determine arotational velocity of 0.47 +/- 0.04 km/s, a

radius of 0.015 +/- 0.001 pc and a derived mass of 0.75 +/- 0.15 M ), assuming a3” point-

ing error, and errors in the velocity centroid according to Narayanan et al. 2000. Thisis

consistent with the result of Anderson et al. of 0.8 M.
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4.3.4 Outflow

In the convolved spectraof Figure 40, it is clear that the optically thick species show

extended wing emission at high velocities. We made outflow maps by calculating the inte-
grated intensity in the line wings for 2CO(1-0), 13CO(1-0), 2CO(4-3) and [CI] 3P,. We
use the convolved spectra to determine the velocity range of the wing material. We use the

maximum observed redshifted and blueshifted emission in all cases to determine the outer

velocity boundaries, and use the maximum and minimum velocity of C120(1-0) asthe

inner boundary. Figure 44 shows the resulting outflow maps, and the location of known
infrared sources in the area. Optical depth effects alter the morphology of the 12CO maps

as compared to the 13CO map. In [CI], only the red outflow lobe is clearly visible.

Over the velocity range -4 to 3 km/s and 8 to 15 km/s, we can use both the 12CO(l—

0) and 13CO(l—O) outflow data to compute the column density of CO asin section 4.3.3.
We can see from Figure 40 that the peak antenna temperature for CO(1-0), CO(3-2) and
CO(4-3) are all similar. This pointsto areasonably thermalized population, so the assump-
tion of LTE is probably valid. In this analysis, we assume the peak line temperature, cor-
rected for efficiency, isthe excitation temperature in the outflow. In addition, the

abundance of CO/H,, while certainly not exactly known, varies |ess across the galaxy than

the HCO*/H,, abundance ratio (Hogerheijde 2002). As s clear from the 2CO(1-0) spec-

trum at the center position, the optical depth to the blue wing is much higher than the red,
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either through foreground obscuration or self-absorption. We find blue wing and red wing

masses of 0.36 M g and 0.29 M ), respectively, assuming an abundance ratio of 12Ccoto

13C0 of 60 and a3CO/H, abundance ratio of 2.5x10°°. We can also calculate a character-

istic age by dividing the extent of the outflow by the maximum observed velocity from line

center, v.. We take 300" as the outflow extent, and 17 km/s as the maximum velocity,

which gives a characteristic age of 10* years. We can also calculate the characteristic val-
ues for the momentum, Mv,, the kinetic energy, 0.5Mv,2, the outflow mechanical lumi-

nosity, KE/Age, and the mass outflow rate, M/Age. Outflow mass and energetics are

summarized in Table 5.

For the 2CO(4-3) map, it isimpossible to use isotopic data and the assumptions of
section 4.3.3 to determine the CO column density and therefore the outflow mass. All the
isotopic forms of CO(4-3) are not observable from the ground because of atmospheric
absorption due to water and molecular oxygen. For this transition, we must assume the
line wings are optically thin to determine outflow mass and energetics. Making this
assumption will underestimate (possibly severely) the massin the outflow. We again
assume the excitation temperature is the peak CO line temperature divided by the tele-

scope efficiency, 0.81 for AST/RO at 460 GHz (Stark et al. 2001). We follow Snell et al.

(1984) to determine the column density of 2CO assuming the emission is optically thin:
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42x107T o [TR(CO)V
Neo = cm
[ hvg
expg =0

We can then translate this to H, column density assuming an abundance ratio of 10 This

gives alower limit to the column density and mass of the outflow. This approach resultsin

masses of about half that as determined by the optically thick estimates for the CO(1-0)
data. Thisisnot surprising, since the 13co optical depth was calculated to be ~0.6, which
translates to a 12CO(1-0) optical depth in excess of 30. We can also apply the same

approach to the 12CO(l-O) data to see the effects of taking optical depth into account.

Masses are calculated to be 0.21 M gy and 0.06 M, for the red and blue wings respec-

tively, assuming a 12CO/H2 abundance ratio of 10™. The value for the red wing is within
30% of the value obtained by the LTE analysis, but the blue wing massis 6 times lower.

Thisisdueto the self absorption effects on the blue wing of the 12CO(l-O) lines. Given the
effects of the LTE analysis, which overestimates optical depth in the case of self-absorp-
tion, and the optically thin assumption which underestimates the optical depth, the two
methods most likely bracket the possible mass and energetics of the outflow system, if the

assumption that the rotational level populations are in LTE is adequate.
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4.4 Discussion

4.4.1 A Possible Class 0 Source Driving the FIR Emission

While our datais consistent with previous work, the sum of the data points toward a
somewhat different conclusion than previous work. Initially, most research assumed the
molecular line and FIR emission in the region was directly associated with R CrA. Work
by Harju et a. and Anderson et al. suggested the embedded class | source IRS7 as the
most likely driving source for this emission. We believe that the source of the molecular
line and cold dust emission is a deeply embedded class 0 source about 10” south of IRS7,

with amass of about 0.5 M ).

Oneinteresting feature of al the datais that the peak of the emission is south of the
location of IRS7 by ~10” in all cases (Figure 41). While thisisless than asingle beam in
offset, the fact that it existsin al the maps, taken at two different telescopes over the
course of two years suggests that it is significant. Kinematic evidence also pointsto a
source farther south. The center of the velocity gradient in the area of IRS7 is south of the
infrared source by approximately 10", as shown in Figure 43. Previous attempts at FIR
continuum mapping (Wilking et a. 1985) and spectral line measurements (L evreault
1988, Loren 1979) did not have adequate spatial resolution to address this question short
of suggesting that R CrA itself was not the source of the FIR continuum or line emission.

Harju et al. (1994) also find that the optically thin CO emission is not exactly centered on
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IRS7, but Anderson et al. (1997 1 and 2) find no offset between IRS7 and the HCO™(3-2)
and (4-3) emission. Henning et al. (1994) mapped the IRS7 region at 22" spatial resolution
in 1.3mm continuum emission, and found the peak of the mm-wave continuum to also be
~10" south of the position of IRS7. The possibility exists that the peak of the mm-wave
and sub-mm wave emission, and the driving source for the molecular outflow(s) in the
region might not be IRS7, but a more deeply embedded source not detected in infrared

surveys as a point source.

Other evidence exists, independent from the astrometric evidence, that points to the
conclusion that driving source of thisemission is not aclass | source, but a class 0 source.
Our mass estimates for the core come from both a kinematic measure (Figure 43) of the
total mass of the protostar and surrounding gas, and the measure of the mass of the gas

alone viameasurement of the FIR continuum flux and measurement of the column density

of HCO". All three of these measurements have considerable uncertainty, but taken

together point towards a deeply embedded source of about 0.5 M g with a gaseous enve-

lope of similar mass. The kinematic measurement from the centroid velocity of HCO™(4-
3) shows avelocity gradient strongly suggestive of rotation. If we interpret this asrotation,
we measure alower limit of the enclosed massin the 0.015 pc radius volume about the

center of the motion as0.75 M. This assumes all the mass is concentrated at the center.

We also estimated the gas mass in the central 22” (about half the distance between velocity

peaks in the velocity gradient) via continuum observations in section 4.3.2. We used the
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continuum flux to compute the expected gas mass, assuming silicate dust in 0.1 pm grains,

and aHildebrand (1983) dust emissivity that varieslike A2, We then assumed agasto dust

ratio of 100 to compute atotal gas mass of 0.6 M g . While this method makes many sim-

ple assumptions, it is probably correct to within afactor of afew.

The measurement of the H, mass via HCO" also gives a similar answer. We used

H12CO" and H13CO* measurements with a 22" beamsize to estimate the column density
of H, (Section 4.3.3). Both the varying abundance of HCO™ to H, and the effects of self
absorption are uncertain. Self-absorption will cause us to overestimate the amount of
HCO" present. In addition, we assumed an abundance ratio of HCO*/H, of 10°°. This
ratio has been shown to be as high as 108 in some regions (Hogerheijde et al. 2002).

Keeping our nominal assumptions, and neglecting the effects of self absorption, we esti-

mate agas mass of 0.5 M . While uncertain, both these measures point to atotal envelope

mass that is on the order of the mass of the central source, given the kinematic estimate of
the total mass of source+envelope. In addition, the somewhat small FIR luminosity of 21

L @ similar to other low mass protostars of about 0.5 Mg (Walker et al. 1990).

4.4.2 Infall

Class 0 protostellar objects usually show the enhanced blue peak signature of infall

motion. As seen in Figure 46, spectra near the center position of the map show this
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enhanced blue peak. In addition, the centreideity map in Figurd3 shavs the “Blue

Bulge” signature of irdll motion deeloped by Narayanan et al. (1998). Thisxgexted
from thespectrahemseles,sinceatthecentralposition,thebluepealedinfall line shape
dominatesver theeffectsof rotation,causinga“Blue Bulge” in the centroidvelocity plot
at the position of the source. North and south of the central position, rotagios be

dominate the kinematics. At about 30” east and west of the source at the edges of the

HCO" map, the outfi@ dominates. In our CO maps, and in the CO maps of others, the
outflov completely masks all signs of rotation andlhfOnly in dense gs tracers do all

the intertwined motions veal themselgs near the source. Galving spectra to lger

beamsizes, we continue to see a line shape suggesinfall. In Figure47, the HCO

spectrum has been aaived in half beam increments from 22” to 777, which is essen-

tially the entire HCO map. The irdll lineshape is still clearly visible in all the spectra,
suggesting that iafl is occurring wer the entire central ggon around the protostellar
source. This points veard an inéll region of at least 60004\ in radius. Using our mea-
surement®f FIR luminosityandtemperatureywe canestimatehe massanfall ratefor this

object. If all the FIR luminosity is generated through accretion, then

GMM
r

Leg =

wherer is theradiusof the protostarandM is themassof the protostarWe assumex10tt

cm for the radius, about 3gR(Stahler Shu & Taam 1980), and 0.5 §f for the mass of

the central object, geén our mass estimates of the sourcgekpe and erelope masses.
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This givesamassaccretiorrateof 4x10° M ®/yr, uncertairto within afactorof afew. We

can also assume a uniform sphereas gndegoing free, graitational collapse. \&

assume a soundspeed due to only thermal pressure, and ignore magnetiaéard turb

_ /kT
a = —_—
mH2

Then the mass accretion rate is estimated by:

support (Shu 1977).

Here,we estimatea massaccretiorrateof 1x10° M g/yr. Both theseestimatesreconsis-

tent with a lev mass, class 0 source.

4.4.3 Atomic Carbon Distrilation

In the canonical picture of carbon in a molecular cloud, an “onion-skin” model is
used whereby the carbon is ionized in the outer layer of the cloud as [CII]. Further in the
cloudwherethecarbonis moreshieldedijt is in atomicform as[CI]. Deepeiin thecloud,
the carbon forms CO. In some cases, where the cloud mategay islumyy, this same
pictureholds,but now eachclumpactsasa smallcloud,causingCll] and[CI] to appear

well mixed throughout the cloud. &\6ee @dence for both thesefetts in our carbon

obsenations. D reveal enhancement of [CI] reled to 80, we calculated the column
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density of both species, assuming they are both optically thin. CO was treated asin section
4.3.4 for CO(4-3). We estimated the column density of the atomic carbon following

Walker et al. (1993-2):

23,6 -38.8

U
l}Tex +3+5e TeXD
U U

1

w| Z

Nc =

where
15 )
N, = 5.94x10 ITmde(cm )

We then plotted the ratio of [CI]/C18 O column density normalized to the average over the
map to look for enhancement/depl etion of atomic carbon relative to CO, considering only
locations were both the [Cl] and CO integrated intensities were larger than the 20 noise
level. The results are shown in Figure 48. As expected from the canonical picture, [Cl] is
enhanced at the edges of the cloud, and depleted towards the center. We have plotted the
contours over an optical image of the region from the Palomar Sky Survey. The regions of
low relative [Cl] abundance correlate with the regions of high optical extinction, and the

region with strong FIR continuum emission.

In the outflow map of Figure 44, we see that carbon is observed throughout the red

wing of the outflow. Only a small amount of carbon is visible in the blue wing, possibly

due to foreground absorption. While the [Cl] is not as ubiquitous as 23CO in the outflow, it
isstill visible, and does not appear to be in a shell configuration. This leads usto believe

that while atomic carbon is enhanced at the edge of the cloud, some atomic carbon is il
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mixed throughout the cloud, pointing to clumpy structure even in the outflow. Thisisthe
same conclusion as Walker et al. 1993 in their pioneering work on atomic carbon in out-
flows, and shows that someultraviolet photons can make their way to the heart of molecu-

lar clouds, even with very high visual extinctions.

4.4.4 System Configuration

The kinematic signs of rotation, infall and outflow, combined with the distribution of

CO, HCO" and submillimeter continuum emission all combineto produce a picture of star
formation in the R CrA molecular core. Due to the proximity of R CrA, and the high phys-
ical spatial resolution we have, the kinematic signatures of infall, rotation and outflow are
all well defined and relatively easy to separate. We propose the configuration shown in the
cartoon representation of Figure 49, overlaid on the centroid velocity plot of HCO*. We
believe a highly embedded class O protostellar source (Section 4.4.1) is the driver for the
FIR emission in the area. Kinematic and morphological evidence point to alocation about
10" south of the class | source IRS7. This source is surrounded by a rotating molecular
disk, first discovered by Anderson et al. (1997 1& 2). Our HCO*(4-3) measurements point

to asimilar conclusion, with an enclosed mass of 0.75 M g +/- 0.15 M ), but we believe
the source at the center of this molecular disk is not IRS7. Other mass estimates of the

molecular gas envelope through 870 pm continuum measurements, and HCO" measure-

ments suggest a central protostar of less than 0.5 M ), with an envelope of similar mass.

We postulate the disk mgjor axisis at a position angle of about 120 degrees. This position



113

angle gives the cleanest rotational signature in the velocity gradient, and the morphol ogy

of the HCO™(4-3) integrated intensity seemsto agree. The axis of the molecular outflow is
consistent with a position angle orthogonal to this, at about 30 degrees. This molecular
disk hasamajor axis of about 2500 AU, from our kinematic estimate, and is unresolved in
the orthogonal direction in all our observations. In the central 20”-30" of the HCO+ map,
the line profiles show a strong infall line shape. This shape persists when the spectra are
convolved to beamsizes as large as the entire HCO+ map. In addition, the central region of
the centroid velocity plot shows the “Blue Bulge” signature of infall motion. Thisinfall
regionisat least 6000 AU in radius, surrounding the molecular disk. At distances larger
that 6000 AU, the kinematics of the molecular outflow begin to dominate the line profiles.
At lower spatial resolution, and with more sensitivity to the lower density gas, CO maps
are virtually all dominated by outflow kinematicsin the optically thick case, and by the

material at the systemic velocity of the cloud in the optically thin case.

4.5 Summary

We have observed the molecular core near R CrA in 12CO(1-0), 13co(1-0), c18o(1-
0), 12C0O(3-2), 2co(4-3), [C1] 3Py, H1?CO*(4-3), H3CO*(4-3) and 870 um continuum,
This varied data set points toward the conclusion that the source for the FIR line and con-

tinuum emission, and the driving source for the molecular outflow might be ayet unidenti-

fied class 0 source deeply embedded in the cloud, not the class | source IRS7 as previously

thought. We use the HCO" measurements and the continuum measurements to estimate
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the envelope mass at the peak of the FIR emission, and find a gas mass of about 0.5 M @.
We also use the centroid velocity of HCO™ to estimate the enclosed mass inside the rotat-
ing molecular disk to be ~0.75 M . Both these measurements suggest alow mass (0.5

M @) protostar surrounded by an envelope of similar mass. In addition, the FIR SED
yieldsaluminosity of 21 L g from cold dust, which is aso consistent with alow mass pro-

tostar. These estimates are consistent with a class 0 source. In addition, the peak of the FIR

line and continuum emission is not centered on IRSY7, but is offset ~10” to the south, asis

the center of rotation derived from the HCO* velocity gradient.

The interaction of rotation, infall and outflow are al visible in the high spatial reso-
lution HCO+ map of the central region of the cloud. Lineshapes show evidence for all
three motions in the central 60"x60” of the map. A slice through the centroid velocity plot
along the major axis of the molecular disk reveals a clean signature of rotation.The HCO*
lineshapes and centroid velocity plots aso show evidence for infall motions, with blue
peaked line profiles at the center of the map, even when convolved to large beamsizes. In

addition the centroid velocity plot shows the “Blue Bulge” signature of infall. We calcu-

late amassinfall rate of ~10° M g/yr. The molecular outflow is detected in CO(1-0),
CO(4-3), HCO"(4-3) and [CI] 3P1. We trace the outflow to the edge of our 10'x10’

mapped region. In the small 120"x80” HCO™ map, we only see signs of outflow at the east
and west edges of the map, since infall and rotation kinematics dominate in the central

region. We have estimated the outflow mass and energetics using both CO(1-0) and CO(4-
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3). These estimates bracket the likely values for these parameters in the outflow system.

The outflow massis~0.7 M @, similar to the mass of the protostar we believeisdriving the

outflow. The energetics are typical for amolecular outflow around a young, low mass pro-

tostar, with a mechanical luminosity much less than the FIR luminosity.

Theresult isa picture that supports the “ standard” model for low mass star forma-
tion. We believe continued study of this system isimportant due to the high spatial resolu-
tion available. The system shows all the kinematic signatures of a class 0 system, and high
gpatial resolution allows usto disentangle all the effects normally blurred together in more
distant sources. Follow-up with mm-wave interferometers in both continuum and high
density molecular tracers could reveal the class 0 source, if present, and allow detailed
study of the infall and rotational motions of the molecular disk. Physical resolutions of
better than 200 AU are easily obtainable. Observing the R CrA region with interferometers
in the northern hemisphere will be difficult, but the test of theories of low mass star forma-

tion such observations would provide makes the effort worthwhile.
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Line Map Size | Beam Size Spectr_al RMSNoise | Telescope
Resolution

12co(1-0) | 600"x600" | 60" 300 kHz 0.08 K KP12m
0.4x0.4pc | 0.04 pc 0.8 km/s

13co(1-0) | 600"x600" | 60" 300 kHz 0.01K KP12m
0.4x0.4pc | 0.04 pc 0.8 km/s

c18o(1-0) | 600"x600" | 60" 300 kHz 0.03K KP12m
0.4x0.4 pc 0.04 pc 0.8 km/s

12c0o(3-2) 120" x80" 23" 250 kHz 0.18K HHT
0.4x0.4pc | 0.01pc 0.2 km/s

12co(4-3) | 600"x600" | 95 1 MHz 0.19K AST/RO
0.4x0.4 pc 0.06 pc 0.7 km/s

[CI] 3P, 600"x600" | 95 1 MHz 0.20K AST/RO
0.4x0.4pc | 0.06 pc 0.6 km/s

HCO*(4-3) | 120"x80" 23" 250 kHz 0.14 K HHT
0.07x0.05pc | 0.01 pc 0.2 km/s

H13co*(4-3) | 120"x80" 23" 250 kHz 0.14 K HHT
0.07x0.05pc | 0.01 pc 0.2 km/s

870 pm 600"x600" | 23" A/dA=10 0.3 Jy/beam | HHT

Continuum | 0.4x0.4pc | 0.01 pc

Table 4: Summary of Observations
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Kinetic Mechanical Mass
Line Wing Mass Momentum . Outflow
Energy Luminosity

Rate

Mo g cm/s ergs Lo M @lyr

CO(1-0) 0.29 1.0x10%° 8.5x10* 0.34 2.8x10°°
LTE red

CO(1-0) 0.36 1.2x10%° 1.0x10% 0.41 3.4x10°°
LTE blue

2co@-0) | 021 7.2x10%8 6.1x10™ 0.25 2.0x10°®
Optically
thinred

2co(1-0) | 006 2.2x10%8 1.9x10% 0.07 6.0x10°°
Optically
thin blue

2co@-3) | 016 5.5x10%8 4.7x10% 0.19 1.5x107°
Optically
thin red

2co@-3) | 013 4.5x10%8 3.8x10% 0.15 1.3x107°
Optically
thin blue

Table 5: R CrA Outflow Energetics
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Figure 40: Spectra centered on IRS7 from all our data sources.
Spectrawere generated by re-gridding all the maps to the same number of pixels, then
by convolving the maps to match the largest beamsize, 95”. Optically thick CO transi-

tions are clearly dominated by outflow kinematics, and are subject to significant self-
absorption.
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R CrA 870um Continuum Map RCrA 'CO(1-0) Integrated Intensity Map
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Figure 41: Molecular integrated intensity and continuum maps of R CrA.

10'x10" maps in 870 pm continuum emission, 3CO integrated intensity, C*20 inte-
grated intensity, and a 80" x120" map in HCO™(4-3) integrated intensity.Minimum con-
tours are at the 20 level, with 20 contour spacing. Beamsizes are specified in each map.
The continuum emission from cold dust iswell traced by the optically thin CO emission.

The HCO" inset shows the “molecular disk” structure reported by Anderson et al. 1997,
elongated along the N-S axis.
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Figure 42: The FIR SED of the R CrA region centered on IRS7.

The 870 pm point is from this work. The 1300 pum point is from Henning et al. 1994,
data taken with the 19 channel facility bolometer array at SEST. The FIR dataare IRAS
measurements of R CrA. Since the IRAS beam is~100", some contamination from the
surrounding material off the dust emission peaksis present. We fit only the 100 um and
60 um points to exclude contamination by hot dust. Error bars are +/- 10.
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RCrA H'”CO+(4—3) Centroid Velocity Map
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Figure 43: HCO"(4-3) centroid velocity plot.

Contours are 0.125 km/s, with dotted contours denoting negative vel oc-
ity. Below is aslice denoted by the box showing the signature of rota-
tion. The centroid velocity plot also shows the “Blue Bulge,” asign of
infall motions.
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Figure 44: Outflow maps of R CrA..
Panels are 12CO(1-0), 2CO(4-3), 13CO(1-0) and [CI] 3P;. Minimum contours are 20,
with 20 contour spacing. The 12CO(1-0) and *2CO(4-3) blue wing velocity interval is -

10 to 3 km/s, while the red interval is 8 to 22 km/s. The 13CO(1-0) and [CI] blue wing
interval is-4 to 3 km/s, while the red wing interval is 8 to 15 km/s.
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Figure 45: Centroid velocity plots for 12CO(1-0) and *2CO(4-3).
Dotted contours denote negative velocities. Contour spacing is 0.5 km/s.
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Figure 46: A spectral line mosaic in H2CO*(4-3).
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H'?CO* spectra
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Figure 47: HCO+(4-3) spectra, centered on IRSY.

Spectra were produced from an OTF map, convolved in half beam increments from 22"
to 77".
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Normalized [CI]/C'®0(1-0) Column Density Ratio
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Figure 48: The normalized [CI] 3P; to C180(1-0) column density ratio.
Contours are overlaid on a Palomar Sky Survey image of the region. In areas of high

visual extinction, the abundance of [Cl] drops relative to CO as expected, with and
increased [CI]/CO ratio at the edges of the regions of high visual extinction.
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Figure 49: A cartoon of our proposed system configuration.

The contours show the combined effects of rotation, infall and outflow in great detail.
We propose a class 0 source about 10” south of IRS7, surrounded by a~2500 AU radius
molecular disk at a position angle of 120 degrees. The envel ope surrounding this disk
shows the signs of infall kinematics. Toward the east and west edges of the map, outflow

kinematics begin to dominate. The diagram is overlaid on the HCO™(4-3) centroid
velocity plot



128

5. VIBRATIONALLY EXCITED HCN IN PROTOPLANETARY
DISKS

5.1 Introduction

The vast majority of the molecular lines observed at millimeter wavelengths are
associated with the lowest vibrational state (v = 0). However, several vibrationally excited

mol ecules have been detected in the ISM (i.e. CS, H,, SIO, HC3N, CH3CN, and HCN

(Turner 1987; Ziurys and Turner 1986)). For vibrational excitation to occur these mole-
cules must bein regions of hot, dense gas (perhaps associated with a shock) and/or that are
penetrated by infrared radiation. Since these excitation requirements are expected to be
fulfilled in only avery compact region close to the embedded source, they make vibra-
tionally excited molecules with submm/mm wave rotational transitions excellent probes of
the physical conditions very near embedded infrared sources. This would be especially
true for those sources which suffer so much extinction that they are unobservable in the

infrared (Walker et al. 1994).

Initially, vibrationally excited HCN was used as a probe of physical conditions for

astrochemistry studies. In 1994, Walker et al. used the fact that the critical density and

energy above ground for the vibrational modes of CS were quite high (n~108 cm3 and
2000 K respectively) to probe protostellar disk structure. Densities and temperatures that
high were unlikely to be encountered in the infalling envel ope or the outflow of a pro-

tostar, or even in a smooth, quiescent disk. Since this hot, dense gas could be potentially
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associated with shocks and/or spiral density wavesin the protostellar accretion disk, vibra-
tional molecular transitions could be used as a probe of disk structure and planet forma-
tion. Walker et a. detected vibrationally excited CS(7-6) and (10-9) transitions toward the
protobinary object IRAS 16293 using the CSO (Walker, Serabyn, and Maoney 1994). The
lines have a main beam brightness temperature of 0.13 K and 1.45 K at 340.4 and 486.2
GHz respectively. Radiative transfer calculations based on the observed line ratios and
complementary v = 0 CS dataindicate thev = 1 level is being collisionally excited over a
50-100 AU region. The gas excitation temperature is 2000 K. Excitation through infrared
pumping is ruled out by the relatively low luminosity of the protostellar objects and the
presence of a high column density dust disk. The large observed luminositiesinthev =1
lines (i.e., the large inferred size scale of the emitting region) suggest they arisein high

density, shocked gas. Unlesstheinfall accretion rate or outflow masslossrate is extremely
high (> 2x10%M ® ber year), the requirement of both high temperature and density forces
one to the conclusion that the excitation arises within a circumstellar disk. The disk sur-

face area over which the shock occursis quite small, ~10"3 to 10 of the total disk column.
A plausible source for such shocks are self-gravitating instabilities in the disk, such asthe
eccentric m = 1 instability discussed by Adams, Ruden, and Shu (1989). Such instabilities
are expected to occur most frequently in system where the disk to star massratio ishigh or
in multiple systems where the stellar companions gravitational perturb the disk. In addi-

tion, an accretion shock could create the necessary densities and temperatures. A study of

such disk instabilities would lead to a better understanding of disk evolution and the con-
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ditions which are best suited for the transformation of an accretion disk into a planetary

system.

This chapter builds upon that work. We have chosen to observe the v=1 and v=2
vibrational modes of HCN(4-3) rather than CS. For gas at the high temperatures necessary
to collisionally excite vibrational lines, we would expect that higher Jlevelswill be prefer-
entially populated (Walker et al. 1994). Thus, the best compromise between atmospheric
transparency and line brightness makes HCN(4-3) the best choice for finding vibrationally

excited lines when accessible than lower lying rotational transitions. The critical densities

of HCN are even higher than CS (>10%° cm3), but the energy above ground for the v=1
modes are only 1050 K, half that of CS. This could make HCN an even better probe of
dense materia in protostellar accretion disks, probing material farther from the protostel -
lar object. The frequencies and selection rules governing the v=1 and v=2 modes also help
with observing efficiency and interpretation. HCN(4-3) v=0, both v=1 lines and the three
v=2 lines can all be observed in two tunings of a 350 GHz heterodyne receiver with 1 GHz
|F bandwidth. Rotational lines of HCN(4-3) in the (0, 2°, 0), (0, 2%, 0) and (0, 29, 0)
modes, obtained simultaneously with the (O, 11d, 0) observations, will elucidate the mech-
anism of excitation. For example, the (0, 22, 0) and (0, 229, 0) modes are expected to be

absent dueto Al=+/-1 selection rulesif purely radiative excitation dominates. If collisional
excitation dominates, requiring n ~10'° cm™ for thermalization in the absence of radiative

trapping, the intensity of (0, 2°, 0) will clarify the temperature of the gas, since (0, 2°, 0)
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lies 2000K above the ground state, twice that of (0, 1, 0). The energy levels and selection
rules for the v=0, v=1 and v=2 modes of HCN are summarized in Figure 50. Critical den-
sities and energy levels are also summarized in Table 6. For the collisional excitation case
in a protostellar accretion disk, the brightness temperature of the emitting region is likely
to be approximately the energy of the transition above ground, about 1000K for the v=1

lines.

If we are to unambiguously interpret the presence of vibrationally excited HCN
emission, we need to know the excitation mechanism responsible for the emission. There

are two possibilities (or actually any linear combination of these two possibilities):

a. Radiative pumping due to 14um absorption

b. Collisional excitation in warm gas

It is possibility b that would be atracer of the structure in accretion disks. We can
use the level diagram shown at |€eft to interpret the lines if we are able to observe both the

v=1 and v=2 vibrational transitions. With a1 GHz backend, it is possible to observe v=0

and v=(0,11¢,0) with one tuning, and v=(0,119 0) and all the v=2 linesin another tuning.
The 2c and 2d transitions are not permitted to radiative processes, so they are a dead give-
away for extremely high density gas. Also, if the v=1 transitions are observed, and no v=2

transitions are seen, thisisalso asign of acollisional process, since near LTE thev=1 level
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should be much more highly populated than v=2. If the v=(0,2°,0) line is observed and is

about the same intensity as the v=1 lines, the excitation is probably purely radiative.

The emitting regions are only likely to be a small fraction of the disk. With the large
beam of a single dish telescope, the observations are extremely challenging, but serve as
valuable precursorsto what can be achieved with submm-wave interferometers. This study
could ultimately lead to a better understanding of the nature of highly excited gasin pro-

tostellar environments.

5.2 Observations

For this pilot project, we chose a sample of protostellar objects that would be likely
to have bright vibrational HCN emission, either through infrared pumping, or through
gravitational instabilitiesin amassive accretion disk. We also attempted to observe objects
that were nearby. The primary target is IRAS 16293-2422, the object in which Walker et
al. detected vibrationally excited CS(7-6) and (10-9) emission. Thisis aknown low mass
protobinary system with acircumbinary disk (Walker et. al.1994), and also a multiple out-
flow system (Walker et al. 1990). In addition we observed high mass star forming regions
(AFGL 2591, S140 and Cepheus A), nearby low mass class O protostellar sources (L1551
and L1557) and three class I-11 sources that have detectable HCN v=0 emission in other

transitions (HL Tau, GG Tau and TW Hya).
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Observations of the v=0 and v=(0,11°,0) lines were made at the HHT in February,
2000 during aweek of exceptiona weather conditions. For the 6 days of the run, Too5 gH;
never exceeded 0.08. We used the facility MPIfR 345 GHz dual polarization SIS receiver,
with 1 GHz bandwidth AOS spectrometers with 1 MHz (0.8 km/s) spectral resolution.
Observations are summarized in Table 7. Pointing was checked using planets and high
flux continuum sources several times per observing session. Calibration was done using
the Hot-Sky-Cold method, and observations of Orion OMC-1 were taken to compare with
the spectral survey of Groesbeck et a. to compare line strengths and sideband ratios. The
wobble switching observing mode was used with a120” chopper throw, and a 50% duty
cycle. Efficiency of the telescope at 350 GHz is ~0.45 for unresolved sources. Spectra
were fitted with linear baselines and co-added, weighted by RM S noise using the GILDAS

CLASS software package.

We tentatively detected the v=1c line in four objects, IRAS16293, Cep A, S140 and
AFGL 2591. IRAS 16293 is alow mass protobinary system, but with arelatively massive
and large accretion disk. It isfairly nearby aswell (160 pc.) making it an excellent candi-
date for detection of collisionally pumped vibrational HCN emission. Cepheus A isa
region of massive star formation and strong IR radiation. These observations were cen-
tered on the continuum source in the center of Cep A. Thisisknown to be aregion of mas-
sive star formation with 14 radio point sources, astrong outflow, and evidence for multiple
outflow events (Narayanan 1996). Thiswould seem to be an ideal region to radiatively

pump vibrational lines of HCN, but the possibility still exists that collisional excitation is
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still responsible for some of the emission. S 140 isaHII region with massive star forma-
tion and a strong IR radiation field. The source contains a cluster of deeply embedded B
stars, and a large outflow apparently produced by the most luminous star in the cluster.
Thisis afavorable environment for IR pumped vibrational HCN. AFGL 2591 isaso a
region of high mass star formation, and a HIl region. Boonman et al. 2001 show that the
HCN abundance in this object is abnormally high. The models point towards high temper-
atures (above 300K) effecting the chemistry such that HCN production is radically
increased. Their model for this source combines collisional and radiative pumping for the
vibrational levels. As expected, we were not able to detect any vibrationally excited HCN
emission in the class | sources. While observations with interferometers might be able to
detect this emission, the associated v=0 emission in these sources was far too weak for us
to detect v=1c emission unless it was abnormally bright. IRAS 16293 was the only low
mass class 0 source detected. Thisis not surprising given that this source is especially
bright and nearby, making it afavorite for studying low mass star formation in the mm and

submm wavel ength regimes.

We then submitted a proposal to observe v=1d, as well as the v=(0,2°,0), (0,2%%,0)
and (O,22d,0) lines in those four sources viathe HHT priority queue scheduling process.
Those objects were observed during times when 1,5 g, dropped below 0.05, during the
2002-2003 observing season. Calibration, pointing, observing mode and comparison spec-

trawere taken as with the v=1c data, however both W3(OH) and Orion IRC2 were used as

comparison sources. These observations are summarized in Table 8. Spectra of all the
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sources for the v=0 tuning are shown in Figure 51. Spectra of the sources with v=1c detec-
tions are shown in Figure 52 through Figure 55. HCN lines are labeled in black. Linesin
the frequency range of the observation in both sidebands were compiled from the JPL
molecular line spectroscopy database. All lines with transition strengths greter than afac-
tor of 6 lessthan that of the v=1 modes of HCN were included. Lines marked in red arein
the lower sideband (used for the observations), and the lines marked in blue are in the
upper sideband. Lines marked with stars have not been detected in an interstellar context

(Lovas 2003).

5.3 Discussion

5.3.1 IRAS16293

Spectraof IRAS 16293 are shown in Figure 52. Detection of the (0,11€,0) lineisrel-
atively clear, with asignificance of 4o. Thisline could be confused with SICC, but to date
thisline has only been detected in AGB stars, and never in a protostellar source. In addi-
tion, during the observations, we shifted the L O frequency to determine which sideband
the observed lines were in. The suspected v=1c line was in the lower sideband, not in the
upper sideband asis SICC. The v=1c lineis redshifted about 4 km/s with respect to the
systemic velocity of the source. Walker et al. also detected a similar velocity shift for the
vibrationally excited CS line. Unfortunately, the results of the search for the v=1d line

11d

were not conclusive. We did not detect the v=(0,1"",0) line, and the v=2 lines are marginal
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detections, at about 1.50. While these lines are unlikely to be confused with any other
linesin the region, they could be unlucky noise. Any one lineis not very convincing, but
all three possible lines are at the correct frequency. The (0,2%6,0) and (0,229,0) lines are
blended with two other lines, CH3OCH3 and H,*3CO. The signal to noiseislow enough
that it isimpossible to see if these lines, if present, have the same velocity offset as the
v=1c line. We do not have a convincing explanation for why the v=1d line is not present.
The weak v=2 lines, which if real, are all at the same intensity and all present point
towards collisional excitation by gas at about 1000K. In this scenario, however, the v=1d
line should be equal in intensity to the v=1c line. The lower limit for the intensity of the
v=1d linein our spectrum is 5 mK, whereas the v=1c line has an antenna temperature of

about 60 mK.

5.3.2 AFGL 2591

Spectra of AFGL 2591 are shown in Figure 53. This source has an abnormally high

HCN abundance (Boonman et a. 2001). We find avery bright v=0 HCN(4-3) line, as well

as what seems to be extremely strong (~110 mK) HCN(4-3) v=(0,1'€,0) emission. Given
the strong IR radiation field around this source, we would expect that the emission isinfra-
red pumped through 14pum absorption. Observations of v=1d are enigmatic. Thelineis
marginally detected at the 1.50 level. No v=2 lines are present in the spectrum. Thisisan
even more surprising result than the lack of v=1d emission in IRAS16293. Thelineisaso

about 5 times weaker than expected from the intensity of the v=1c line. We do not believe
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the v=1c line could be another molecular transition, since the high HCN abundance of this
object would suggest that the v=1c transition should be brighter than expected. It isagain

unlikely, although possible, that SICC is present in this source.

5.3.3 Cepheus A

Spectra of Cepheus A are shown in Figure 54. We detect the v=1c line at about 50
mK intensity (60). The lineis quite wide, with significant velocity structure. The line
could be blended with at least one other unidentified line at somewhat higher frequency.
Thev=1d lineisaso clearly detected at the 50 mK level in the other tuning, detected at
50. No v=2 lines were detected. The v=1d line has similar width and velocity structure to
the v=1c line, but is not blended. Neither lineis shifted in velocity with respect to the

source. If the emission in this source was excited solely by radiative pumping, we would

expect to see the v=2° line at similar intensity to the v=1 lines, but it is not detected, with
an upper limit of 11 mK. This points toward the conclusion that a significant amount of the

vibrationally excited HCN emission in this source is from collisional processes.

5.34 S140

Spectra of S140 are shown in Figure 55. We detect avery weak v=1c line, with 30
mK intensity (30). Thelineis quire narrow and does not have a velocity offset from the

source. We do not detect av=1d line, nor do we detect any v=2 lines of HCN. S140 hasthe
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brightest v=0 HCN(4-3) emission of all our sources, and does have astrong IR radiation

field, but our observations do not conclusively determine an excitation mechanism.

5.3.5 Interpretation

Detection of vibrational linesin our sourcesisenigmatic in al cases excepting Cep
A. In S140, we fail to detect any v=1 lines except v=1c, which is extremely weak. While
we expect that this source has infrared pumped vibrationally excited HCN, we cannot
make any strong conclusions from our data. AFGL 2591 has an extremely bright v=1c line,
but virtually no v=1d line nor any v=2 lines. While the extraordinary brightness of the
v=1c line can be explained by the high HCN abundance in this object, we cannot explain
the lack of v=1d emission. The possibility exists that a pointing error caused the source to
fall out of the beam, or the receiver was improperly tuned, but the data show no sign of

improper pointing or tuning for these observations.

In IRAS 16293, the detection of vibrationally excited HCN would be important,
since the infrared radiation field is three orders of magnitude too low for IR pumping of
the v=1 transitions (Walker et al. 1994). We believe we have detected the v=1c line, and
there are hints of the detection of all three v=2 lines, but no v=1d lineis present, with an

upper limit of less than 10 mK. Given the v=2 lines might not be real, pointing or tuning
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errors might have lead to this problem, although there is no evidence for them. If we
assume the v=1c lineisindeed real, we can estimate the filling factor of the v=1 emission
in the beam, and also estimate the filling factor of the circumbinary accretion disk. Assum-

ing that the emitting gas has a brightness temperature similar to the energy above ground

(1050K), the filling factor of our 22" beam is 6x10™°. Assuming a dense accretion disk
diameter of 100AU (Walker et al. 1994), the aredl filling factor of the emitting material in

the disk is ~10%.

Cepheus A is the source with the cleanest vibrationally excited HCN emission. We
clearly detect both the v=1c and v=1d lines at similar antenna temperatures (~50 mK).
Both lines also have similar width and velocity structure. The v=1c line appears to be
blended with another unidentified line at lower frequency. The v=1d line appears uncon-
taminated, and is detailed in Figure 56. No v=2 lines are detected, with a conservative
upper limit of 11 mK. This points toward the conclusion that a significant component of

the v=1 HCN emission from Cep A isviacollisional excitation in avery high density

(n~10 cm3) and hot (~1000K) environment. The v=1d line shows a double-peaked
structure that could be indicative of rotation. The HCN(4-3) v=0 line shows no double
peaked structure, so it is unlikely that this lineshape is due to self-absorption or infall
motion. The velocity difference between the peaksis ~6 km/s, which would not be atypi-
cal of conditionsin adisk around a high mass star. Narayanan et a. (1994) estimate the

mass of the Cep A core to be ~330 M. If the double peaked line profile is indicative of

Keplarian disk rotation, then the emitting regions of v=1 HCN(4-3) are mixed azimuthally
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throughout the disk, rather than in a small number of clumps. VLA imaging shows a col-
lection of masers about 300AU in extent that could be associated with a dense accretion
disk (Torelles et a. 1998). Assuming a distance of 725 pc to the source (Johnson 1957)
and optically thick emission at 1050K, thefilling factor of the HCN v=1 emission is about
10%, similar to the estimates for IRAS 16293. Thisfilling factor is with respect to the
most dense part of the accretion disk where structure is most likely to form. Theserela-
tively low disk filling factors suggest clumpiness and structure in protostellar accretion
disks. Assuming circular rotation at 6 km/s around a point mass at aradius of 150 AU, we

estimate an enclosed mass of ~6 M ). Thisis much lower than the 330 M ) of the Cep A

core, but arealistic number for a single high mass protostellar source in the core.

54 Summary

We have presented a novel technique for the study of protostellar accretion disks
through the use of vibrationally excited HCN(4-3). While this technique has been used
before with vibrationally excited CS(7-6), HCN has several advantages. The energy above
ground of HCN(4-3) v=1is 1050K, half that of vibrationally excited CS, while the critical

0™ cm 3. This allows us to probe regions of protostellar accretion

density similar at ~1
disks farther from the protostellar source. In addition, selection rules for v=1 and v=2
HCN emission allow us to determine the excitation mechanism independent of any other

observations or assumptions, while observation of the v=2 lines also helps constraint the

temperature of the gas since the energy above ground for these transitionsis 2100K. The
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v=0, v=(0,11¢,0), v=(0,119,0), v=(0,2°,0), v=(0,2%¢,0) and v=(0,22%,0) lines can all be
observed in two tunings of a 350 GHz heterodyne receiver system with a1l GHz IF band-
width. Contamination by other molecular linesis minimal, even with double sideband

receiver systems.

Beam dilution makes these observations difficult with single dish sub-mm wave
telescopes. The brightest v=1 line we detected isjust over 100 mK antenna temperature,
with most lines around 50 mK. Out of 9 sources, we detected vibrationally excited emis-
sionin4 sources, IRAS 16296, AFGL 2591, S140 and Cepheus A. Only in Cepheus A did
we obtain conclusive results. Both the v=1c and v=1d lines are present, with similar inten-

sity and velocity structure. We do not detect any v=2 lines. This suggests excitation by

~1000K dense (n~10! cm3) gas, with less than 20% contribution from IR pumping. The
filling factor in the disk of this emission, assuming a 300AU disk diameter is ~10%. The
line profile suggests Keplarian disk rotation at characteristic rotational velocity of 6 km/s.
If we assume the v=1c linewe seein IRAS 16293 is real, we determine asimilar disk fill-
ing factor assuming a 100AU disk diameter. These observations show the power of this
technique for probing the most dense parts of protostellar accretion disks without spatially
resolving their structure. With the next generation of sub-mm wave interferometers, this
technique will be far more powerful. The 0.4” spatial resolution of the SMA could yield
HCN(4-3) v=1 antenna temperatures in excess of 100K if the emitting region remains

unresolved. With dramatically increased signal to noise, many more sources will be open
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for study by this technique, and line profiles will be detailed enough to allow in depth

study through radiative transfer modelling.



Energy

Transition above Nerit [cm'3]
ground [K]

HCN(4-3) | 43K 10/

v=0

HCN(4-3) 1050K ~1011

v=1

HCN(4-3) 2100K ~10%2

v=2

Table 6: Energies and critical densitiesfor
the v=0, v=1 and v=2 bending modes of

HCN(4-3).
Source Type RNE;E?SE‘

IRAS Class0 15
16293

L1527 Class0 10
L1551 Class0 11
GG Tau Class| 9
HL Tau Class| 18
TW Hya Class| 16
Cep A [HI] 8
S140 [HII] 9
AFGL 2591 | [HII] 14

Table 7: HCN(4-3) v=0 and v=1c

observations.
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Source Type Rl\/Eril':li)ise
IRAS Class0 5
16293
Cep A [HI1] 11
S140 [HIN] 10
AFGL 2591 | [HII] 13

Table 8: HCN(4-3) v=1d and v=2

observations.
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Figure 50: An energy level diagram for two ro-vibrational transitions of HCN(4-3).
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The (0,11¢,0) and (0,119,0) modes are amodest 1050K above ground, compared to the

v=2 modes. The panels on the right show the selection rules for the transitions. The
(0,22¢,0) and (0,229,0) transitions are not permitted for the radiative pumping excita-

tion mechanism.
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Figure 51: Spectraof all 9 sources we observed in February, 2002.

In 5 out of 9 sources, HCN(4-3) v

detected in 4 of the 9 sources, as detailed in Figure 52 through Figure 55.
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Figure 52: Spectra of IRAS 16293.

The top panel istuned for HCN(4-3) v=0 and v=1c, while the bottom con-
tains v=1d and the v=2 lines. USB lines are marked above, L SB bel ow.
Stars denote no interstellar detections.
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Figure 56: The v:(O,lld,O) linein Cepheus A, at 0.8 km/s velocity resolution.
The line appears to be double peaked, which might be the sign of disk-like rotation, The
velocity offset between peaksis 6 km/s. RMS noise level is 11 mK.
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6. CONCLUSION

In thisthesis, | have presented two heterodyne array receiver systems built at
SORAL, and two submillimeter wave studies of star formation from the size scales of pro-
tostellar accretion disks to molecular outflows. The combination of technology and sci-
enceis still the driving force behind new discoveries in the submillimeter, and will

continue to provide new insight into the star formation process.

6.1 Summary

We have constructed a 2x2, 810 GHz array receiver for the AST/RO telescope. The
array utilizes acommon set of re-imaging optics, an efficient 4-way quasi-optical LO
power splitter, a solid-state LO, low noise mixers, aflexible computer controlled bias sys-
tem, and an array AOS. A state-of-the-art planar, tunerless LO chain with W-band power
amplifiers can easily pump all the mixerswith only a0.5 mil Mylar LO diplexer. Upgrades
and repairs have reduced the receiver noise temperatures to between 625K and 640K per
mixer, making the system ~15 times faster for mapping than the previous 810 GHz system

on the AST/RO telescope.

DesertStar isa 345 GHz, 7 pixel heterodyne array receiver for use on the Heinrich
Hertz Telescope on Mt. Graham in Arizona. The instrument uses fixed backshort, sus-
pended stripline SIS mixers with 2 GHz IF bandwidth. Cooling is provided by a high

capacity closed cycle refrigerator in alarge, expandable cryostat. We have demonstrated
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proper operation of the cryogenic system and computer controlled bias system. Measure-
ments indicate the array mixer can provide uncorrected receiver noise temperatures of
~60K-70K from 326-356 GHz. Performance has been verified in the JT cryostat with 3
mixers, and the instrument has had a engineering run on the HHT, where it successfully
collected data. We will be continuing to add mixersto the cryostat, and plan to have the
instrument operational in the lab with 7 pixelsin fall, 2003, as well asreturn to the tele-

scope for further testing.

We have observed the molecular core near R CrA in 12CO(1-0), 13co(1-0), c18o(1-
0), 12C0(3-2), ?co(4-3), [CI] 3P,, H1?CO*(4-3), H13CO"(4-3) and 870 pm continuum.
This varied data set points toward the conclusion that the source for the FIR line and con-

tinuum emission, and the driving source for the molecular outflow might be a yet unidenti-

fied class 0 source deeply embedded in the cloud, not the class | source IRS7 as previously
thought. We use the HCO™ measurements and the continuum measurements to estimate
the envel ope mass at the peak of the FIR emission, and find a gas mass of about 0.5 M.
We also use the centroid velocity of HCO® to estimate the enclosed mass inside the rotat-
ing molecular disk to be ~0.75 M . Both these measurements suggest alow mass (0.5

M @) protostar surrounded by an envelope of similar mass. In addition, the FIR SED
yieldsaluminosity of 21 L g from cold dust, which is also consistent with alow mass pro-

tostar. These estimates are consistent with a class O source. In addition, the peak of the FIR
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line and continuum emission is not centered on IRS7, but is offset ~10”to the south, asis

the center of rotation derived from the HCO™ velocity gradient.

The interaction of rotation, infall and outflow are al visible in the high spatial reso-
[ution HCO+ map of the central region of the cloud. Lineshapes show evidence for all

three motionsin the central 60”x60” of the map. A dlice through the centroid velocity plot

along the major axis of the molecular disk reveals a clean signature of rotation.The HCO*
lineshapes and centroid velocity plots also show clear evidence for infall motions, with
blue peaked line profiles at the center of the map, even when convolved to large beam-

sizes. In addition the centroid velocity plot showsthe “Blue Bulge” signature of infall. We

calculate amassinfall rate of ~10° M ®/yr. The molecular outflow is detected in CO(1-0),
CO(4-3), HCO"(4-3) and [CI] 3P1. We trace the outflow to the edge of our 10'x10’

mapped region. In the small 120"x80” HCO* map, we only see signs of outflow at the east
and west edges of the map, since infall and rotation kinematics dominate in the central
region. We have estimated the outflow mass an energetics using both CO(1-0) and CO(4-
3). These estimates bracket the likely values for these parameters in the outflow system.

Theoutflow massis~0.7 M @, similar to the mass of the protostar we believeisdriving the

outflow. The energetics are typical for amolecular outflow around a young, low mass pro-

tostar, with a mechanical luminosity much less than the FIR luminosity.
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Theresult isapicture of typical low mass star formation, but in aregion with young,
higher mass stars. We believe continued study of this system isimportant due to the high
gpatial resolution available. The system shows all the kinematic signatures of aclass 0 sys-
tem, and high spatial resolution allows us to disentangle al the effects normally blurred
together in more distant sources. Follow-up with mm-wave interferometers in both contin-
uum and high density molecular tracers could reveal the class O source, if present, and
allow detailed study of the infall and rotational motions of a highly resolved molecular
disk. Physical resolutions of better than 200 AU are easily obtainable. Thisis adifficult
observation for interferometers located in the northern hemisphere, but this source pro-

vides the opportunity to study ayoung protostar with a minimum of complications.

We have presented a novel technique for the study of protostellar accretion disks
through the use of vibrationally excited HCN(4-3). While this technique has been used
before with vibrationally excited CS(7-6), HCN has several advantages. The energy above

ground of HCN(4-3) v=1is 1050K, half that of vibrationally excited CS, while the critical

density similar at ~10* cm™3. This allows us to probe regions of protostellar accretion
disks farther from the protostellar source. In addition, selection rules for v=1 and v=2
HCN emission allow us to determine the excitation mechanism independent of any other
observations or assumptions, while observation of the v=2 lines also helps constraint the
temperature of the gas since the energy above ground for these transitionsis 2100K. The
v=0, v=(0,11€,0), v=(0,119 0), v=(0,2°,0), v=(0,2%,0) and v=(0,229,0) lines can all be

observed in two tunings of a 350 GHz heterodyne receiver system with a1 GHz |F band-
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width. Contamination by other molecular linesis minimal, even with double sideband

receiver systems.

Beam dilution makes these observations difficult with single dish sub-mm wave
telescopes. The brightest v=1 line we detected isjust over 100 mK antenna temperature,
with most lines around 50 mK. Out of 9 sources, we detected vibrationally excited emis-
sionin 4 sources, IRAS 16296, AFGL 2591, S140 and Cepheus A. Only in Cepheus A did
we obtain fully conclusive results. Both the v=1c and v=1d lines are present, with similar

intensity and velocity structure. We do not detect any v=2 lines. This suggests excitation

by ~1000K dense (n~10* cm3) gas, with less than 20% contribution from IR pumping.
Thefilling factor in the disk of this emission, assuming a 300AU disk diameter is~10%.
The line profile suggests Keplarian disk rotation at characteristic rotational velocity of 6
km/s. If we assume the v=1c linewe see in IRAS 16293 is real, we determine a similar
disk filling factor assuming a 100AU disk diameter. These observations show the power of
this technique for probing the most dense parts of protostellar accretion disks without spa-
tially resolving their structure. With the next generation of sub-mm wave interferometers,
this technique will be far more powerful. The 0.4” spatial resolution of the SMA could
yield HCN(4-3) v=1 antenna temperatures in excess of 100K if the emitting region
remains unresolved. With dramatically increased signal to noise, many more sources will
be open for study by this technique, and line profiles will be detailed enough to alow in

depth study through radiative transfer modelling.
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6.2 Future Work

6.2.1 DesertStar

The DesertStar receiver was designed from the beginning to support expansion,
including an entire second mixer array for the orthogonal linear polarization at 345 GHz

or adifferent frequency. One of the most powerful projects for this array isto conduct a

fully sampled galactic plane survey of the 1% quadrant of the galaxy in 2CO and 13CO.
Ideally we would like to simultaneously collect both CO(3-2) and CO(2-1) data. To this
end, we plan to equip DesertStar with a second mixer array of four 230 GHz balanced,
sideband separation mixers (Walker et al. 2003). These mixers, designed by Anthony Kerr
of NRAO, requirefar less LO power than single ended mixers. While the design uses four
SIS junctions, theoretically requiring four times the LO power, the LO isinjected via
waveguide through hybrid couplers, allowing very efficient use of 100% of the LO power
provided. In addition, the mixers separately downconvert both the upper and lower side-
bands, sending them through independent IF chains. These mixers have already been

developed and tested, and offer exceptional performance, with SSB T,o.~60K (Kerr 2003).

Mounting for the two mixer arrays is shown in Figure 57. The 45 degree flat mirror in the
cryostat need only be replaced with alinear wire grid, allowing one linear polarization to
pass to the 230 GHz mixer array, with the other reflecting off the grid to the 345 GHz
array.The quasioptical LO injection used for the 345 GHz array is unaffected by this addi-
tion. No LO multiplexing is required, since the 230 GHz mixerswill be fed the LO signal

viawaveguide from amultiplier in the cryostat on the 40K radiation shield. The resulting



158

dual frequency array receiver will be the first of it’'s kind at any frequency, and will be a

uniquely powerful tool virtually all types of mapping.

6.2.2 Integrated THz Arrays

Experience with PoleStar and DesertStar has shown that expanding heterodyne
arrays past afew tens of pixels using the conventional technique of stacking mixer blocks
in the focal plane becomes intractable. We have been working on the development of inte-
grated focal plane arrays that combine the technologies of silicon micromachining, semi-
conductor silicon processing, Microwave Monolithic Integrated Circuits (MMICs) and
high speed digital electronics that can produce arrays of ~100 pixels at greatly reduced
cost per pixel and reduced complexity. The use of silicon micromachining makesthisidea
suitable for THz applications. Through use of the instrument at the prime focus of compat-
ible telescopes, or through re-imaging optics, the input F number can be kept low. Since
the spacing between pixelsin a heterodyne array is 2FA for 20 dB isolation between pix-
els, alow F number feed can produce avery compact mixer array. The mixer array is com-
posed of stacks of linear arrays. Each linear array is composed of three modules: the horn
block, the detector block and the backshort block (Figure 58). Both the horn block is pro-
duced via silicon micromachining. The detector block consists of arrays of SIS junctions
or Hot Electron Bolometer mixers fabricated on membranes supported by a silicon frame.
The backshort pedestals are produced via wet etching of silicon, with laser machined

backshort cavities. Thefinal structureisall silicon, and is self aligning. This design can be
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scaled to in excess of 4 THz, well into the far infrared. The completed array is then
mounted in an “array motherboard” structure. These nested rings of circuit boards are con-
nected with microstrip ribbon cables, and are thermally isolated. All IF and bias signals
are conveyed to and from the mixer array viamicrostrip and circuit traces on the boards
and connecting ribbon cables. This minimizes the number of connections, greatly simpli-
fying the construction of the instrument, and increasing reliability. Rather than use ampli-
fiers connected with semi-rigid coaxial cable, surface mounted amplifiersare built directly
on the motherboard structure. No wires or cables are used anywhere except on the room
temperature stage of the motherboard. Figure 59 shows a concept for a complete 100 pixel
array at 810 GHz for the Large Binocular Telescope. With 100 IF signals, backend spec-
trometers could become a problem. Conventional AOS, filter back or autocorrelation spec-
trometers are too large, power hungry and costly to serve 100 IF signals. Modern Field
Programmable Gate Arrays (FPGAS), and the dramatic increase in speed of moderately
priced computers now allows usto buy a 100 channel digital autocorrelation spectrometer
with 2 GHz of IF bandwidth per channel for less than $500,000. Such a system, based on
already developed technology, would occupy half a standard equipment rack and require
only 1kW of power to run. Efforts to develop all these technol ogies are ongoing at
SORAL, and have direct application to both ground and space based sub-mm and FIR

applications.
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6.2.3 RCrA

Thiswork has shown R CrA to be avery promising laboratory for studying the early
phases of star formation at high spatial resolution. We plan to continue work with the
AST/RO telescope this observing season. PoleStar will be fully operational this next sea-
son, with the supershorted mixer repaired. The resulting factor of ~20 improvement in
mapping speed over WANDA will alow usto make a fully sampled, 10x10 arcminute
map of the region in CO(7-6) and [CI] 3P2. This datawill be important, since it will pin
down therotational level population for the CO, allowing for multi-transition, non-LTE
analysis of the outflow gas. In addition, the column density and excitation of the atomic
carbon can be determined far better than with the current data, which forces the assump-
tion of optically thin, LTE conditions. Due to the 50% smaller beam and somewhat |ower
atmospheric transparency at 810 GHz, a 10x10 arcminute map made with previous gener-
ation receiver systems would be very resource intensive. With PoleStar, the project

becomes no more difficult than the 460/492 GHz observations we aready have.

The molecular disk inthe R CrA cloud will be an important target for future inter-
ferometers. For the SMA at 356 GHz, thefield of view will be 37" Thismeansit will take
amosaic of severa pointingsto fully cover the molecular disk. There will be ~500 resolu-
tion elements across the major axis of the disk, allowing an unprecedented look at such a
structure. Currently, no northern hemisphere mm-wave or sub-mm wave interferometer,

save the SMA can see far enough south to observe R CrA. It would be possible to use the
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VLA to observe CS(1-0) in this source, at 49 GHz. While the first observation might be
donein the early stages of operation of the SMA in guaranteed time mode, observation of
thisdisk in high density tracers will yield resultslong into the future. In the mean time, the

VLA might be able to reveal important information about this disk.

6.2.4 Vibrationaly Excited Lines

The true promise of using vibrationally excited lines as a tracer for accretion disk
structure will be realized through the use of interferometers. With a single dish telescope,
the beamsize is vastly larger than the emitting regions. We estimate emitting regions of a
diameter far less than 50 AU, athough the clumps responsible for the emission are proba-
bly spread throughout the disk. With an interferometer, beam dilution will be greatly
reduced, or possibly eliminated as the resolution of future interferometersis able to
resolve the emitting regions. The optimum tools for this future study will be the SMA and
ALMA. Asshown in section 5.1, higher Jlines are preferentially populated when the
emitting gasis hot. Thisfavorsthe use of sub-mm wave interferometers over existing mm-
wave interferometers. HCN(4-3) v=1 will probably be the optimal combination of line
brightness and atmospheric transparency, but good weather at the ALMA site could favor
observation of HCN(7-6) at 623 GHz. In the mean time, it will be possible to use existing
mm-wave interferometers to observe HCN(3-2) (BIMA, OVRO) and CS(1-0) (VLA). We
plan to continue thiswork, proposing to observe the four sources we have already detected

in CS(1-0) v=1 at the VLA. Unfortunately, BIMA and OV RO will be off line for some
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time as they are moved and combined into CARMA.. Shortly, SMA will be available for
350 GHz observations, making it the optimal tool for thiswork until ALMA beginsto
come on line in 2008. These interferometric observations will be combined with radiative
transfer modeling of both simple model disks, and results from numerical hydrodynamic
simulations. We hope to predict line profiles and intensities with the hope of someday
being able to invert observed line profiles to yield information about accretion disk struc-

ture and planet formation.
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Figure 57: Expansion to DesertStar

This expansion adds four balanced, sideband seperation mixers at 230
GHz. Diplexing is accomplished through the use of alinear wiregridin
place of the flat mirror currently in the system (3D model courtesy
Dathon Golish).
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Cross-section of Mixer Mount
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Figure 58: An integrated silicon micromachined array mixer design.
All layers can be fabricated with a combination of photolithography, silicon microma-
chining and wet etching (Figure courtesy Dathon Golish).



SuperCam prime focus location

The SuperCam prime focus location
on the LBT. Each mirror is 8.4m in diameter;
standing in front of the right mirror is a person
for scale. Swingarms can be deployed in a
matter of minutes to take advantage of the best
submillimeter wesather.

The SuperCam
cryostat, showing the nested
frame concept for cryogenic
isolation. The central region

refrigerator. The next two

frames are cooled to 12K and
60K with another mechanical

world.

15cm

The 100 pixel array of laser micromachined dual

mode feedhorns. HEB devices will be fabricated on asilicon
nitride membrane with a silicon frame. Backshorts are machined
inathird silicon layer. The three layers are sandwiched together to
produce the complete mixer array.

Figure 59: Design concept for a 100 channel, 810 GHz receiver system.

is cooled to ~4K with a mechanical

refrigerator. The outer frameis
at room temperature and contains
all the connectors to the outside
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