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3. EFFORT AND COST BREAKDOWN 
The Bidder shall estimate the effort (in Full Time Equivalent – FTE) to be deployed by 
Bidder and Associates/Subcontractors (items 4.1 through 4.5) until completion of the 
Study, as well as the corresponding total costs to be incurred by the Bidder (items 4.6 
through 4.9). 
 
Also, the Bidder shall indicate the level of financial support expected from ALMA/NA 
(item 4.10), if any, consistent with item 4 of Annex 1. 

 
 

Item Description Estimate and breakdown 
of Effort in FTE 

4.1 Science  

4.2 Management  

4.3 Engineering  

4.4 Others  

4.5 Total FTE (items 4.1 to 4.4)  

 
 
 

Item Description Estimated Cost in USD 

4.6 FTE  

4.7 Travels  

4.8 Other Costs  

4.9 Total cost (items 4.6 to 4.8)  

 
 
 

4.10 Firm fixed price in USD to be paid by 
ALMA/NA for the Study  
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4. DELIVERY SCHEDULE AND TERMS OF PAYMENT  
 

The Bidder shall fill in the time allocated for completion of Milestone 1 and 2 (Items 5.2 
and 5.3) and shall propose a payment plan according to the defined Milestones.  

Time for completion of Milestone 2 (Item 5.3) shall not exceed 12 months from kickoff. 
Payment related to this milestone is conditional on the acceptance of the Study by 
ALMA/NA. 

 

Item Milestone Time of 
Completion 

Payment 
Amount in USD 

5.1 Milestone 0: Kick-off Meeting T0  

5.2 
Milestone 1: end of PHASE 1  
(= final definition of instrument concept 
requirements) 

T0 + … months  

5.3 Milestone 2: end of PHASE 2 
(= Delivery of Final Study Report) T0 + … months  

5.4 TOTAL FIRM FIXED PRICE   

 

5. COMMITMENT 
Having read all documents listed in and annexed to the Call for Proposals and having 
assessed the situation and the nature and difficulties of the services, the undersigned 
hereby offers the “Study for Upgrades of the Atacama Large 
Millimeter/submillimeter Array (ALMA)” in accordance with the provisions of the 
present Call for Proposals and, if awarded the Agreement, undertakes to carry out the 
work required according to first class trade practice, within the prescribed time limits, and 
at the prices set out in the Proposal Form. 

 
 
 
Date:  02/10/2012
 
 
Signature: 
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Abstract 
 

The 4mm wavelength region (65- 90 GHz), otherwise known as ALMA band 2, is a virtually 
unexplored region of the electromagnetic spectrum. Until the very recent addition of a 4mm 
receiver to the GBT, there has been only one telescope with an operational receiver in this 
frequency region: the 12m on Kitt Peak, run by the Arizona Radio Observatory (ARO). 
Furthermore, unlike the 7mm (31-45 GHz) band, which is covered by the newly upgraded 
NRAO Jansky Very Large Array (JVLA), there are no radio interferometers in operation in the 
band 2 region. However, in contrast to the lack of operational astronomical receivers, the 
expertise to construct and implement a sensitive and stable receiver in this frequency range 
currently exists. A nearly quantum-limited band 2 receiver can be built for ALMA with very 
little technology development. There are other underutilized portions of the electromagnetic 
spectrum where sensitive receivers are also lacking, such as above 1 THz, but these bands 
require considerable advancement in technology. 
 
Historically, millimeter-wave observatories have targeted the fundamental J = 1→ 0 transition of 
CO for their instrument development, therefore missing, due to receiver bandwidth limitations, 
everything below 85 or 90 GHz.  The limited studies at these wavelengths have demonstrated 
that transformational science can be carried out in this region, with exciting future prospects. For 
example, the fundamental, J = 1→ 0 transitions of the deuterium analogs of common, abundant 
interstellar molecules are unique to this band, including DCO+, DCN, and N2D

+. Studies of such 
species are crucial to our understanding of the evolution of cores in molecular clouds, and hence 
to star formation. Because such cores are often quite cold (T ~ 10 K), the J = 1→ 0 lines of these 
molecules that lie in band 2 are by far the most sensitive probes. Furthermore, observations of 
such deuterated species are critical in evaluating chemical fractionation in interstellar material, 
and elucidating the pathways for ion-molecule chemistry. Band 2 also contains the fundamental 
transitions of H2CO and HCNH+, among other molecules. H2CO is an excellent tracer of galactic 
structure and an important pre-biotic molecule. HCNH+ is a cornerstone species in ion-molecule 
chemistry, and the precursor to both HCN and HNC. Further observations of both molecules 
would be insightful for astrochemistry, astrobiology, and the structure of molecular clouds. In 
addition, redshifted CO and HCN emission, critical to understanding galaxy evolution, fall in the 
4mm window. These examples highlight what is currently known about band 2; as with most 
unexplored wavelength regions, new scientific discoveries will likely occur, provided a 
receiver/detector is available with sufficient sensitivity. In band 2, this sensitivity is virtually 
guaranteed. 
 
During the 12 months of this design study, we propose to develop and demonstrate the key 
components and sub-systems of a prototype band 2 receiver. Two types of cryogenic low-noise 
amplifiers (MMIC and MIC) will be built and tested comparatively, to establish the best path for 
ALMA.  Other receiver components, such as the optics and down-converter, will be constructed 
and implemented as well. Prototype receiver systems will then be tested operationally on the 
ARO 12m telescope. Once the new Band 2 receiver has been successfully demonstrated, 
additional observations will subsequently be conducted at both the ARO 12 m and the GBT to 
further clarify scientific directions. The key result of this study will be a science-driven and 
technologically-ready proposal to deliver the full complement of band 2 receivers for ALMA. 
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I. Science Case and Significance for ALMA 
The 65 - 90 GHz region of the 
electromagnetic spectrum, ALMA 
band 2, has largely been neglected by 
researchers at millimeter wavelengths. 
This frequency range comprises the 
lower half of the so-called 3mm 
atmospheric window. Most modern 
observatories do not have receivers at 
band 2. Instead, they have focused on 
providing instrumentation for the 
higher part of the band (90 – 115 
GHz), because it contains the 
fundamental J = 1→0 transition of 
CO, an abundant and widespread 
molecular tracer. Until very recently, 
the only observatory that had a 
receiver in this band is the Arizona 
Radio Observatory (ARO), which 
supports a previous generation, dual 
polarization SIS mixer system in the 
65- 90 GHz range at the 12m at Kitt Peak.  ARO users have exploited the 12m receiver system 
for productive scientific use (e.g. see Tenenbaum et al 2010; Zack et al. 2011), but clearly there 
is more to be discovered in the band. With the remarkable increase in sensitivity and resolution 
offered by ALMA, observations in band 2 are likely to yield exciting new results, as it has been 
relatively unexplored in comparison to other frequency regions. 

A wide range of scientific problems can be investigated through observations at band 2. This 
spectral region contains some very fundamental molecular transitions for astronomical research. 
As shown in Table 1 and Fig. 1, the J = 1→0 transitions of some notable molecular tracers lie in 
this band. 

Table 1: Unique Molecular Transitions in ALMA Band 2. 
Molecule Transition  Frequency (MHz) Application 
DCO+ J = 1 → 0    72039.3 Tracer of cold chemistry; D/H ratios 
DCN J = 1 → 0    72414.7  Tracer of cold chemistry; D/H ratios 
DNC J = 1 → 0   76305.7 Tracer of cold chemistry; D/H ratios 
H2CO J = 10,1 → 00,0   72837.9 Dense gas thermometer; biogenic species 
H2

13CO J = 10,1 → 00,0    71024.8 Opacity tracer in H2CO; 12C/13C ratios 
HCNH+ J = 1 → 0   74111.3     Ion-molecule chemistry 
N2D

+ J = 1 → 0   77109.2 Tracer of cold chemistry; D/H ratios 

 

In this proposal, we highlight band 2 science from three major themes of the New Worlds, Hew 
Horizons (NWNH) 2010 Decadal Survey for Astronomy and Astrophysics: 

Figure 1:  The 4mm atmospheric window from the ALMA 
site and important astronomical spectral line transitions. 
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1. Frontiers of Knowledge: The Chemistry of the Universe and the Origin of Life – 
Molecular spectroscopy of complex organic molecules and pre-biotic molecules in the ISM and 
comets are key for studying the conditions from which life eventually forms. 

2.  Origins: The Context of Star Formation – Studies of the structure and physical properties 
of cold cloud cores from which stars form will be revolutionized with molecular spectroscopy of 
the deuterium species and other important species within the band. 

3. Understanding the Cosmic Order: Galaxies Across Cosmic Time – The 4mm band would 
permit the studies of CO(1→0) and HCN(1→0) at intermediate redshifts where there is strong 
evolution of galaxies. 

A. The Chemistry of the Universe and the Origin of Life 
Astronomical spectroscopy has established that a large fraction of galactic and extragalactic 
environments is molecular and while the vast space between the stars is relatively cool, it is here 
that chemical processes dominate. The formation of stars and planets depends on the details of 
this chemistry, and the study of molecules in interstellar space is crucial to our understanding of 
this formation process. The 4mm window (65–90 GHz), while only 25 GHz wide, is a largely 
unexplored parameter space that holds a wealth of spectral line information that fully 
compliments both the ALMA band 3 window (84-116 GHz) and Band 4 windows (125-163 
GHz).  Characterization of the full spectrum, especially of complex organic molecules, is 
essential if we are to ascertain the true physical and chemical environments around which these 
species are formed and emit.  The 4mm spectral window is the key to this characterization 
because many species not only have their fundamental rotational transitions (i.e. the “1→0” 
transitions) but many other low energy, low excitation transitions that trace the physical 
environment leading to their excitation. Given the importance of finding the precursors to 
biological molecules within the ISM and within comets for our understanding of the formation 
and evolution of life, it is important to maximize the available frequency coverage of ALMA 
within the 3-4mm band.  

In the era of multi-frequency, multi-facility observations, the 4mm spectral region is largely 
unexplored and will open up a new window to fully characterize the abundances and rotational 
temperatures, and hence of the physical conditions under which each molecular species occurs.  
In high excitation sources such as Orion or Sgr B2N, the 4mm window will contain more 
detectable lines (and hence more information) than the cm windows, because of larger line 
strengths on average of large molecular species, yet fewer lines than the 0.4, 1, 2 or 3mm 
windows, which are so crowded that much of the information cannot be used because of severe 
difficulties in deconvolving single dish DSB data and because of inherent line blending. 

As shown in Table 1, the J = 1→0 transitions of some notable molecular tracers lie in the 
proposed band 2, such as the lowest energy line of formaldehyde, H2CO, at 72 GHz. H2CO is 
considered to be the best polyatomic tracer of molecular clouds (e.g. Few 1979; Blair et al. 
2008), and is as readily detectable as other common species such as HCN or NH3. This fact is 
supported by the observation of formaldehyde in numerous clouds at large Galactic distances (RG 

> 16 kpc; Blair et al. 2008), including several objects that lie at more than 20 kpc from the 
Galactic center. Furthermore, H2CO is a building block of simple sugars used in DNA and RNA, 
and is considered a tracer of the so-called Galactic Habitable Zone (e,g, Lineweaver et al. 2004). 
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Formaldehyde has also been identified in comets (Milam et al. 2006), circumstellar shells of 
dying stars (Tenenbaum et al. 2010), and even in planetary nebula (Tenenbaum et al. 2009).  

H2CO has also been used as an excellent thermometer of dense gas, as multiple transitions can be 
observed through its K-ladder structure not found in linear molecules (Mangum and Wootten 
1993). For astrophysical studies of this species, observations of the J = 1→0 line is essential, as 
it may be the only transition accessible in cold gas. The 13C and D-substituted versions of this 
species also have their J = 1→0 transitions in band 2, and can be use for isotope studies. H2CO 
has been one of the few molecules routinely used to study the 12C/13C ratio across the Galaxy 
(Wilson 1999), and has yielded fruitful results in the study of galactic chemical evolution (e.g. 
Milam et al. 2005). 

Another important tracer of ion-molecule chemistry is HCNH+. This species is thought to be the 
major gas-phase precursor to both HCN and HNC (e.g. Ishii et al. 2006), but the branching ratio 
for the formation of these two abundant interstellar molecules has been a subject of long debate 
(Tetsuya et al. 2004). In order to understand their formation from HCNH+, studies of the 
[HCN]/[HNC] ratio in molecular clouds have been carried by various researchers (e.g. Hirota at 
al. 1998), and many theoretical studies have been conducted as well (see Ishii et al. 2006). 
However, little is actually known about HCNH+ itself, since its initial detection in the ISM in 
1986 (Ziurys and Turner 1986), because the J = 1→0 line of this ion lies at 74 GHz and higher-
order transitions in the 2mm and 1mm bands are difficult to extract from these line-crowded 
bands. Renewed investigation of this molecule would be highly enlightening in understanding 
the gas-phase formation of HCN and HNC. 
 
Aside from specific molecular tracers, band 2 is simply rich in molecular lines, as illustrated by 
Fig. 2. Here a 1 GHz single-sideband spectrum is shown, obtained towards the warm molecular 
cloud core of Sgr B2 at 74 GHz, measured the with ARO 12m telescope at Kitt Peak. As these 
data clearly illustrate, at the 10 mK level, the spectrum is almost a continuum of spectral lines, 
not all which have been identified.  Band 2 thus rivals other spectral bands in the evaluating the 
chemical content of interstellar gas. In addition, 4mm observations have been essential in the 
detection of heavier molecules, such as those containing iron and sulfur. For example, 
observations near 80 GHz were critical in the identification of interstellar FeCN and HSCN 
(Zack, Halfen and Ziurys 2011; Halfen et al. 2009). Given typical rotational temperatures of 
molecules with larger dipole moments, such as FeCN (Trot ~ 16 K in IRC+10216), excitation of 
the rotational energy levels begins to decrease significantly for transitions at wavelengths shorter 
than 3mm, making observations in band 2 necessary. Measurement of a series of lines across the 
complete 3-4mm window (65–115 GHz) offers an avenue for unambiguous molecule 
identification.  

Because of its high sensitivity ALMA will be able to detect many weak transitions of complex 
species (in the sense of small line strengths or small dipole components) not previously seen. 
These transitions all lie systematically above the LTE (Local Thermodynamic Equilibrium) line 
by large factors (10 to 100). Species involved include, but are not limited to, CH3OHCO, 
CH3CHO, CH3CH2OH, (CH3)2O, (CH3)2CO, CH3CH2CN and CH2CHCN. These molecules have 
also been shown to be subject to either large optical depths or systematic pumping effects of the 
weaker transitions, including the fundamental transition that is often brighter than predicted by 
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LTE conditions. Attempts to simulate these pumping effects have largely failed due to a lack of 
information of key transitions that can be found in the 4mm regime.   

 

 

B. The Context of Star Formation 
Radioastronomy at 3–4 mm provides an excellent probe of the star-formation processes 
producing both low and high mass stars. The fundamental (J = 1→0) transitions of several key 
species containing deuterium lie in band 2, including DCO+, DCN, N2D

+, and DNC (see Table 
1). These molecules are the deuterium-substituted analogs of HCO+, HCN, N2H

+, and HNC, 
common constituents of both warm and cold clouds. Observations of deuterium isotopologues 
are crucial in evaluating D/H ratios in the Galaxy, a tracer of nucleosynthesis in the Big Bang 
(Wilson 1999). Moreover, it has been found that quite often in cold, dark clouds, certain 
molecules are highly enriched in deuterium as a result of chemical fractionation (e.g. Millar et al. 
1989). Bonds to D are slightly lower in energy than those with H; hence, in cold gas many 
molecules have enhanced abundances in their deuterated forms (e.g. Chen et al. 2010). D/H 
ratios as high as ~ 0.01 – 0.1 have been observed, a significant difference from the cosmological 
ratio of ~ 10-5. The enhancement of D is thought to begin with H2D

+, the singly-deuterated form 
of H3

+, and the deuterium is passed along via ion-molecule reactions. Studies of deuterated 
species therefore provide observational tests of ion-molecule chemistry, the paradigm for 
molecular synthesis in the ISM.  

The relative abundance of many molecules in star-forming cores varies significantly with 
temperature and density (e.g., Di Francesco et al. 2007) as a result of molecular freeze-out onto 
the surfaces of dust grains at high densities and low temperatures, followed by gas phase 
chemical processes.  Furthermore, recent studies have suggested that the extent of deuterium 
fractionation can be used as a probe of the evolutionary sequence in both low and high mass 

Figure 2: Single-sideband spectrum measured towards SgrB2(N) at 74 GHz, using the ARO 12m 
telescope, with 1 GHz of bandwidth. The data illustrate the rich spectra expected at band 2 (from 
Halfen et al. 2012).  
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cloud cores, a sort of chemical “clock” ( e.g. Battersby et al. 2010; Chen et al. 2011). Molecules 
such as DCO+, N2D

+, DCN, and DNC are extremely important tracers of fractionation in these 
cores, and the J = 1→0 lines typically exhibit the strongest emission at the colder temperatures 
usually inherent in these objects.  One of the best molecule pairs to study this ratio is 
[N2D+]/[N2H+], because these molecules are resistant to freeze-out onto the surfaces of dust 
grains (Crapsi et al. 2005; Di Francesco et al. 2007).  The (1→0) transitions of these molecules 
are especially useful to observe, given that the cold temperatures in these cores (~10 K) do not 
efficiently excite the higher-J transitions.  The 77.1 GHz N2D+ (1→0) transition is not 
observable with the ALMA band 3 receiver.  If the upper edge of band 2 were extended to 93.2 
GHz, then the [N2D+]/[N2H+] pair could be observed simultaneously, without the need for 
switching frequency bands. 
 
The lack of 4mm observing capability has made studies of the deuterium fractionation of starless 
cores very difficult to carry out.  Those studies that have been done so far (e.g., Bacmann et al. 
2003; Crapsi et al. 2005; Daniel et al. 2007) have used pointings (not maps) from single-dish 
telescopes, making it impossible to study variations of the [D]/[H] ratio within cores.  The high 
angular resolution provided by ALMA will make possible, for the first time, studies of the 
chemical ages of dense cores by providing high-sensitivity and high-angular resolution 
observations of the [N2D+]/[N2H+] line pair. 

C. Galaxies Across Cosmic Time 
Studying the molecular properties of intermediate galaxies is key for our understanding of galaxy 
evolution.  At intermediate redshifts (z>0.34), CO(1→0) will not be available with ALMA band 
3, and the key dense gas tracer HCN(1→0) will only be accessible with ALMA band 3 for the 
nearest galaxies (z<0.055).  Studying galaxies at intermediate redshifts is crucial in 
understanding the strong evolution of infrared bright galaxies from today to z=1 (Le Floch et al. 
2005; Magnelli et al. 2009).  Although the upper-level CO and HCN transitions are observable at 
intermediate redshifts with ALMA, the ground state transitions are critical for measuring the 
total amount of molecular gas (Harris et al. 2010; Ivison et al. 2011).  Large samples of low and 
intermediate redshift ULIRGs and LIRGS have been uncovered by the Spitzer and Herschel 
surveys and could be observed in CO(1→0) at 0.23<z<0.7 and HCN(1→0) at z<0.3 with the 
proposed ALMA band 2 system.  Given the lack of current facilities working at 4mm, molecular 
studies have been mostly unexplored within this important intermediate redshift range. 

 

II. Technical Description of Band 2 Upgrade 
A. Specifications and Requirements 

The receiver noise specification for ALMA band 2 is 30 K SSB over 80% of the RF band and 47 
K SSB at any RF frequency in the band [Cunningham 2007], where the RF band is defined as 
67-90 GHz.  This noise performance is to include all contributions from warm optics, cryostat 
windows, and IR filters.  Table 2 shows the preliminary gain and noise budget for the Band 2 
cartridge.  It assumes a combined room temperature lens and window.  We will also investigate 

We propose to host an ALMA Band 2 Science Workshop to prepare a complete band 2 
science case, including a proposed set of key programs for the first 100 hours of Band 2 
observing, to drive a set of observational requirements and realistic technical 
specifications for the band 2 cartridge production. 
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the option of a cold lens, potentially reducing the overall receiver noise by 7 K.  Even a cooled 
lens however will still require this specification to be relaxed in production, unless a cryogenic 
LNA with less than 20 K noise temperature over 80% of the band can be demonstrated (a highly 
unlikely occurrence).  An important outcome of this design study will therefore be a change 
request for a more realistic receiver noise specification.  We will also investigate the tradeoffs of 
pushing the upper edge of the band to 93.2 GHz, allowing simultaneous observations of the 
[N2D+]/[N2H+] line pair. 

As indicated by Table 2, the optics and the cryogenic LNA dominate the receiver noise.  
Therefore, these are the areas on which we will concentrate our design study efforts.  
Development effort will also focus on the downconverter and LO, since these cannot be built 
using off-the-shelf components and their design and performance is important for interfacing 
with ALMA. 

Table 2: Preliminary gain and noise budget for the ALMA band 2 receiver.    
Component/Stage Gain (dB) Noise Temperature (K) TEQ (K) referenced to the input 
Lens/Window (297K) -0.16 11.1 11.1 
IR Filters (15K, 110K) -0.1 2.5 2.6 
Feedhorn (15K) -0.1 0.35 0.4 
OMT (15K) -0.1 0.35 0.4 
Cryogenic LNA (15K) 30 30 33.4 
Cryogenic Isolator (15K) -1 3.9 insignificant 
Cryogenic Postamp (15K) 25 80 0.1 
Waveguide Feedthru (297K) -1 77 insignificant 
Donwnconverter (297K) -15 5000 insignificant 
Warm IF Amplifier (297K) 20 175 insignificant 
Total 57.5  48.0 

B. Optics 
The optics for bands 1 and 2 are the most demanding in terms of size. The optical elements are 
too large to be accommodated inside the cryostat, so as per the original ALMA receiver optics 
design [Lamb 2001] only the feed horns can be cooled. Reflective optics were considered but the 
folded geometry resulted in optics that were too large to fit in the space above the cryostat 
without obscuring other bands. Use of a single lens to couple into the corrugated horn resulted in 
a much more compact design. A single feedhorn is employed since the polarizations are 
separated using an orthomode transducer (OMT). 

The window for band 2 is offset by 255 mm from the center of the cryostat.  The receiver beam 
is tilted at an angle of 2.48° to the cryostat axis.  The subreflector subtends a half-angle of 3.6° 
from the cassegrain focus.  To provide an edge taper of -12.5 dB at 3.6°, a very long corrugated 
horn is required.   As explained earlier, the location of the window for this band on the cryostat 
precludes the use of any reflective optics.  The proposed optics scheme has a corrugated horn of 
reasonable length and a focusing lens, to transform the waist of the horn to the telescope waist.  
The horn will be cooled to 15 K.  The lens is located at distance of 102 mm from the aperture of 
the horn.  The top surface of the cryostat plate is approximately 80 mm above the aperture of the 
horn.   

The telescope beam waist is 23.2 mm at 79 GHz and is located at a distance of 280 mm above 
the cryostat top plate.  By proper choice of the feed parameters and the focal length of the lens, 
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the feed waist can be matched to the telescope waist at all frequencies within the band.  The lens 
also serves as the vacuum window at 300 K.  The lens will contribute about 11.5 K to the 
receiver temperature.  This includes dissipation loss and effects of truncation and reflection.  The 
infrared (IR) filters at the 15-K and 110-K stages contribute another 2-3 K.  Placing the lens at 
the aperture of the horn and cooling it to 15 K, will reduce receiver temperature by about 7 K.  
This option will be investigated during this design study phase.   

A wideband linear taper corrugated horn will be used.  The designed feed horn has a waist of 4.8 
mm at 79 GHz and using a lens of focal length 99 mm results in an output waist of 23.2 mm.  
The average taper is about -12.6 dB at the edge of the subreflector over the frequency band.  The 
dielectric lens will be machined out of high density polyethylene.  Application of antireflection 
coating, to obtain low reflection coefficient over the 67-90 GHz band, will be explored. 

The orthomode transducer (OMT) for the ALMA band 2 receiver should have the following 
features: ease of manufacture and assembly, no tuning requirement, repeatable performance, and 
low cost.  The Boifot junction OMT is used routinely in many receivers on the JVLA and has a 
split-block construction.  ALMA bands 3 and 6 also use the Boifot junction OMT.  These have 
pins in the entry into the ports of the side arms and a septum in the main-arm port.  Experience 
shows that the number of rejections of this OMT is fairly high and assembly is non-trivial. 

NRAO has developed an OMT based on a turnstile junction that possesses two-plane symmetry.  
This OMT does not have any pins or septum as is the case with the Boifot junction OMT.  It was 
developed for the JVLA X-band (8-12 GHz) receiver and has a square input waveguide 
0.900"x0.900" [Srikanth and Solatka 2011].  The turnstile junction has four WR-90 output ports.  
A square prism at the base of the square waveguide acts as a tuning element providing excellent 
input match.  Each output port of the junction is routed through two 90° H-plane bends before 
the pair of opposing arms is joined in an E-plane Y-junction.  To allow two of the arms to cross 
without interference, stepped transformers are located before the cross-over to reduce the height 
of the waveguides.   The various sub-components of the turnstile junction OMT were optimized 
individually using an EM simulator.   

The main body of the OMT is composed of three major blocks.  One face of the center block has 
the side-arms associated with one set of ports along with the associated H-plane bends and 
stepped transformer; while the other face has the side-arms associated with the other set of ports.  
The two Y-junctions are of split-block construction and this assembly fits snugly in the openings 
of the main body assembly.  Guides and stops on the Y-junction assembly ensure precise 
alignment of the waveguides in both assemblies.  This mechanical design ensures easy assembly 
and requires no tuning.   

Measurements were made on the X-band OMT between 7.5 and 12.5 GHz.  When scaled to W-
band, return loss is ≥ 20 dB from 67 to 90 GHz.  Insertion loss is typically about 0.1 dB and 
crosspolarization coupling is ≥50 dB.  This OMT design will be used for the band 2 receiver.   

 

We propose to deliver an optics report containing drawings and simulations of the entire 
band 2 optics, including expected contributions to receiver noise.  We will fabricate and 
test a band 2 turnstile-junction OMT and feed horn.  We will investigate the option of a 
15 K lens to reduce the receiver noise.  
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C. Cryogenic LNAs 
Along with the receiver optics, the cryogenic LNA is the most important contributor to the 
overall receiver noise.  There are two options for the band 2 cryogenic LNA.  The baseline is 
considered to be a hybrid “chip-and-wire” LNA built using discrete 80nm gate length InP 
HEMTs, where the transistors for at least the first stage (perhaps two) would be from the 
CRYO3 wafer run fabricated by NGST in 1999 for the Jet Propulsion Laboratory Deep Space 
Network (JPL DSN) under the Cryogenic HEMT Optimization Program (CHOP). These wafers 
exhibit exceptionally good cryogenic performance and are therefore used in a majority of radio 
astronomy receivers at centimeter wavelengths. These wafers contain tens of thousands of HFET 
chips with 80 nm gate length and varying device peripheries.  Their cryogenic performance 
closely tracks the minimum noise temperature predicted [Pospieszalski 1991] for a hypothetical 
well-behaved cryogenic InP HFET.  A 
prototype LNA has been built 
incorporating a CRYO3 device in the 
first stage, and the LNA performance 
measured over the full 65-120 GHz 
band.  This LNA was  optimized 
neither for the 4mm band nor for the 
CRYO3 device, so this does not 
represent the predicted performance of 
a Band 2 LNA using this device.  It did 
confirm however that the noise 
temperature approaches the predicted 
minimum noise at some frequencies.  
An optimized CRYO3 band 2 hybrid 
LNA would have fairly constant noise 
temperature equal to the predicted 
noise temperature minimum for the 
upper edge of the band, i.e. a nearly 
constant 30K from 67-90 GHz.  This 
is the noise temperature used for the 
LNA in the noise budget in Table 2. 

A second option is to use a more recently developed 35nm gate length InP HEMT device from 
NGST.  In this case, due to the high gain and fmax of the device, a MMIC approach is likely 
required.  An initial Band 2 MMIC design was demonstrated recently to have 22 K minimum 
noise in this band [Bryerton 2009].  Five different MMICs of this same design from the first 
2008 wafer run were measured in a WR-12 module and have similar performance (Fig. 3).  A 
second 35nm wafer run was completed in 2011.  However, this wafer run suffered from 
incomplete via etching and it appears to have lower gain and higher noise in general compared 
with the 2008 wafer run.  All the same designs are being repeated on a third wafer run in 2012.  
These wafer runs are being funded by NASA programs, not ALMA or NRAO at this point.  The 
cost of a single wafer run is about $200K and well beyond the resources of this design study.  
However, Bryerton and Morgan have submitted designs for this process and are being supplied 
sample chips of their designs in exchange for their efforts demonstrating the capabilities of this 
process.  This arrangement is expected to continue.   

Figure 3: Measured noise of 35nm MMIC LNAs 
packaged in WR-12 module with predicted minimum 
noise temperature for cryogenic HFETs (dashed line). 
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D. Downconverter and Local Oscillator 
The band 2 cartridge will be implemented as a cryogenic HFET front-end followed by a 
conventional (non-superconducting) mixer that is compatible with the existing ALMA local 
oscillator frequency plan and IF subsystem. In other words, we require a 67-90 (or 67-94) GHz 
fundamental-frequency, image-rejecting mixer with at least 4-12 GHz IF bandwidth. Although 
single-sideband operation could be achieved with individual component mixers and hybrids as 
described later, a single-chip implementation would further facilitate uniformity of performance. 
This integration would minimize cabling and/or manual wire bonds in the RF circuit, leading to 
improved reliability, stability, and gain flatness. 

Commercial MMICs of many kinds are now available off-the-shelf in the millimeter-wave range, 
however, the selection above about 50 GHz is quite limited. Broadband components, sufficiently 
wide to cover an ALMA band are rare. With specific regard to mixers, those having wide IF 
outputs higher than a few GHz are quite rare in commercial product catalogs, as is also the case 
for fundamentally-pumped mixers in the millimeter-wave range. Nevertheless, the HMC-
MDB277 from Hittite Microwave Corporation has been identified and appears to meet the 
requirements, With no image-rejecting capability, two such chips would be required along with 
external RF/LO hybrids and splitters to complete the image-rejecting mixer configuration for 
each polarization.  A custom MMIC chip design is therefore more desirable, however this off-
the-shelf component may be considered as a backup solution. 
 
Due to synergies between the ALMA requirements as stated above and that of a potential 3mm 
focal plane array on the Green Bank Telescope (GBT), the design of a broadband, I/Q, balanced 
mixer has already been completed. The chip dimensions are 1.3 x 1.0 x 0.1 mm, and it is 
designed to be fabricated by United Monolithic Semiconductors (UMS) in their GaAs Schottky 
diode MMIC process.  Since the initial development of the mixer design was already supported 
by the NRAO, all that remains for final production is fabrication and testing.  

Although quite economical for cartridge production, the $90k required for the Schottky MMIC 
wafer run exceeds the available funds for this design study. Instead, a multi-chip design 
employing the aforementioned HMC-MDB277 will be constructed for early prototyping. Two 
important differences in the expected performance of this interim solution and the final 
production design should be noted: it will have higher conversion loss, especially at the low end 
of the band where the data sheet indicates lower conversion efficiency dropping, and the LO 
power requirements will be significantly greater (about 17 dBm for a two-chip mixer, compared 
to 10 dBm for the custom single-chip design.) However, it will provide early confidence in the 
backup solution should the fabrication of the single-chip design fail or be delayed. 

The baseline downconversion scheme calls for a 76-85 GHz LO.  This is relatively narrowband, 
falling completely within the band 6 LO driver frequency range of 73.7-88.3 GHz.  The band 2 
LO can therefore use the same components as the band 6 LO driver.  Depending on the mixer 
used (see previous section), either 10 mW or 50 mW would be required per polarization.  This 

In this design study, we will continue to package and characterize already-designed 35nm 
MMIC amplifiers over the ALMA band 2 frequency range.  We will also build and test a 
band 2 cryogenic hybrid LNA using 80 nm CRYO3 InP HEMTs. 
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LO range also allows for flexibility in defining the lower and upper edge of the RF band—it is 
capable of supporting a RF band anywhere within 64-97 GHz. 

There are some important distinctions between the LO requirements for a SIS receiver and for a 
HEMT LNA receiver.  First of all, fine-tuning of the LO power is not required for a HEMT LNA 
receiver.  The mixer noise temperature does not contribute significantly to the overall receiver 
noise temperature, so it is not necessary to optimize the LO power across the frequency band.  
The allowable LO power range is much greater and it is therefore very likely that the LO driver 
for each polarization would not need to be independently settable for each polarization—a 
simple splitter might suffice.   

Since independent power control is not needed for each polarization, the power amplifier (PA)  
block in the typical LO driver can be replaced with a downconverter block, containing the 
mixers, RF postamps, and possibly additional LO amplification.  The RF output of the cartridge 
can therefore exit the cold cartridge through the same WR-12 feedthroughs and waveguide that  
in higher-frequency bands are used to deliver the LO driver power to the cold multipliers.  This 
leaves the basic LO driver topology the same as for the other SIS bands.  The downconverter 
(formerly “PA”) block will also then need to have two 4-12 GHz IF outputs.  These can then be 
routed to their usual destination on the warm IF amplifier plate, also located in the LO driver. 

 

 

E. High Image Rejection Option for SingleDish Spectroscopy 
The relatively narrow band 2 offers the opportunity to implement a high image rejection 
downconversion scheme for the subset (4) of ALMA antennas which will be available for use in 
single-dish mode.  By using a higher first IF (e.g. 12-20 GHz), the image frequency can be kept 
completely outside the RF passband, allowing it to be filtered before the mixer.  This then 
requires a second fixed-frequency LO (e.g. 24 GHz) to downconvert the IF to 4-12 GHz.  This 
will also require a second fixed-frequency photonic reference to phase-lock the second LO (24 
GHz in the example given).  The laser synthesizer is capable of providing this lower-frequency 
reference (since it falls close to the band 1 range), however to deliver two references 
simultaneously on the same fiber requires modification to the laser synthesizer.  This 
modification is proposed in a separate design study proposal and has other applications.   

 

III. Prototype LNA Testing at the ARO 12m Telescope 
As discussed earlier, two different LNA technologies (80nm MIC and 35nm MMIC) are possible 
candidates for use in the ALMA band 2 receiver. It would be extremely enlightening to evaluate 
these technologies with actual test observations on a radio telescope. We propose to conduct 
such tests by observing on the 12m telescope of the Arizona Radio Observatory (ARO) at Kitt 
Peak. The Kitt Peak site (elevation ~ 6500 ft.) is excellent for measurements at band 2, as 
supported by observations in this frequency region by the current ARO 60 - 90 GHz receiver. 

We propose to investigate the option of a high image-rejection downconverter/LO option, 
clarifying the scientific benefit and estimating the total cost of implementation.   

We propose to prototype and test a warm downconverter module (in a LO driver PA 
form factor) using commercial off-the-shelf MMICs.  This module will have two 4-12 GHz 
IF outputs to interface to the warm IF plate. 
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Figure 4: Existing 12 m 
receiver cartridge, which will be 
modified to accommodate a 
band 2 amplifier. 

The current instrument is a dual-polarization, SIS mixer 
system. Our plan is to compare the performance of the 
current receiver with the two prototype systems on the 
telescope with on-sky measurements, both in spectral-line 
and continuum modes, including long integrations on 
astronomical sources. In order to conduct such tests, we 
propose to incorporate the two amplifier types into separate 
receiver cartridges. These cartridges will be installed into the 
same Dewar that houses the current ARO band 2 SIS 
receiver. This Dewar contains a 4 K refrigerator system with 
1.5 watts of cooling capacity such that all receiver cartridges 
can be evaluated at 4 K. (The ALMA band 2 LNAs will be 
on the 12 K plate, but their performance at 4 K is indicative 
and, in fact, very interesting for other applications.)  In 
principle, all three receiver types can be evaluated almost 
simultaneously if only one polarization is used.  

The ARO 12m telescope has a suite of spectrometer 
backends that can be used during the test observations. All 
backends require a 1.5 GHz input. A frequency down-
converter will be built to convert the 60 – 90 GHz output 
from the amplifiers to the 1.5 GHz IF required by the 
backends. This down-converter will also enable single-
sideband operation for the amplifier receivers, thus 
maximizing their performance.  

In order to do the proposed astronomical tests, the two prototype amplifiers (one a MIC and the 
other a MMIC) will be incorporated into existing spare cartridge assemblies, as shown in Fig. 4.  
In the current SIS receiver, the mixer, LO coupler, feedhorn/lens and IF amplifier, are mounted 
to the 4 K plate. To modify the cartridge, the amplifier will be mounted on the 4 K plate in place 
of the mixer/coupler. The 4 K plate is 5″ in diameter, and can easily accommodate either the 
MIC or MMIC amplifier package. The feedhorn can then be attached to the amplifier utilizing a 
standard UG-387 waveguide flange. The waveguide routing will have to be slightly modified to 
fit with the amplifier. The 300 K aluminum bulkhead plate will also be adapted to accommodate 
the amplifier bias cabling and WR-12 waveguide output.  No other modifications will be needed 
for the cartridge, and all existing spacers would remain the same.  

Two spare cartridge assemblies are currently available. The modifications will be carried out 
once the amplifier packages are on hand in Arizona. It is anticipated that the cartridge 
modifications can be completed within a six month window and then can be placed in the Dewar. 

Conversion of the amplifier output to the 1.5 GHz IF required by the 12m backends can be 
achieved through a room temperature mixer assembly. This assembly consists of two 
commercial E-band mixers (e.g., MXP-12 from Millitech), as well as a WR-12 quadrature hybrid 
coupler, LO power splitter, and a generic stripline 1-2 GHz quadrature hybrid.  The quadrature 
coupler and LO splitter will be scaled from the NRAO band 3 design. Upper or lower receiver 
sideband can be chosen using the selector switch. We are anticipating at least 20dB of image 
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rejection using this scheme.  The currently available Gunn-based local oscillator can be used to 
drive the mixers. 

Initial testing of the cartridges will be performed in the laboratory in a test Dewar before 
installation on the telescope.  Once the cartridges have been successfully tested in the lab, they 
will be installed on the telescope. Test observations will then commence using the newly 
installed inserts. System temperatures on the sky, baseline quality, and overall receiver stability 
will be measured and compared between the MIC and MMIC systems, as well as with the 
current SIS receiver. Sample science programs will also be conducted for additional evaluation. 
It is anticipated that at least 2 weeks of ARO 12m telescope time will be dedicated to the band 2 
evaluation program.                 

 

IV. Budget and Schedule  
Table 3 shows the budget for the proposed design study.  NRAO’s overhead includes 15% for 
Observatory Management and Support Services (OMSS) applied to only labor, travel, and M&S 
(materials and supplies less than $5K), plus AUI indirect cost and management fees of 2.96% 
and 2% respectively applied to everything including OMSS.  Table 4 shows the labor summary 
of the design study, with 16.5 total man-weeks requested for this project.   

Table 3:  Budget for Band 2 Design Study 
Item Name Labor (wks) Labor ($) M&S ($) Total Cost ($) 
Management/Reporting      
Research Engineer1 Bryerton 1 3,619 - 3,619 
Science      
Project Scientist1 Frayer 2 5,905 - 5.905 
Band 2 Science Workshop  - - 3,000 3,000 
Optics      
Research Engineer1 Srikanth 1 3,619 - 3,619 
Mechanical Designer  2 3,271 - 3,271 
Machinist  2 3,905 - 3,905 
Materials  - - 500 500 
Cryogenic LNAs      
Research Engineer1 Bryerton/ 

Morgan/ 
Pospieszalski 

2 7,238 - 7,238 

Machinist  3 5,857 - 5,857 
Technician (Microassembly)  3 4,907 - 4,907 
Dowconverter      
Research Engineer1 Morgan 0.5 1,810 - 1,810 
Machinist  1 1,952 - 1,952 
Technician (Microassembly)  1 1,636 - 1,636 
Components  - - 500 500 
Local Oscillator      
Research Engineer1 Bryerton - - - - 
High Image-Rejection Option      
Research Engineer1 Saini 0.5 1,810 - 1,810 
ALMA Interfaces      

We propose to integrate and compare observationally the cryogenic LNA options of an 
ALMA band 2 receiver on the ARO 12m telescope. 
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Research Engineer1 Saini 0.5 1,810 - 1,810 
UA Subcontract  - - - 34,391 
      
SUBTOTAL     85,729 
TOTAL (with Overhead)     98,119 
1Project scientist and research engineer labor will be supplemented 50% by contributed effort from NRAO in the 
form of the scientist’s and research engineer’s 25% discretionary research time.  The approximate total of this 
contributed effort is 7.5 weeks, or $32,800 fully loaded. 

Table 4:  Labor Summary for Band 2 Design Study. 
Position Weeks 
Scientist 2 
Research Engineer 5.5 
Engineer - 
Technician 4 
Machinist 6 
Mechanical Designer 2 
Proj. Mgmt. Asst. - 
  
TOTAL  19.5 
 
ARO’s budget justification is summarized in Table 4. It includes 6 weeks of salary for a 
technician (M. Metcalf), and one month salary for an engineer (E. Laura). These two individuals 
will be formulating the design of the test receiver, constructing the system, and evaluating it at 
the 12 m telescope. The salaries include benefits/ERE (29.8%). We expect that ARO 
astronomers (L. Ziurys and students) will also be involved in the performance evaluation. The 
instrument purchases include an E-band mixer assembly (capital equipment: no overhead), two 
1.5 GHz IF quadrature hybrids, and two 1.5 GHz IF amplifiers. These items will also be used in 
the proposed test receiver to perform the E-band to IF (1.5 GHz) down-conversion. 

Table 5:  ARO’s Subaward Budget for Band 2 Design Study 
Item Labor ($) M&S ($) Capital ($) Total Cost ($) 
Technician (6 weeks) 7,457   7,457 
Engineer (1 month) 9,925   9,925 
1.5 GHz quadrature hybrids (Qty. 2)  300  300 
1.5 GHz IF amplifiers (Qty. 2)  1,200  1,200 
E-band mixer assembly    10,600 10,600 
SUBTOTAL    29,482 
TOTAL (with Overhead)    34,391 
 

Table 5 shows a list a milestones for the proposed design study.  The study is assumed to begin 
on April 1, 2012 and will take 12 months to complete. 

Table 5:  List of milestones. 
Milestone Date 
Project kickoff 04/01/2012 
MMIC LNA delivered to ARO 04/15/2012 
MIC LNA delivered to ARO 05/31/2012 
Band 2 OMT and horn demonstrated 08/31/2012 
Modifications to 12m receiver inserts complete 09/30/2012 
Optics report complete 10/31/2012 
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Prototype band 2 downconverter demonstrated 10/31/2012 
Modifications to 12m downconverter complete 11/30/2012 
ARO 12m observations using prototype LNAs complete  01/31/2013 
Band 2 Science Workshop 02/15/2013 
Final report complete 03/31/2013 
 

V. Interfaces to ALMA 
In addition to the development of components and subsystems described in previous sections, we 
will also prepare a draft set of ICDs (Interface Control Documents) to ensure compatibility with 
the ALMA telescope.  It should be noted that the proposal team contains members of the current 
ALMA Front End LO (FELO) work package, the Band 6 Cold Cartridge work package, and the 
Front End subsystem engineer, so we have the necessary knowledge and experience to ensure 
compatibility with ALMA standards.  A preliminary top-level block diagram of the proposed 
Band 2 receiver is shown in Fig. 8 indicating the relevant interfaces. 

VI. List of Deliverables 
 Band 2 Science Workshop report with enhanced band 2 science case 
 Draft Specifications  and ICDs for band 2 cartridge production 
 Measured performance of prototype cryogenic LNAs (80nm CRYO3 hybrid and 35nm 

MMIC)  
 Prototype 2SB downconverter module with 4-12 GHz IF outputs with measured data for 

conversion gain and sideband rejection 
 Test data from the ARO 12m telescope using prototype band 2 80nm CRYO3 hybrid and 

35nm MMIC LNAs 
 Optics report, including measured data for feedhorn and OMT, with predicted 

performance, including investigation of cooled lens option  

VII. Institutes and Key Personnel 
The National Radio Astronomy Observatory (NRAO) is a facility of the National Science 
Foundation (NSF) operated under cooperative agreement by Associated Universities, Inc. (AUI).  
This design study will be managed by the NTC (NRAO Technology Center) in Charlottesville, 
VA.  The PI will be Eric W. Bryerton.  Dr. Bryerton helped to design and develop, and is 
currently managing the production of the ALMA Front End Local Oscillator (FELO) subsystem.  
The FELO group is responsible for delivering the Warm Cartridge Assemblies and cryogenic 
frequency multipliers for all seven ALMA bands currently under construction.   Dr. David Frayer 
will serve as the project scientist for the design study.  Dr. Frayer is an associate scientist at the 
NRAO, currently also serving as the project scientist for the new GBT 4mm receiver. 

The 35nm MMIC LNAs are designed by Matthew Morgan and Eric Bryerton. Dr. Morgan 
designed the MMIC W-band 2SB mixer and will also be responsible for the prototype 
downconverter module.  The hybrid CRYO3 LNA will be designed by Dr. Marian Pospieszalski.  
Dr. Pospieszalski’s LNA group at the NTC is the world leader in low-noise amplifiers for 
radiometers, delivering all the cryogenic LNAs for NRAO’s GBT, JVLA, and VLBA telescopes.  
In addition to NRAO telescopes, Dr. Pospieszalski’s group has also supplied the cryogenic 
LNAs for nearly all the successful centimeter-wave radio astronomical receivers and missions 
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over the past twenty years, including most notably the WMAP (Wilkinson Microwave 
Anisotropy Probe) project. 

Sivankaran Srikanth will be responsible for the Band 2 optics design, including the feedhorn and 
OMT.  Mr. Srikanth has designed the feedhorns and OMTs for the JVLA upgrade and designed 
the optics for the GBT.  Dr. Kamaljeet Saini also helped to design and develop the FELO 
subsystem, and is currently the ALMA Front End system engineer.  Dr. Saini will be responsible 
for the draft interface definitions of the proposed band 2 receiver.  In addition, Dr. Saini will 
investigate the high image-rejection option for single-dish mode antennas and assist in overall 
management of the project. 

The Arizona Radio Observatory (ARO) owns and operates two radio telescopes in southern 
Arizona, the former NRAO 12m telescope on Kitt Peak and the Submillimeter Telescope (SMT) 
on Mt. Graham.  Combined, the two telescope routinely cover the entire  millimeter and 
submillimeter windows from about 4.6 mm to 0.6 mm.  The telescopes are operated around-the-
clock for 9-10 months per year for a combined 10,000 hours per observing season.  Prof. Lucy 
Ziurys is the director of the ARO and also runs a research group on high-resolution molecular 
spectroscopy and astrochemistry.  Prof. Ziurys will be responsible for managing ARO’s 
contribution to this design study.  Eugene Lauria is the ARO principal engineer and will be 
responsible for carrying out the modifications to the ARO 12m 4mm receiver.  Before joining 
ARO, Mr. Lauria was responsible for production of the cryogenic IF LNAs used in the ALMA 
band 6 cartridge. 

 

Figure 2:  Top level system block diagram for the proposed ALMA band 2 receiver, along with 
the relevant interfaces. Both the cold cartridge and the warm cartridge (incorporating the first 
local oscillator subsystem) assemblies are shown. 
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[5]  E. Bryerton and J. Hesler, “Sideband noise screening of multiplier-based sub-millimeter LO chains 
using a WR-10 Schottky mixer,” 19th Intl. Symp. on Space THz Tech., pp. 499-502, Groningen, The 
Netherlands, April 2008 

[6] M. Morgan, S. White, J. Lockman, E. Bryerton, K. Saini, R. Norrod, B. Simon, S. Srikanth, G. 
Anderson, and D. Pisano, “A K-band spectroscopic focal plane array for the Robert C. Byrd Green 
Bank Radio Telescope” in Proceedings of URSI GA 2008, Chicago, Aug. 2008. 

[7]  E. Bryerton, X. Mei, Y. Kim, W. Deal, W. Yoshida, M. Lange, J. Uyeda, M. Morgan, and R. Lai, “A 
W-band low-noise amplifier with 22K noise temperature,” 2009 IEEE MTT-S Int. Microwave Symp. 
Dig. Boston, MA, June 2009. 

[8]  M. Morgan, E. Bryerton, H. Karimy, D. Dugas, L. Gunter, K. Duh, X. Yang, P. Smith, and P. Chao, 
“Wideband medium power amplifiers using a short gate-length GaAs MMIC process,” 2009 IEEE 
MTT-S Int. Microwave Symp. Dig. Boston, MA, June 2009. 

[9]  E. W. Bryerton, “A cryogenic integrated noise calibration and coupler module using a MMIC LNA,” 
IEEE Trans. Microw. Theory. Tech., vol. 59, no. 8, pp. 2117-2122, Aug. 2011 
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Curriculum Vitae

DAVID THEODORE FRAYER

National Radio Astronomy Observatory
PO Box 2
Green Bank, WV 24944 (USA)

Office Telephone: (304) 456-2223
e-mail: dfrayer@nrao.edu

http://www.gb.nrao.edu/∼dfrayer/

Education: 01/1996 Ph.D. Astronomy, University of Virginia
08/1993 M.A. Astronomy, University of Virginia
05/1991 B.S. Astronomy and Astrophysics, Indiana University

Positions:

10/2009 — •Associate Scientist, National Radio Astronomy Observatory (NRAO)
◦Project Scientist for the Green Bank Telescope (GBT) 4mm Receiver
◦Green Bank coordinator for the NSF REU summer student program
◦Scientific user support for the GBT and the Green Bank site

10/06–09/09 •Associate Research Scientist, NASA Herschel Science Center (NHSC), Infrared
Processing and Analysis Center (IPAC), California Institute of Technology
◦PACS Instrument Scientist and NHSC Deputy PACS Lead
◦IPAC Deputy Head of Science Staff

09/00–10/06 •Assistant Research Scientist, Spitzer Science Center (SSC), IPAC/Caltech
◦ MIPS Instrument Support Team and SSC Deputy MIPS Lead

09/97–08/00 •Postdoctoral Scholar at Caltech with the OVRO Millimeter Array
09/95–08/97 •Postdoctoral Fellow, University of Toronto, Astronomy Department

Selected First Author Journal Publications

1. Frayer, D. T., et al. 2011, Green Bank Telescope Zpectrometer CO(1-0) Observations of the
Strongly Lensed Submillimeter Galaxies from the Herschel ATLAS, ApJ, 726, L22

2. Frayer, D. T., et al. 2009, Spitzer 70 and 160 µm Observations of the COSMOS Field, AJ,
138, 1261

3. Frayer, D. T., et al. 2008, Molecular Gas in the z = 1.2 Ultraluminous Merger GOODS
J123634.53+621241.3, ApJ, 680, L21

4. Frayer, D. T., et al. 2006, Spitzer 70 Micron Source Counts in GOODS-North, ApJ, 647, L9

5. Frayer, D. T., et al. 2006, Spitzer 70 and 160-micron Observations of the Extragalactic First
Look Survey, AJ, 131, 250

6. Frayer, D. T., et al. 2004, Near-Infrared Colors of Submillimeter-selected Galaxies, AJ, 127,
728

7. Frayer, D. T., et al. 2004, Infrared Properties of Radio-selected Submillimeter Galaxies in
the Spitzer First Look Survey Verification Field, ApJS, 154, 137

8. Frayer, D. T., et al. 1999, Molecular Gas in the z=2.565 Submillimeter Galaxy SMM
J14011+0252, ApJ, 514, L13

9. Frayer, D. T., et al. 1998, Molecular Gas in the z=2.8 Submillimeter Galaxy SMM
02399-0136, ApJ, 506, L7

10. Frayer, D. T., & Brown, R. L. 1997, Evolution of the Abundance of CO, O2, and Dust in
the Early Universe, ApJS, 113, 221
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EUGENE F. LAURIA  eflauria@gmail.com  
4717 N. Paseo de los Cerritos, Tucson, AZ 85745 • (520) 743 - 0526 

 

EMPLOYMENT 
 

RECEIVER  ENGINEER  (2010 - PRESENT) 
Arizona Radio Observatory, Tucson, AZ  
 Designed and constructed a 385-500 GHz (ALMA band 8)  sideband separating mixer 

and receiver 
 
MICROWAVE/RF  ENGINEER  (2008 - 2010) 
Raytheon Missile Systems, Tucson, AZ  
 Worked in the Advanced Programs/Concepts Section in the RF Electronics Center to 

perform rapid prototyping and investigate new technologies in RF electronics 
 Provided road maps in technologies related to frequency agile tunable filters and THz 

electronics 
 Subject matter expert within Raytheon in microwave engineering and THz electronics 
 
RECEIVER  ENGINEER  (2005 - 2008) 
Arizona Radio Observatory, Tucson, AZ  
 Built the first receiver which utilized an ALMA band 6 sideband-separating  mixer that 

was used for astronomical observations (ref. ALMA Memo 553) 
 Designed and constructed a 0.5mm receiver utilizing ALMA band 9 mixers 
 Successfully constructed receiver systems under tight time constraints with a modest 

amount of resources 
 
MICROWAVE ELECTRONICS ENGINEER  (1999 - 2005) 
National Radio Astronomy Observatory Central Development Lab, Charlottesville, VA 
 Designed a 4-12 GHz IF cryogenic amplifier that is directly integrated to the ALMA 

band 6 SIS mixer without using an isolator  (ref. ALMA memo 378) 
 Worked with ALMA band 9 team at SRON/Groningen to study feasibility of directly 

integrating an ALMA band 9 mixer with the same IF amplifier used for ALMA band 6  
(ref. ALMA memo 429) 

RECEIVER ENGINEER  (1993-1999) 
National Astronomy and Ionosphere Center, Cornell University, Ithaca, NY 
 Receiver engineer lead for NAIC during the Arecibo Observatory Gregorian upgrade 
 Built seven front ends covering the frequency range from 420 MHz to 12 GHz 

 
EDUCATION 
 

M.S.  ELECTRICAL AND COMPUTER ENGINEERING  (1988 - 1992) 
University of Massachusetts, Amherst, MA 
 Graduate student of the Five College Radio Astronomy Observatory 
 Thesis proved the feasibility of using an active tertiary reflector to remove phase errors 

introduced by gravitational deformation as a function of elevation of a 14-meter diameter 
radio telescope using Fourier Optics 

 Part of the team that built the first cryogenically cooled multibeam (16 pixel) 100 GHz 
array receiver 

 
B.S. ELECTRICAL ENGINEERING   (1985 -19 88) 
University of Massachusetts, Amherst, MA 
 
 Emphasis on microwave engineering and communication theory 
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Matthew A. Morgan, Ph.D. 
matt.morgan@nrao.edu 

(434) 296-0217 
 

Education 
 Doctor of Philosophy, Electrical Engineering, California Institute of Technology, June 2003. 

o Dissertation: Millimeter-Wave MMICs and Applications 
 Master of Science, Electrical Engineering, California Institute of Technology, June 2001. 
 Bachelor of Science, Electrical Engineering, University of Virginia, May 1999.  
 
Work History 
National Radio Astronomy Observatory, Scientist/Research Engineer, 2003 to present. 
 Head of Advanced Integrated Receiver development program. 
 Technical lead for ALMA Band 6 cryogenic IF amplifier production, Band 6 receiver cartridge testing, and 

Band 3 and 6 OMT production and testing. 
 Project Engineer for Green Bank Telescope K-band (18-26.5 GHz) Focal Plane Array development. 
 Member of the Observatory Technical Council (OTC), May 2006 to April 2011. 
 Co-developed MMIC chipset, including power amplifiers, mixers, and multipliers, for ALMA sub-millimeter-

wave Local Oscillator system. 
 

Jet Propulsion Laboratory, Affiliate, 1999 to 2003. 
 Prototyped MMIC mixers and multipliers for space-borne atmospheric radiometers in the 90-140 GHz and 170-

210 GHz bands. 
 Developed W-Band MMIC components for use as laboratory test equipment. 
 Designed MMIC LNAs, multipliers, mixers, and control circuits, as well as integrated multi-function modules, 

for Ka-Band low-noise receivers on the Deep Space Network Array. 
 
Lockheed Martin Federal Systems, Associate Programmer, summers of 1996-1998. 
 
Patent Applications 
 M. Morgan and J. Fisher, "Statistical Word Boundary Detection in Serialized Data Streams." 
 M. Morgan, "Reflectionless Filters." 
 
Selected Publications (most relevant to OPTIMUS) 
[1] M. Morgan, E. Bryerton, H. Karimy, D. Dugas, L. Gunter, K. Duh, X. Yang, P. Smith, and P.C. Chao, 

"Wideband Medium Power Amplifiers Using a Short Gate-Length GaAs MMIC Process," IEEE MTT-S Intl. 
Microwave Symposium, Boston, MA, June 2009. 

[2] E. Bryerton, M. Morgan, D. Thacker, and K. Saini, "Maximizing Signal-to-Noise Ratio in Local Oscillator 
Chains for Sideband-Separating Single-Ended Mixers," 18th Intl. Symp. on Space Terahertz Technology, 
Pasadena, CA, March 2007. 

[3] E. Bryerton, K. Saini, M. Morgan, M. Stogoski, T. Boyd, and D. Thacker, "Development of Electronically 
Tuned Local Oscillators for ALMA," Joint 30th Intl. Conf. on Infrared and Millimeter Waves and 13th Intl. 
Conf. on Terahertz Electronics, Williamsburg, VA, September 2005. 

[4] M. Morgan, E. Bryerton, P. Cesarano, T. Boyd, D. Thacker, K. Saini, and S. Weinreb, "A millimeter-wave 
diode-MMIC chipset for local oscillator generation in the ALMA telescope," IEEE MTT-S Intl. Microwave 
Symposium, Long Beach, CA, June 2005. 

[5] L. Samoska, E. Bryerton, M. Morgan, D. Thacker, K. Saini, T. Boyd, D. Pukala, A. Peralta, M. Hu, and A. 
Schmitz, "Medium power amplifiers covering 90-130 GHz for the ALMA telescope local oscillators," IEEE 
MTT-S Intl. Microwave Symposium, Long Beach, CA, June 2005. 

[6] M. Morgan and S. Weinreb, "A W-Band monolithic medium power amplifier," IEEE MTT-S Intl. Microwave 
Symposium, Philadelphia, PA, 2003. 

[7] M. Morgan, S. Weinreb, N. Wadefalk, and L. Samoska, "A MMIC-based 75-110 GHz signal source," IEEE 
MTT-S Intl. Microwave Symp. Digest, pp. 1859-1862, Seattle, WA, 2002. 

[8] M. Morgan and S. Weinreb, "A full waveguide band MMIC tripler for 75-110 GHz," IEEE MTT-S Intl. 
Microwave Symp. Digest, pp. 103-106, Phoenix, AZ, 2001. 

21



 
 

 

Marian W. Pospieszalski 
 
Education  

 MSc , Warsaw University of Technology, Warsaw, Poland, 1967 
 PhD, Warsaw University of Technology, Warsaw, Poland, 1976 

 
Appointments 
 
1991-present       Scientist and Senior Research Engineer, National Radio Astronomy Observatory 
                             (Charlottesville, VA) 
1984-1991            Electronics Engineer, National Radio Astronomy Observatory (Charlottesville, VA) 
1982-1984 Visiting Assistant Professor, Department of Electrical Engineering ,University of 

Virginia  (Charlottesville, VA)                     
1977-1978            Visiting Research Engineer, Electronics Research Laboratory, University of California, 
                              Berkeley 
1978- 1979           Visiting Research Engineer, National Radio Astronomy Observatory,  
                              Charlottesville, VA 
1976-1982            Assistant Professor,  Faculty of Electronics, Warsaw University of Technology 
                             (Warsaw, Poland)  
1967-1976 Instructor  
                              Faculty of Electronics, Warsaw University of Technology, Warsaw, Poland  

 
Awards 
 
1992 - IEEE Fellow, 2002 - National Radio Astronomy Observatory Distinguished Performance Award. 
2004 - Distinguished MIKON (International Conference on Microwaves, Poland) Contributor Award. 
2006 - Microwave Application Award from IEEE Microwave Theory and Techniques Society.  
 
Relevant Publications  

 
M. W Pospieszalski, "Modeling of Noise Parameters of MESFET's and MODFET's and Their Frequency 
and Temperature Dependence," IEEE Trans. Microwave Theory and Tech., vol. MTT-37, pp. 1340-1350, 
Sept. 1989. 
M. W. Pospieszalski, "Extremely Low-Noise Amplification with Cryogenic FET's and HFET's:  1970-
2004," Microwave Magazine, vol. 6, no. 3, pp. 62-75, Sept. 2005. 
M. W. Pospieszalski, “Interpreting Transistor Noise,” IEEE Microwave Magazine, vol. 11, pp. 61-69, 
October. 2010 
 M. W. Pospieszalski, E. J. Wollack, N. Bailey, D. Thacker, J. Webber, L. D. Nguyen, M. Le and M. Lui, 
"Design and Performance of Wideband, Low-Noise, Millimeter-Wave Amplifiers for Microwave 
Anisotropy Probe Radiometers," in Proc. 2000 IEEE MTT-S Int. Microwave Symp., Boston, MA, pp. 25-
28, June 11-16, 2000. 
J. C. Webber and M. W. Pospieszalski, "Microwave Instrumentation in Radio Astronomy," (invited) IEEE 
Trans. Microwave Theory and Tech., vol. MTT-50, pp. 986-995, March 2002. 
M. W. Pospieszalski, L. D. Nguyen, M. Lui, T. Liu, M. A. Thompson and M. J. Delaney, "Very Low Noise 
and Low Power Operation of Cryogenic AlInAs/GaInAs/InP HFET'S," in Proc. 1994 IEEE MTT-S Int. 
Microwave Symp., San Diego, CA, pp. 1345-1346, May 1994. 
N. Jarosik, C. L. Bennett, M. Halpern, G. Hinshaw, A. Kogut, M. Limon, S. S. Meyer, L. Page, M. W. 
Pospieszalski, D. N. Spergel, G. S. Tucker, D. T. Wilkinson, E. Wollack, E. L. Wright and Z. Zhang, 
"Design, Implementation and Testing of the MAP Radiometers," The Astrophysical Journal Supplement 
Series, 2003, 145, pp. 413-436, April 2003. 
M. W. Pospieszalski, S. Weinreb, R. Norrod and R. Harris, "FET's and  HEMT's at Cryogenic 
Temperatures - Their Properties and Use in Low-Noise Amplifiers," IEEE Trans. Microwave Theory and 
Tech., vol. MTT-36, no. 3, pp. 552-560, March 1988. 
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Anthony J. Remijan 

Address and Telephone Number: 
National Radio Astronomy Observatory 
520 Edgemont Rd., Charlottesville, VA 22903 
Tel: (434) 2446848; 
Fax: (434) 2960278 
Email address: aremijan@nrao.edu 
 
Employment: 
2011 – Present   Manager – Observatory Science Operations, NRAO 
2008 – 2011                            ALMA Commissioning and Science Verification Liaison, NRAO 
 
Postdoctoral Appointments: 
2006 – 2008   ALMA Postdoctoral Research Associate, NRAO 
2004 – 2006                            Resident Research Associate, NASA Goddard Space Flight Center 
 
Education: 
1998 – 2003     Ph.D. in Astronomy, University of Illinois at Urbana-Champaign 
1996 – 1998    M.S. in Astronomy; Iowa State University 
1992 – 1996    B.S. in Astronomy; University of Illinois at Urbana-Champaign 
 
Recent Publications in Refereed Journals: 
 
Spatial Distributions and Interstellar Reaction Processes, Neill, Justin, Steber, Amanda, 
Muckle, Matthew, Zaleski, Daniel, Lattanzi, Valerio, Spezzano, Silvia, McCarthy, Michael, 
Remijan, Anthony, Friedel, Douglas, Widicus Weaver, Susanna, Pate, Brooks, 2011, J. Phys 
Chem A, 115(24), 6472 
 
First Acetic Acid Survey with CARMA in Hot Molecular Cores, Y.S. Jerry Shiao, Leslie W. 
Looney, Anthony J. Remijan, Lewis E. Snyder, Douglas N. Friedel, 2010, ApJ, 716, 286 
 
Detection of Voigt Spectral Line Profiles of Hydrogen Radio Recombination Lines toward 
Sagittarius B2(N), Azrael A. von Procházka, Anthony J. Remijan, Dana S. Balser, Robert S. I. 
Ryans, Adele H. Marshall, Fredric R. Schwab, Jan M. Hollis, Phillip R. Jewell, Frank J. Lovas, 
PASP, 2010, 122(889), 354 
 
Distinguishing Tunneling Pathways for Two Chiral Conformer Pairs of 1,3Propanediol 
from the Microwave Spectrum, D. F. Plusquellic, F. J. Lovas, Brooks H. Pate, Justin L. Neill, 
Matthew T. Muckle and Anthony J. Remijan, Journal of Physical Chemistry A, 2009, 113(46), 
12911 
 
Microwave Spectrum of 1,2Propanediol, F. J. Lovas, D. F. Plusquellic, B. H. Pate, Justin L. 
Neill, Matt T. Muckle, & Anthony J. Remijan, Journal of Molecular Spectroscopy, 2009, 257, 82 
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Kamaljeet S. Saini 
National Radio Astronomy Observatory                                                                                      4830 Highlands Place 
1180 Boxwood Estate Road                                                                                                   Charlottesville VA 22901 
Charlottesville VA 22903                                                                                                              Phone: 434 823 2713 
Phone: 434 296 0223, FAX: 434 296 0324, ksaini@nrao.edu 

EDUCATION 
 
Ph.D. Electrical Engineering                                                                                                                    August 2002. 
University of Virginia, Charlottesville, Virginia, USA. 
 
MS Electrical Engineering                                                                                                                            May 1997. 
University of Virginia, Charlottesville, Virginia, USA. 
 
ASSIGNMENTS 
 
2010 – Present Deputy Team Leader for the ALMA Front-End Group. 
2003 – Present ALMA Front End System Engineer. 
2002 – Present Scientist/Research Engineer at the National Radio Astronomy Observatory. 
 
 Providing guidance to and overseeing the design and development effort of various groups, spread over several 

organizations and nations. 
 Planning, communications and management regarding all Front End (FE) system integration issues. 
 Writing, reviewing and approving documents pertaining to FE designs, specifications, Interface Control 

Documents, Change Requests, and reviewing the work of the various groups involved at design reviews as well 
as for specific deliverables. Following up on action items and managing liens. 

 Responsible for the test plans and procedures for the acceptance verification of the ALMA front-end assemblies 
as well as the complete front-end. 

 Collaborating with FE members to diagnose hardware and software anomalies and to develop action plans to 
remedy single instance and systemic problems as well as collaborating with the joint ALMA observatory 
Assembly Integration and Verification personnel to resolve FE related technical issues are critical part of my 
role. 

 Early design and development of solid-state local oscillator sources for the ALMA project, as well as their 
qualification. 

 Collaborated with Virginia Diodes. Inc. on design issues for the frequency multipliers for the ALMA local 
oscillators, and responsible for cryogenic evaluation of the parts in production large quantities. 

 Prototyped and evaluated an optical transmission link for the Frequency Agile Solar Radio telescope project. 
 
1995 – 2002 Graduate Research Assistant at the University of Virginia. 
 
 Design and development of schottky-diode based varactor and varistor frequency multipliers, for use as 

sources of local oscillator power in the millimeter wave band. 
 Designed and built a 19-element, L-Band phased focal plane array. This was used atop the 140-foot telescope 

at NRAO's Green Bank observatory. This was the first focal plane array to be developed for radio-astronomy 
application. 

 Conceived, designed and built a four channel transceiver at 1890 MHz for use as a test-bed by the digital signal 
processing group at the Electrical Engineering department. 

 Designed and built a computerized dual axis feed-positioning servo system for NRAO's antenna test range. 
Implemented required software for the PC based controller and user interface in C. 

 
1990 – 1994 Design Engineer at the National Center for Radio Astrophysics, India. 
 
 I was the leader of the team responsible for the design and development of the analog signal transmission and 

recovery system for the Giant Meter-wave Radio Telescope (GMRT) project. Also collaborated in the design 
of other front-end components such as low noise amplifiers, quadrature hybrids as well as base-band signal 
processing systems. These are now operational on the aperture synthesis telescope consisting of 30 forty-five 
meter antennas. 

 Investigation of Radio Frequency Interference (RFI) at the project site, and prototyping of circuits to alleviate 
the problem by blanking. 

 Design of a Walsh Pattern modulation scheme to enhance isolation between various IF channels. 
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Scott Schnee  - Curriculum Vitae 
 

Address: National Radio Astronomy Observatory 
  520 Edgemont Road 
  Charlottesville, VA 22903 

USA 
Phone/Fax:   (434) 296-0391 / (434) 296-0278  
Email:  sschnee@nrao.edu 
Web:  http://www.cv.nrao.edu/~sschnee/ 
 

Degrees 
Nov. 2006 Harvard University, Cambridge, MA 

 Ph.D. in Astronomy   
Advisor: Dr. Alyssa Goodman 

  Thesis:  Gas & Dust in Molecular Clouds:  
Density, Temperature and Velocity Structure 

June 2002 Harvard University, Cambridge, MA 
  M.A. in Astronomy 
June 2000 Columbia University, New York, NY 
  B.A. in Astrophysics, Summa Cum Laude 
 

Professional Experience 
2010 – present Assistant Scientist (NRAO) 
2009 – 2010 Plaskett Fellow at NRC-HIA in Victoria, BC 
2006 – 2009 Postdoctoral Scholar (CARMA Fellow) at Caltech 
Winter 2009 Instructor (Caltech) – “Interstellar Medium” 
Winter 2008 Instructor (Caltech) – “Interstellar Medium” 
2000 – 2006 Graduate student research assistant (Harvard) 
Fall 2005 Teaching Fellow (Harvard) – “Cosmic Connections” 
Spring 2005 Science Consultant (Harvard-Smithsonian CfA Science Media Group) 
  “Essential Science for Teachers: Earth and Space Science” 
Fall 2004 Teaching Fellow (Harvard) – “Cosmic Connections” 
Spring 2004 Student – “Scientists Teaching Science”  
Spring 2003   Teaching Fellow (Harvard) – “The Physics of the Interstellar Medium” 
Fall 2002 Teaching Fellow (Harvard) – “Cosmic Connections” 
Spring 2002 Teaching Fellow (Harvard) – “Matter in the Universe” 
Spring 2001 Teaching Fellow (Harvard) – “Matter in the Universe” 
 

Grants 
2010/2011 PI on Herschel grant accompanying successful OT1 Proposal - $36,704 
2011/2012 Co-I on Herschel grant accompanying successful OT2 Proposal - $5,000 
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Sivasankaran Srikanth 
Scientist/Research Engineer 
Central Development Laboratory/NTC 
1180 Boxwood Estate Road, Charlottesville, VA 22911 
(434) 296-0310. 
 
Education: 
B.S.E.E. University of Madras, India 
Certificate in Aeronautical Engineering, Indian Institute of Technology, Madras, India.  
M.S.E.E. The Ohio State University, Columbus, Ohio. 
 
Research & Development Experience: 

 Responsible for the optics design of the Green Bank Telescope (GBT) as a 
member of the optics group. 

 Analyzed performance characteristics of the GBT including efficiency, spillover, 
polarization, beam scanning properties, effects of gravity induced deformations 
etc.  

 Designed and measured all secondary focus feeds for the GBT.  Developed wide 
band prime focus feeds for the GBT. 

 Designed and developed dual frequency optics for the S- and X-bands on the 
VLBA antenna. 

 Developed all metal broadband phase shifters (1.5:1 bandwidth) enabling the 
realization of wide band receivers for the EVLA project. 

 Designed and measured all cassegrain focus feeds for the EVLA. 
 Developed a compact turnstile junction Orthomode Transducer for the 8-12 GHz 

band. 
 Developed feed and quasi-optics for the 385-500 GHz band.  The feed, with 

smooth wall and a spline profile, has low crosspolarization and is particularly 
suitable for mm and terahertz bands from fabrication point of view. 

 
Bibliography: 
1.  S. Srikanth, “Comparison of Spillover Loss of Offset Gregorian and Cassegrain     
Antennas,” in IEEE Antennas and Propagation Society Int. Symp.  Digest, London, 
Ontario, 1991. 
2.  S. Srikanth, “Polarization Characteristics of The Green Bank Telescope,” in National 
Radio Science Meeting Abstracts, pp 269, Boulder, CO, 1992. 
3.  S. Srikanth, R. Norrod, L. King and D. Parker, “The Green Bank Telescope: Features 
and Innovations,” in AP 2000 Millennium Conference on Antennas and Propagation 
Digest, Davos, Switzerland, 2000. 
4.  S. Srikanth and P. Napier, “Feeds for the Expanded Very Large Array Telescope,” in 
National Radio Science Meeting Abstracts, 2003. 
5.  A. Dunning, S. Srikanth and A. R. Kerr, “A Simple Orthomode Transducer for 
Centimeter to Submillimeter Wavelengths”, Proceedings of 20th International Symposium 
on Space Terahertz Technology, Charlottesville, VA, April 2009. 
1990. 
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Biographical Sketch  
LUCY M. ZIURYS 

EDUCATION:  
B.S., Rice University, Houston, Texas      1978 

Summa cum laude (Chemistry, Chemical Physics, Physics)  
Ph.D., University of California, Berkeley (Physical Chemistry) 1984 
Five College Radio Astronomy Observatory, Amherst, MA 
 Postdoc Research Associate:  Interstellar Chemistry         1984-1988  

PROFESSIONAL EXPERIENCE:  
University of Arizona, Dept. of Astronomy, Dept. of Chemistry, and Steward Observatory  
               Director, Arizona Radio Observatory                                                          2003 - present 
 Professor         1999 - present  
 Associate Professor         1997-1999 
Arizona State University, Dept. of Chemistry  
 Associate Professor         1993-1996  
 Assistant Professor 1988-1993                           

 PUBLICATIONS RELATED TO PROJECT:   
1. “Comparative Spectra of Oxygen-Rich vs. Carbon-Rich Circumstellar Shells: VY Canis Majoris and 

IRC+10216 at 215 – 285 GHz,” E.D. Tenenbaum, J.L. Dodd, S.N. Milam, N.J. Woolf, and L.M.  
       Ziurys, Ap.J. (Letters), 720, L102 (2010). 
2. “Exotic Metal Molecules in Oxygen-Rich Envelopes: Detection of AlOH (X1Σ+) in VY Canis 

Majoris,” E .D. Tenenbaum and L. M. Ziurys, Ap.J.(Letters), 712, L93 (2010). 
3. “The Arizona Radio Observatory 1 mm Spectral Survey of IRC+10216 and VY Canis Majoris,” E.D. 

Tenenbaum, J.L. Dodd, S.N. Milam, N.J. Woolf, and L.M. Ziurys, Ap.J. Suppl., 190, 348 (2010). 
4. “Circumstellar Ion-Molecule Chemistry: Observations of HCO+ in the Envelopes of O-Rich Stars and 

IRC+10216,” R.L. Pulliam, J.L. Edwards, and L.M. Ziurys, Ap.J.,743, 36 (2011).  
5. “Iron-Containing Molecules in Circumstellar Envelopes: Detection of FeCN (X4i) in IRC+10216,” 

L.N. Zack, D.T. Halfen, and L.M. Ziurys, Ap.J. (Letters), 733, L36 (2011). 
SYNERGISTIC ACTIVITIES:  
Course development: Graduate, Undergraduate (Molecular Spectroscopy, Astrochemistry) 
Participant in Outreach and Educational Programs, Discovery Park, Safford, AZ 
International Advisory Committee, International Symposium on Molecular Spectroscopy (Ohio State) 
Team member, Event Horizon Telescope, International mm VLBI program   
Member, IAU Working Group on Abundances in Red Giants 
COLLABORATORS (past 4 years): 
J. Cernicharo (CSIC), M. Guélin (IRAM), N. Woolf (UA), R. Polt (UA), S. Doeleman (MIT), and 
international VLBI group, P. Bernath (York), F. Lovas (NIST), A. Kerr (NRAO), R. W. Field (MIT), J. 
Pardo (CSIC), M. Agundez (CSIC), S. Pan (NRAO), J.Pearson (JPL), B. Drouin (JPL), H.Mueller 
(Koeln), D. Clouthier (KY), B.Pate (UVa), E. Herbst (Ohio), A. Remijan (NRAO),  M. McCarthy (CfA), 
P. Thaddeus (Harvard), C. Gottleib (CfA) S. Thorwith (Koeln), R. Freund (UA), V. Lattanzi (CfA), G. 
Villanueva (NASA), M. DiSanti (NASA), S. Pizarello (ASU)  
Post-doctoral Advisees: D. Fletcher (industry), J. Xin (Bloomsburg),  A. Apponi (GEOST),  
Graduate Advisees:  M. Womack (St. Cloud), W. Barclay, (SW. Research Institute), M. A. Anderson 
(Arclin Corp.), A. J. Apponi (GEOST), M. Allen (Zylinks), B. Nuccio (unknown), S. Robinson 
(Motorola), B. Li (IBM), C. Savage (Los Alamos), J. Highberger (unknown), J. Thompsen (Cognis), I. 
AlJihad (US Navy), P. Sheridan (Canisius), A. Jancyzk (UA), S.Walter (industry), D. Halfen (UA), S. 
Milam (NASA), M. Flory (Inst. For Naval Analysis), M. Brewster (Syfry), E. Tenenbaum (Leiden), 
R.Pulliam (NRAO), S. Ming (Manitoba), L.Zack (UA), J. Dodd (UA), G.Adande (UA), M. Bucchino 
(UA), J.Min (UA), J. Alexander (UA) Undergraduate Advisees: K. Thomson (unknown), J. Hoy (UA), S. 
McLamarrah (IR Labs), D. Qasim (NAU), N. Ziegler (UA), B. Loungee (UA). 
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