2.3  Recent Technical and Programmatic Achievements

Selected Technical Achievements

· Substantially reduced elevation dependence of GBT gain at 40 GHz through phase-less holography
We have implemented a program of phase-retrieval holography, building on the techniques developed by Richard Hills and collaborators at MRAO (Cambridge, UK). Using the facility Q-band receiver working at 43 GHz, the power pattern of the antenna is measured with the antenna in focus, and out of focus at two different settings. The phase of the signal in the aperture is recovered by numerical processing; this then translates directly to the required surface adjustments. Using this technique we have developed a lookup table for the residual large scale gravitational deformations not predicted by the FEM. Application of this model has flattened the gain-elevation curve, and provides an overall wave front error of around 350 µm, thus meeting the Q-band specification.

· Completed a 16-channel digital back-end from Caltech for the pseudo-correlation GBT continuum receiver for 26-40 GHz
To provide a sensitive continuum capability for the GBT, we have built a pseudo-correlation receiver to cover 26 to 40 GHz (Ka-band). The Caltech Continuum Backend (CCB) is a state-of-the-art digital backend which controls the receiver and synchronously reads out and demodulates the beamswitched signal. Up to 16 signals are simultaneously measured, corresponding to the 2 feeds x 2 polarizations x 4 frequency channels that the 26-40 GHz receiver provides. Lab tests conducted with the CCB connected to the receiver show that the noise obtained is roughly 15 to 30% above the theoretical noise minimum of the radiometer equation. The GBT’s 50% aperture efficiency at 30 GHz translates into a 1.5 K/Jy point source sensitivity which, in conjunction with the CCB and 26-40 GHz receiver, is unmatched by any other radio telescope. Measurements of arcminute-scale CMB anisotropies at 30 GHz are presently limited by the accuracy with which discrete-source foregrounds can be subtracted; measurements with the CCB will quickly and dramatically improve the situation. The CCB, completed in FY2006, was designed and built in collaboration with Caltech as part of the NRAO University Instrumentation Program.
· Full release of the Astronomer’s Integrated Desktop for the GBT
ASTRID (the ASTRonomer's Integrated Desktop) is a unified workspace that incorporates the GBT’s new scheduling block-based observing system with the real-time quick look display. ASTRID allows observers to build observing scripts as part of their scheduling blocks well in advance of their observations.  The full release of ASTRID, including source catalogs, support for non-sidereal sources and control of the pulsar spigot was completed as planned in early FY 2006. All observations are now performed using Scheduling Blocks and ASTRID, and this new interface has proved extremely successful, and very popular with astronomers. Multiple Scheduling Blocks are managed by individual observers using ASTRIDs current scheduling block database interface. 
· The Ka-band (26-40 GHz) and Q-band (40-50 GHz) GBT receivers were released as planned
The Ka-band (26-40 GHz) and Q-band (40-50 GHz) receivers were released as planned for Winter 2005/2006. Unfortunately, early science and commissioning observations at the start of FY 2006 revealed intermittent poor spectral baseline performance with both receivers. Given these problems, in November 2005 observations were restricted to those (Q-band narrow line and Ka-band continuum) which could be successfully performed with the available receiver performance. The baseline problems are being investigated at the time of writing of this report, and we hope will be resolved by Fall 2006. Despite these problems, the retrofits to the Q-band receiver, to restore the full 40-52 GHz bandwidth, and to the Ka-band receiver to accommodate Zspectrometer are being performed as scheduled during summer 2006. 

· Developed new amplifier designs for 4-8, 4-12, and 12-18 GHz for the EVLA
The development of new amplifier designs for 4-8, 4-12, 12-18 and 40-50 GHz for the EVLA have been completed (Figures 1-4).
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Fig. 1. (a)  4-8 GHz amplifier with lid removed.  (b) Noise and gain performance of the 4-8 GHz amplifier.
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Fig. 2. Gain and noise temperature measured at 15 K of several 4-12 GHz amplifiers using a cryo3 4200 TRW device in the first two stages and an HRL device in the third stage. 
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Fig. 3.  Gain and noise temperature measured at 14 K of two 8-18 GHz amplifiers using a cryo3 4200 TRW device in the first two stages and an HRL device in the third stage.  
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Fig. 4.  The 8-18 GHz amplifier with the lid (shown at right) removed.  
· Redesigned the 35-46 GHz amplifier developed originally for WMAP to achieve flat noise and gain over the 40-50 GHz EVLA frequency band (Figure 6).   
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Fig. 6.  Measured and modeled gain and noise temperature at 20 K of the 40-50 GHz amplifier using a cryo3 2060 NGST device in the first stage and HRL devices in subsequent stages.  
· Developed a new GaAs MMIC power amplifier (PA), fabricated at BAE Systems, which meets the requirements for ALMA Bands 4, 8, and 9, with better lifetime than previously existing PAs (see Figures 7 and 8.)  
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Fig. 7.  65-85 GHz Medium Power Amplifier now in use for ALMA Bands 4, 8, and 9.  The chips were fabricated at BAE Systems in their 0.1 (m Space-Qualified GaAs Power pHEMT MMIC process.  Chip dimensions are 2.8 x 1.8 x 0.05 mm.  
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Fig. 8 Measured output power of a two-chip power-combiner module for ALMA Band 9 using the MMPA75 MMIC.  The output power is sufficient to drive an X9 frequency multiplier.

The original Band 9 LO scheme utilized an InP power amplifier at a higher frequency than can be achieved with current GaAs technology.  However, it was discovered that amplifiers using the InP low-noise process are subject to rapid degradation in their performance when operating under compression.  The new amplifier was designed to replace it, providing much greater power at a lower frequency, and uses a GaAs power pHEMT process which is commercially proven to have good reliability in compressed mode operation.  The frequency range of the amplifier is also sufficient to drive multipliers for the new Japanese ALMA Bands 4 and 8.

· A joint R&D project between the NRAO and UVA for a new 385-500 GHz SIS mixer, initially supported by an NSF grant to UVA, is on hold due to lack of funds.  
This project has enabled the successful development of Nb SIS circuits on Si membranes with beam leads, a process crucial to the development of future sub-mm SIS mixers and hot-electron bolometer detectors.
· Fabricated the first NbTiN trilayer structure (NbTiN/AlN/Nb) at UVML.  

This follows the development of a reliable process for depositing high quality NbTiN films.  NbTiN/AlN/Nb SIS junctions are the first step towards all-NbTiN junctions for heterodyne detectors up to ~2 THz.  There are two important reasons for undertaking this work: (i) Success in this project  will put NRAO in a strong position to bid on ALMA Band 10 receiver production.  (ii) This project will provide bridging funds to keep millimeter-wave receiver development alive at NRAO and UVML between the end of the ALMA development phase and the beginning of its operations phase in about two years when there is expected to be funding available to support further receiver development.
· Designed and tested a superconducting 180-degree 4-12 GHz IF hybrid on a chip which is small enough to be mounted inside a balanced SIS mixer block (Figs. 10,11).

This is enabling technology for the development of balanced mixers for focal-plane array receivers and beam-forming array receivers in which many mixers are driven by a common LO.  Balanced mixers are desirable because they require ~50 times less LO power than a conventionally operated single-ended mixer and, with their inherent LO noise rejection, they can operate with noisy LO sources (e.g., photomixers).  In addition, the dynamic range of a balanced mixer is twice that of a similar single-ended mixer, and no external LO diplexer is required in the signal path.  This joint ARO/UVML/NRAO project is funded primarily by ARO.  [A. R. Kerr,  A. W. Lichtenberger, C. M. Lyons, E. F. Lauria, L. M. Ziurys, and M. R. Lambeth, "A Superconducting 180  IF Hybrid for Balanced SIS Mixers,"  Proc. 17th Int. Symp. on Space THz Tech., Paris, May 2006.]
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Fig. 10.  The 4-12 GHz superconducting hybrid chip in a microstrip test fixture.  The chip is 1.4 x 0.5 x 0.4 mm thick.  Multiple bond wires are visible between the chip and the four microstrip lines and to ground. 
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Fig. 11.  Simulated (left) and measured (right) characteristics of the 4-12 GHz superconducting 180( hybrid.  The upper (red) curves indicate the coupling (dB) from the mixer ports to the IF amplifier port when the signals at the mixers are out-of-phase (e.g., the downconverted signal from the sky in a balanced mixer), and the lower (green) curves show the same quantity when the signals at the mixers are in-phase (e.g., the downconverted LO sideband noise in a balanced mixer). Circuit loss is desired to be zero (red curve) and rejection of LO noise is desired to be large (green curve); both objectives are achieved.
· Designed and tested a scaled prototype of the holography feed for measuring ALMA antennas at 79 and 104 GHz.
A scaled prototype of the holography feed was designed with a center frequency of 4.28 GHz (Figure 12).  This feed is designed to provide flatter amplitude and phase patterns than an earlier feed.  The measured illumination taper at 62° is -5.5 dB and the 10 dB beamwidth is 156°. 
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Figure 12.  Prototype of ALMA Holography Feed – scaled to 4.28 GHz

· Photonic Local Oscillator System for ALMA Designed and Demonstrated

A challenging requirement for ALMA is the generation and phase-stable-distribution of local oscillator signals up to 950 GHz. This problem has been solved with the design and laboratory demonstration of a new photonic local oscillator system in which reference signals in the range 20-140 GHz are generated as the difference  frequency between two phase-locked infra-red laser signals. These laser signals are transmitted to the ALMA antennas on a single optical fiber. At the antenna the reference signal is re-generated by beating the laser signals together in a high frequency photo-diode. The length of the optical fiber is kept constant to within a few microns by reflecting one of the laser signals back to the central building and using its measured phase to control a fiber-optic line-length stretcher. The use of this kind of photonic local oscillator generation for millimeter and sub-millimeter wavelengths is expected to find wide application in the future.
· Designed and tested a half-size prototype of  the EVLA 2-4 GHz feed
A scaled version of the EVLA 4-8 GHz feed for 2-4 GHz would result in an aperture diameter of 44 inches for the 2-4 GHz feed,  which would not fit in the available space.  A new design with an aperture diameter of 42 inches was completed.
· Studied the beam pattern properties of a prime focus array receiver for the GBT at 1.4 GHz and 2.5 GHz
 SEQ CHAPTER \h \r 1For a 2.4λ feed offset, the gain loss of the telescope is about 1 dB.  A feed array with one feed on-axis and six feeds in an outer ring is a possible configuration for a gain loss under 1 dB for the outer feeds.  However, these feeds will have an illumination taper of -10 dB at the edge of the subreflector compared to the typical -12 dB taper as in a standard single-feed configuration.  This means that each of the elements of the array receiver would have slightly more spillover noise than that of the single feed receiver, in addition to having slightly less gain.

· Brought 20-70 MHz and 250-1000 MHz solar monitor systems into routine operation at Green Bank
Two systems covering the bands 20-70 MHz and 250-1000 MHz continue to operate on a daily basis with excellent reliability;  the data are archived for public access.  Over the past year, work has progressed toward meeting the October, 2006 deadline of completing all of the instrument development tasks; routine operations will begin shortly thereafter.   A dual-polarization, wide-bandwidth antenna that covers 70-300 MHz has been designed and fabricated; a prototype digital spectrometer for 30-350 MHz has been completed.  Work to install and upgrade all systems, including telescope and infrastructure improvements, will be completed in August 2006.

· A new VLA Proposal Submission Tool (common with GBT) made its debut
A new VLA Proposal Submission Tool debuted at the February 2006 proposal deadline, and was required at the June 2006 proposal deadline. This tool is in common with the GBT, and ultimately expected to include VLBA capability as well. 

· Four EVLA antennas are now functioning with four complete IFs and receivers for L, C, X, K, and Q bands
During FY 2006, the transition observing of EVLA antennas together with VLA antennas and the old correlator was debugged. At the beginning of August 2006, four EVLA antennas were returned to the operational VLA for all users, and one more antenna should be returned in August or September. Several of these antennas were used by NRAO staff and experienced users for a number of months before August, but return to the VLA on a routine basis was delayed in order to reduce the interoperability problems of EVLA antennas with the VLA. NRAO staff members have compiled a detailed set of information that observers need to know in order to use the EVLA antennas together with the VLA; this list is supplied on the World Wide Web and updated approximately weekly. In addition, NRAO began preparing a forecast of short-, medium-, and long-term predictions of VLA capabilities during the transition to EVLA. This forecast is e-mailed to a large list of individuals who have written VLA proposals in the past, approximately two weeks prior to each proposal deadline. 

· The RFI-shielded room for the new ELVA correlator was completed and its shielding effectiveness tested and verified
The installation of the RFI-shielded room for the new correlator was completed in December 2005. The shielding effectiveness of the room was tested and verified, and the tightness of the room was checked as part of a fire suppression contract. The installation of the room’s fire suppression system, HVAC system, electrical power distribution, and lighting are complete. The installation of the room’s computer flooring will be complete in August 2006. The installation of the correlator power plant is tentatively scheduled for the first quarter of CY2007.
· The formatter and 8-bit digitizer boards in the EVLA digital transmission system module was redesigned, fabricated and successfully tested
In mid-2005, the formatter and 8-bit digitizer boards in the Digital Transmission System (DTS) module had to be redesigned. The new design allows the full production of the DTS modules to proceed. The DTS modules, the formatter, and de-formatter continue to be built to meet the antenna outfitting schedule. The procurement of the half transponders for all DTS modules was completed

· The three frequency converters that up- or down-convert the RF signals from the EVLA receivers to the 8-12 GHz IF of the EVLA were designed, prototyped, and placed into production
Image rejection problems found in the T301 and the baseband downconverter (T304) were resolved with the installation of new filters. Excess instrumental noise recently identified with antenna performance measurements is being attributed to the T302 or T304. The antenna performance measurements have also revealed spurious emissions (tones) in EVLA passbands which are currently thought to arise in the T304. Additional tests are underway to determine the sources of the noise and the tones so that the module designs can be modified to eliminate them.

· The new EVLA correlator chip design was released for production and 10 packaged chip prototypes were delivered to Penticton
The design of the new correlator chip was released for production in December 2005. Ten packaged correlator chip prototypes were delivered to Penticton in June 2006. These prototypes will be tested to ensure there are no packaging problems before the 200 remaining prototypes are packaged.  

A manufacturer was selected for the fabrication of all printed circuit boards for the correlator. The initial attempt to fabricate the baseline board for the correlator chips was not successful because of an error in stacking the board layers at the fabrication plant. The internal layers of the board were redesigned to fix this problem. The error has caused a three month delay in the fabrication and assembly of the baseline board. The order for the first station board prototype was placed, with an expected delivery of September 2006.
· All 10 VLBA antennas equipped with Mark 5 data recorders and the VLBA correlator has 11 Mark 5 playback units

VLBA conversion is more heavily weighted toward the cost of disk media, and less heavily toward the cost of recording/playback systems, than other observatories. For this reason, NRAO has been holding off on the full conversion as disk prices continue to come down. By early in FY 2006, all 10 VLBA stations and the GBT were equipped with Mark 5 recording systems, and the VLBA correlator had 11 playback units, but some tape-recorded observations were still made because of an insufficient supply of disks to use the Mark 5 units full time. However, by spring 2006, the VLBA had completely converted to Mark 5 except for global observations that required more than 11 inputs to the correlator. At the end of FY 2006, the VLA was converted to Mark 5 recording, and the number of correlator inputs was raised to 14 Mark 5 units in order to input the HSA (VLBA, VLA, GBT, Arecibo, and Effelsberg) on disk. 
· Wideband VLBI

NRAO and MIT/Haystack have agreed to increase the level of cooperation in the development of wideband VLBI.  This includes design and production of digital Base-band Converters and data recorders that will be compatible with the VLBA.
Selected Programmatic Milestones

· Placed contracts for replacement of the Green Bank Telescope Azimuth Track

GBT new steel track components (wear plates and base plates) will be procured from Summer 2006 through Spring 2007.  Project efforts include welding of base plate joints (to a depth of 3 inches), installation of 3.5-inch deep wear plates (current wear plate depth is 2.25 inches), staggered wear plate/base plate joint locations, chevron-type wear plate joints (instead of the current 45-degree joints, and use of high-strength epoxy grout (in lieu of the existing cementious grout).  Demolition of the existing track and installation of new track components is to begin in late May 2007 and continue until September 2007.

· Completed construction of ALMA AOC Technical Building which will house the ALMA Correlator and Backend equipment at the 5000m array site

· Placed contract for construction of up to 32 ALMA Production Antennas to be delivered to the ALMA Observatory Support Facility.  

· Completed development of the ALMA Project Management Control System and providing updated Schedule, Cost and Earned Value reports.
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