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ABSTRACT 
 
Current programs in radio astronomy at Haystack Observatory involve the development and application of radio 
arrays at low frequencies, and have resulted in the successful detection of the deuterium line and the testing of the 
first antenna stations for the Mileura Widefield Array.  In VLBI, emphasis is on the expansion in bandwidth of the 
Mark 5 disk-based system beyond 1 Gbps for high sensitivity studies of the galactic center and external galaxies. 
The Haystack 37-m antenna is being replaced with a new 100µm surface and new radome material, enabling high-
efficiency observations at and above 100 GHz.  Education programs are progressing. 
 
1. INTRODUCTION 
 
Haystack Observatory is a multi-disciplinary research center of the Massachusetts Institute of Technology located in 
Westford, MA, USA, and its research programs include radio astronomy, geodesy, and ionospheric physics.  
Haystack’s mission includes a strong component of graduate and undergraduate education.  Observatory facilities 
consist of a 37-m radio telescope that operates at 20 – 115 GHz, an 18-m radio telescope at 2.3 and 8 GHz, a 24-
station array at 327 MHz, 67-m and 46-m antennas that are part of a high-power ionospheric radar at 440 MHz, and 
an 8-station Mark 4 VLBI correlator. Emphasis in this observatory report is on the radio astronomy research 
program, which is conducted under the auspices of a non-profit consortium of institutions in the northeast USA 
(NEROC) that includes MIT, the Harvard-Smithsonian Center for Astrophysics, Boston, Brandeis and Harvard 
Universities, Dartmouth and Wellesley Colleges, and the Universities of Massachusetts and New Hampshire. 
Further detailed information about the MIT Haystack Observatory can be found at http://www.haystack.mit.edu. 
Radio astronomy research and education at Haystack are supported by the U.S. National Science Foundation. 
 
2. LOW FREQUENCY ARRAYS 

 
Three developments in radio arrays are under way at Haystack.  First, the construction of the Deuterium Array has 
been completed and the array has been operated for over a year.  The array consists of 24 stations, each with 24 
dual-polarized dipoles, coupled to digital receivers at 327.4 MHz.  Fig. 1 (left) shows the array stations and the RFI 
detection system (in the trailer) which consists of 12 Yagi antennas pointed every 30 degrees.  Measurements made 
to date towards the galactic anti-center with an SNR of ~6σ indicate a D/H ratio of 23 ppm as shown in Fig. 1 (right).   

          
Fig. 1.  Photo of the deuterium array at Haystack and spectral results to date towards the galactic anti-center, 

compared to a nearby region and reference regions out of the galactic plane. 

http://www.haystack.mit.edu/


Second, a low frequency demonstrator (LFD) for the Mileura Widefield Array (MWA), operating at 80-300 MHz, 
has been designed and is planned for deployment in Western Australia as a collaborative project between US and 
Australian institutions.  It will consist of 500 stations, each with 16 dual-polarized dipoles, spread over a 1.5 km 
region. The MWA-LFD will provide an electronically-steerable 15–50 degree field-of-view, with sensitivity at the 
milli-Jansky level and resolution at the arc-minute level. Scientific goals include detection and characterization of 
redshifted HI signals from the epoch of reionization, measurements of radio transients, and probing of heliospheric 
magnetic fields.    
 
Tests of the MWA-LFD antenna system have been initiated at Mileura with the early deployment of prototype 
equipment in March 2005.  A photo of the first antenna station is shown in Fig. 2, and some of the initial 
measurements are shown in Fig. 3 to illustrate the low-level RFI environment at Mileura. The spectra represent deep 
integrations for 4 spectral windows of 4 MHz each, with integration times of 30, 60, 60 and 30 minutes at 102, 131, 
189 and 327 MHz, respectively.  The scales are in dB relative to the system noise, which is dominated by the sky 
background.  These data have been median-filtered to remove the bandpass shape, and the three displayed peaks at 
102.25, 129.5, and 325.0 MHz are clipped for clarity.  As of June 2005, two more antenna stations have been 
deployed at Mileura and interferometry tests are underway. 
 
Third, as member of the US Square Kilometer Array (SKA) consortium, Haystack Observatory has been engaged in 
studies of signal processing technology for the large-N, small-D concept, investigation of imaging and 
computational strategies for the SKA, and development of MAPS – the MIT Array Performance Simulator, that has 
been applied to array configuration and calibration studies and has been made available to the wider community.  
 

 
Fig. 2. The first completed antenna station with beamformer box 

and battery-backed solar power supply deployed at Mileura.. 

 
Fig. 3. Spectra in four bands obtained with the initial antennas at Mileura, Western Australia. 

 The resolution bandwidth is 1 kHz 



 
Fig. 4. The Mark 5 disk-based data system. 

 
3. VERY LONG BASELINE INTERFEROMETRY 
 
The emphasis in Haystack’s astronomical VLBI program is on high sensitivity measurements enabled by the 
wideband Mark 5 data system.  In astronomical studies, the focus of the Ultra-wideband VLBI (UVLBI) program is 
to enable the world’s largest telescopes to acquire and record data at rates up to 4 Gbps, with the goal of achieving 
VLBI image noise levels of a few µJy/beam. Such sensitivity coupled with VLBI’s angular resolution will open new 
scientific frontiers such as detection and eventual imaging at mm-wavelengths of the SgrA* source in the center of 
the Galaxy, imaging of starburst-related clusters of faint radio supernovae in the obscured nuclei of luminous 
infrared galaxies at cm-wavelengths, and other projects such as search for faint third images of gravitational lens 
systems and measurement of fading radio emission from gamma-ray bursts.  In geodetic applications supported at 
Haystack by NASA, the increased bandwidth provided by the Mark 5 system improves the measurement precision 
of Earth’s orientation parameters and allows the use of smaller antennas as part of the geodetic VLBI network.   
 
The Mark 5 technology, developed at Haystack Observatory in collaboration with Conduant Corp., is based on 
magnetic disks and currently supports recording data rates up to 1024 Mbps.  While the Mark 5A system, shown in 
Figure 4, represents a two-fold increase over the maximum allowed using Mark 4 style tape recorders, it avoids the 
difficult maintenance challenges of the tape-based system and expensive replacement of recording headstacks, and 
allows growth towards higher data rates.  The system employs two independent 8-pack disk modules which, when 
populated with individual disks of 250GB capacity, provides a total Mark 5A capacity of 4 TB, with further growth 
anticipated as disk capacity increases further.  At present, there are over 120 Mark 5A systems deployed at 
telescopes and correlators worldwide, and about 1000 disk modules currently exist for VLBI experiments 
representing well over 2 PB of storage.  Work is progressing on the next generation, the Mark 5B system, which is 
targeted at increasing recording rates to 2048 Mbps, providing full compatibility with the VLBI Standard Interface, 
eliminating the need for external formatters at telescopes, and replacing station units at Mark 4 correlators.  It is 
noted that, due to its reliability, the Mark 5 playback system has resulted in much more efficient processing at the 
correlators.  Finally, the Mark 5 system is providing an important interface for rapid transfer of data from telescopes 
to correlators using global fiber-optic networks.  Current experiments in e-VLBI have achieved data transfers at near   
1 Gbps within the US and across both the Atlantic and Pacific oceans.  Protocols for network sharing and for 
interface standardization are in process. 

 
4. HAYSTACK ANTENNA UPGRADE 

 
A new antenna with an rms surface accuracy of 0.1 mm has been designed to replace the current Haystack 37-m 
antenna, and will yield an effective aperture efficiency of 45%-50% at 100 GHz including losses from the radome 
that covers the antenna.  The radome material will be replaced with GoretexTM as part of the upgrade, and this 
material results in lower losses in the mm-wavelength band and opens the possibility for observations at shorter 
wavelengths.  The upgrade is motivated primarily by radar observations at 95 GHz for wideband satellite imaging, 
but will provide an enhanced capability for focused research and educational projects in radio astronomy at 
Haystack.  The entire structure above the elevation axis is being replaced with the new antenna, and includes a new 
subreflector, drive and control systems, and an integrated equipment box for the radar receivers and radiometers. 



 
Fig. 5. Schematic of the new Haystack antenna structure. 

 
The new antenna design will account for the thermal effects of different materials that have limited the performance 
of the previous antenna at 100 GHz. As illustrated schematically in Fig. 5, the antenna will consist of a steel 
transition structure connected through thermal slip joints to an aluminum torque ring that holds the entire 
backstructure and supports the subreflector quadrupod. A total of 432 aluminum panels will form the antenna 
surface.  Panel manufacturing has already started, and the panel surface tolerance requirement of 25 µm rms is being 
met.  The antenna is being developed by a team led by L-3/ESSCO and includes SGH, Inc., under contract to MIT 
Lincoln Laboratory which manages the project.   
   
The equipment box will integrate both the radar receivers at 10 and 95 GHz, and the astronomy radiometers at K-
band (20 – 25 GHz), Q-band (35 – 50 GHz) and W-band (85 – 115 GHz).  The W-band radiometer will be rebuilt 
using HEMT amplifiers.  The astronomy radiometer feeds will be offset from the center axis and the subreflector 
will be tilted to provide alignment.  A relatively rapid switching capability between the various receivers and 
radiometers will allow operations to be changed efficiently between radar and astronomy modes. 
 
Dismantling of the present antenna, assembly of the new antenna, and replacement of the radome panels are 
expected to start in early 2006, followed by a period of alignments and tests.  The schedule is currently projected for 
the antenna to be completed by the end of 2006, and for the astronomy commissioning phase to start in early 2007.  
The Haystack antenna is not expected to be operated as a general astronomical facility, but will support targeted 
research projects in radio astronomy and education.  Additional instrumentation systems, such as focal plane arrays, 
may be added in the future. 
 
5. EDUCATION PROJECTS 

 
Haystack continues the development of the Small Radio Telescope (SRT) for undergraduate education in radio 
astronomy.  The SRT has so far been replicated at about 120 institutions across the US and the world.   The current 
focus is on SRT radio interferometry for which a new digital receiver operating at 1400-1600 MHz with GPS timing 
has been constructed. This provides the capability for education in ‘unconnected’ radio interferometry such as used 
in VLBI.  The Haystack SRT interferometer system is expected to become remotely available in the future for 
educational purposes, and can support baselines of tens of meters to a few kilometers. 
 

 
rfFig. 6. Photograph of the two-element radio inte erometer using the SRT. 


