PROCEEDINGS

OF SCIENCE

The Latest on Apertif

Tom Oosterloo*, Wim van Cappellen
Netherlands Institute for Radio Astronomy - ASTRON
Postbus 2

7990 AA Dwingeloo

The Netherlands

E-mail: costerloo@astron.nl

Marc Verheijen

Kapteyn Astronomical Institute
University of Groningen
Postbus 800

9700 AV Groningen

The Netherlands

Laurens Bakker, George Heald, Marianna lvashina
Netherlands Institute for Radio Astronomy - ASTRON
Postbus 2

7990 AA Dwingeloo

The Netherlands

We describe a focal plane array (FPA) system, called Apdtdt is being developed for the
Westerbork Synthesis Radio Telescope (WSRT). The aim oftiji® at frequencies from 1.0 to
1.7 GHz, to increase its instantaneous field of view by a faat@7 and its observing bandwidth
to 300 MHz with high spectral resolution. This system wiliritthe WSRT into an effective
survey telescope with scientific applications ranging freep surveys of the northern sky of HI
and OH emission and polarised continuum, to efficient semrébr pulsars and transients. We
present results obtained with a prototype FPA installednie of the WSRT dishes. The results
obtained with this prototype demonstrate that FPAs do hla@e¢quired performance and that
they can be used to turn radio telescopes into very effestiveey instruments.
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1. Introduction

Radio astronomy is a very successful branch of astronontynis|amade several fundamental
contributions to science, for example, the detection ofcttmic microwave background, the dis-
covery of pulsars and detailed spectroscopic studies ahteestellar medium in the Milky Way
and other galaxies. However, in order to keep the momentudiscbvery, the performance of
radio instruments has to be improved continuously. One @ftiain limitations of current radio
telescopes is that, because of their limited field of vieug itery expensive in terms of observing
time to observe large volumes of space with high sensitivitgrder to detect sufficiently large
samples of faint sources. Such deep, wide-field studiesadlieldor in the context of many very
relevant astronomical topics, such as the evolution ofxggdaand the properties of the transient
sky. The obvious solution to this problem is to replace thglsi-feed systems currently employed
in many radio telescopes with arrays of detectors. Thicctfiely turns a radio dish into a radio
camera. On single dish radio telescopes this has been ddnstaling multiple feeds in the focal
plane which provide several beams on the sky, such as thesafat Parkes multi-beam system
which surveyed the entire southern sky in HI [6],[5], and Arecibo multi-beam system AlfAlfa
[3].

Current technology offers a method to form multiple beamgransky in a more efficient
way. The basic idea is to employ phased array technologyeiridtal plane of a radio telescope.
The advantage of this technique is, in contrast to the nhioltix systems mentioned above, that the
radiation field in the focal plane is fully sampled. This offenuch greater flexibility in forming
many beams on the sky and allows, at the same time, to opttivégeerformance of the telescope
dish for maximum gain or other properties. Apertif ("APERtTile In Focus”) is such a system
which is being developed for the Westerbork Synthesis Radlescope (WSRT). The aim of
Apertif is to turn the WSRT into an instrument that will perfo deep all-northern-sky imaging
surveys in spectral line and polarised continuum. In thizepave will briefly describe the technical
details of this focal plane array (FPA) system under devalamt and report first results with a
prototype FPA installed in one of the WSRT dishes. A disarssif possible HI surveys with
Apertif is given by [7].

2. The APERTIF system and its prototype

The development of the Apertif FPA system builds upon maryyef experience with phased
arrays at ASTRON, an effort motivated by enabling this tetbgy for the Square Kilometre Array
[4],[1]). The design specifications for the APERTIF FPA gystare that it should operate in the
frequency range of 1000 - 1750 MHz, using an instantaneondviidth of 300 MHz covered
with 16384 channels, a system temperature of 50-55 K and emuae efficiency of 75%. For the
WSRT this amounts to an effective area to system tempereiticeof Aeft / Tsys ~ 100 me/K, if all
14 telescopes are equipped with FPAs. The goal is to have &nden the sky simultaneously,
giving an effective field of view (FoV) of 8 square degrees. isTantire field of view will be
imaged with 15 arcseconds resolution over a bandwidth of Bz with a spectral resolution
of about 4 km s'. The survey speed of Apertif, and many of the other charatites, will be
very similar to ASKAP, an FPA-equipped telescope which istpeonstructed in Australia by the
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Figure 1: The WSRT telescope RT5 equipped with the APERTIF prototy®leown in the inserts is the
Vivaldi array in the lab (top right) and in the focal plane béttelescope (bottom right).

Australia Telescope National Facility. This opens the peas of truly all-sky surveys with uniform
properties in line and continuum. Apertif will become ogenaal in 2012.

In this paper, we present results obtained with a prototy&. A prototype FPA, consisting
of a dual-polarised Vivaldi array of 8 7 x 2 elements, has been installed in the focal plane of one
of the WSRT 25-m dishes. Each Vivaldi element has its own LNAe to the large physical size
of the front-end system, these LNAs cannot be cryogeniaalyled, leading to a higher system
temperature compared to the current WSRT receivers. Thwgever, is largely offset by the higher
aperture efficiency that FPAs offer. The system temperaifithe current prototype is about 125
K. In the fall of 2009, on the path to the final design, a new qgie with much better perfor-
mance Tsys~ 70 K) will be installed. The data from the FPA elements argrafown-conversion,
recorded and stored on disk. Much of the back-end of the f@¢osystem consists of recycled
hard- and software that earlier was used in the Lofar Inedt System. The fact that the real-
time signals are stored means that all further experiments) as beamforming, can be done later
off-line. This means that the same observation can be useskferal independent technical ex-
periments. A close up of this prototype in the focal planerd# of the WSRT telescopes is shown
in Figure 1 (bottom right insert).

Figure 2 shows the beam patterns that were measured on thia skgingle polarisation, for
all elements of the FPA. Each panel covers the same3 on the sky and shows the primary
beam of a given element. It is clear that each element istsengd a slightly different area on
the sky and that together they cover about a region of 8.dege can clearly see the large optical
distortions in the reception patterns of the elements tleatlase to the edge of the FPA. However,
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Figure2: Response patterns on the sky of the individual Vivaldi eletsief the FPA. Each panel covers the
same 3 x 3° on the sky and shows the primary beam of a given element.
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Figure 3: Optimised beam patterns (right) and weighting schemeg {taftwo directions on the sky. Note
the huge improvement in beam shape compared to those shdviguire 2
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Figure4: Sensitivity on the sky of the WSRT dish fitted with an FPA. Tiech line denotes the half-power
points. For comparison, the field of view of the “old” WSRT ®m is also shown.

because the FPA fully samples the radiation field in the fptaie, the signals from all elements
can be combined to optimise the response of the telescopa irértain direction. In this way, the
aperture efficiency of the telescope can be much increasktharshape of the combined beam can
be controlled. Therefore, even for telescopes where onéswiarhave only one beam on the sky,
FPAs are a very effective technology. Moreover, this opation can be done for many directions
simultaneously so that many optimised beams can be formedver a large region on the sky.
This is the real power of radio telescopes fitted with FPAsarigles are given in Figure 3. This
figure shows the optimised beams for two directions, as veatha weights given to each element
in order to form these optimised beam. Note that in this figheesame colour scale is used as in
Figure 2. This shows that the sidelobe level of the optimiseaims is much lower than that of the
response of an individual element. Figure 3 also shows tieashapes of the optimised beams are
much better than those of the elements themselves.

Figure 4 shows the sensitivitA(T) on the sky of the WSRT dish equipped with the prototype
FPA. The black line shows the location of the half-power mand shows that the field of view is
larger than 8 deg For comparison, the field of view of the current WSRT is alsoven. The huge
gain in survey speed offered by the FPA system is obvious.

3. First ‘Light’

First astronomical single dish observations with the Ap@rototype were performed on a
number of sources. An excellent demonstration of the podreo-PA system is shown in Figure
5. The right panel shows a 163 pointing mosaic of M 31 obtalme8raun using the existing full
WSRT with a single feed [2]. The left panel shows a single fiinwith the APERTIF prototype
on a single telescope. A total of 11x11 optimised beams waradd with the Vivaldi signals of
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M3| with DIGESTIF M3 with WSRT
| pointing, 121 beams 163 pointings

Figure5: M 31 observed with the WSRTLeft: A single-pointing measurement with the Apertif prototype,
yielding the resolution of a single dish but covering theaaire one observationRight: A 163-pointing
observation in interferometric mode, yielding the fullokgion of the 3-km array. Once all WSRT antennas
are equipped with an FPA, the same high resolution can beathbver the full field of view of Apertif.

a single telescope pointing. The implication is that wheWBRT telescopes are equipped with
a FPA system, the 163 pointing observation can be carriednooihly one or a few pointings,
demonstrating the impressive increase in survey speed.

Further progress has been made by connecting the FPA eduifRT dish with 3 other
WSRT dishes that still have the standard single-feed nnaéitjuency WSRT receiver (MFFE), and
to use this to do interferometry. Figure 6 shows the fringe86286 obtained by correlating the
signal from an optimised FPA beam with that of a MFFE-equibSRT dish, as well as those
between a single FPA element and an MFFE WSRT dish. For cosoparthe fringes between
two classic WSRT dishes is also shown. One can see that thitwaaepof the fringes between
optimised beam and the MFFE dish is about twice as large cadpa those from the single
FPA element correlated with the MFFE dish. This shows thecefbf the beam optimisation.
The difference in amplitude with the purely MFFE correlatis mainly due to the high system
temperature of the FPA current prototype. This will impravben the new FPA prototype is
installed.

Finally, we show an image that was made doing full interfezynover 12 hours using corre-
lations between the FPA prototype and three MFFE equippeBTishes. The image shows the
two sources 3C343 and 3C343.1 that are separated by abowtr2ihates on the sky. As far as we
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Figure 6: top: Fringes of 3C286 between an optimised beam of the FPA piotoiynd a MFFE WSRT
dish, between a single FPA and the MFFE dish and between tweBvHguipped disheshottom: First
interferometric image made using a radio dish with an FPAmake this image, the signal of the optimised
beam of the FPA prototype was correlated with 3 WSRT dishaisubed the single-feed MFFE.

know, this is the first interferometric image ever made usimgdio dish fitted with an FPA.

4. Conclusions

We have shown the results obtained with a prototype FPAlledtan one of the WSRT dishes.
We have demonstrated that the field of view can be enlargddaMiarge factor ¥ 30), we have
also demonstrated that the high aperture efficiencies (€s#b)pe achieved with FPAs while the
results also indicate that the system temperature of thesfistem will be close to 50 K. All this
holds great promise for the final Apertif system which wilirtthe WSRT into a very effective
survey instrument.
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