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1 Introduction

The original Australia Telescope Compact Array (ATCA) operated tweiseparate narrow bands covering
1.25 - 1.8 GHz (20 cm) and 2.2 - 2.5 GHz (13 cm). The maximum instantaneodsviokin in either
band was 128 MHz per IF, limited by the correlator, although the feedramrdsiual linear Ortho Mode
Transducers (OMTs) themselves were capable of receiving the fulV&%z and 300 MHz, respectively. In
2004, in preparation for the Compact Array Broadband Backend @ARgrade we proposed to upgrade
the 20/13 cm receiver systems to take advantage of the 2 GHz correlatiwidiéh available in CABB, and
to simultaneously fix a long-standing problem with the polarization performafite receivers in the 13
cm band. The original science case and project proposal was submitegtember 2004, with updates
to the science case in November 2004 and September 2006. We propesatbte the band separating
diplexers, replace the individual narrow-band LNAs with wide bandwidiAs covering 1.1 - 3 GHz and
to modify the OMTSs to improve the polarization performance

1.1 Scientific Specifications

The L/S & C/X upgrade project was motivated by the desire to provide margéncmusly sampled fre-
guency coverage from 1 to 12 GHz, starting with the 1-3 GHz band; imgleveontinuum sensitivity;
and improve the polarization response at 13 cm. As CABB progressetbovbecame aware that the L/S
upgrade was required in order to retain the capability of simultaneouslyvibgén the 20 cm and 13
cm bands. The three main scientific projects for L/S proposed in the salaseewere: deep continuum
surveys, spectro-polarimetric studies of the Milky Way and other galaxiesl.unar Cherenkov radiation.

It is obvious that deep continuum observations would be dramatically imgtoyéncreasing the avail-
able bandwidth at 20 and 13 cm. Our expectation was that simply increasingstataneous frequency
coverage to the bandwidth of the CABB would provide a factordfincrease in continuum sensitivity
and reduce the observing time for deep continuum observations by mare tfator of 10. This was
expected to have dramatic implications for sensitivity limited continuum obsergatgarticularly deep
fields and rapid source follow-ups. To enable deep continuum scieaaedhnirements were: as large an
instantaneous bandwidth as possible and no increase in system tempavatuweginal receivers.

Spectro-polarimetric studies of the Milky Way and other galaxies in the 20 arthlbands prior to the
upgrade were limited both by the available wavelength coverage and amproftiethe off-axis polarization
at 13cm. Since the construction of the ATCA it was known that the polarieathtat 13cm was asymmetric
(Sault & Ehle 1996), which prevented high-precision wide-field polariynatrl3cm. The problem, which
was due to the ortho-mode-transducer (OMT), was to be fixed duringoiip@de. Our expectations were
that the excellent polarized beam shape at 20 cm would be replicateskdbeo1-3 GHz band, allowing
wide-field spectro-polarimetric studies.
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Recent work in spectro-polarimetric studies have made use of a new teeluatied Rotation Measure
(RM) synthesis (Brentjens & de Bruyn 2005). RM synthesis is poweahalysis tool that provides a
means of continuously dissecting the interstellar medium (ISM) along the line luf sRy resampling
the data with wavelength squarexf, and taking the Fourier transform of the complex Stokes vector as
a function of A we can directly measure the polarized signal as a function of Faradaly ofep the
ISM. The key specifications in rotation measure synthesis, other tharizatian purity across the field
of view, are the shortest and longest wavelength observgg, and \,...; the total bandwidth im\?
spaceA(N\?) = A2 . — A2, ; and the channel widtfs(\?). These determine the effective RM resolution,
5¢ =~ 2+/3/A()\?), the maximum RM detectabls,,.. =~ v/3/5)\?, and the largest detectable scale\ 2 .
Therefore, the main specifications for the upgrade were to achievegasaarn \?) coverage and as low a
Amin @S the receivers and RFI environment would allow.

The final scientific observations described in the science case were dhdsinar Cherenkov, which
aims to detect radio emission from Cherenkov cascades from neutrinadtibes with the Moon’s surface.
Dagkasamensky & Zheleneznykh (1992) estimate that these Cheresdaades should result in very brief
(<microsecond), strong ( 4000 Jy at 1420 MHz) pulses which peak in thg& GHz range. These brief
pulses should be detectable by radio telescopes with sufficiently high timatieso The ATCA primary
beam at 20 cm is well matched to the moon size and detection Lunar Cheradlkaion might be possible
given sufficient time resolution. The time resolution achieved is limited by the maximstantaneous
bandwidth of the receiver: gigahertz bandwidths would enable naoonddane resolution. The polar-
ization of the detected emission can provide positional information about teetelé pulses. The main
technical requirements for this project were a large instantaneous lfihdpreferably the covering full 1
- 3 GHz band and a flat polarimetric response across the band.

In summary, the scientific specifications of the upgrade were simply:

e Continuous frequency coverage from 1 to 3 GHz for the 20/13 cm feeds
e Polarization purity to~ 1-2% across the entire 20/13 cm band
¢ No system temperature increase at current observing frequencies

¢ Designs and mitigation techniques to reduce the impact of RFI (may includengpéfication notch
filters)

2 System Performance

The original OMTs were removed and re-installed as the first step in thadegrocess, followed by the
installation of the upgraded broadband LNAs. A proof-of-concepéik@r system was installed on the
ATCA in November 2009, with upgrading of all ATCA 20/13 cm receiveasried out between June and
December 2010. System tests were conducted as the upgradedreeave installed with the first set
of scientific broadband polarimetry observations conducted with the fit# sfi receivers in December
2010. Here we discuss the system performance, particularly the avdikatndevidth; system temperature;
polarization purity, both on and off-axis; and total power beam shape.

2.1 System Temperature

System temperature measurements were conducted in June 2010 on tipgfiasked receiver, CA02, and
were analysed by J. Stevens. The measurements were made by placowgrahat load,7},,; = 295.25

K in front of the receiver and comparing to sky measuremetfits,. Here we have assumed that the sky
is a cold blackbody 0£.725 K (CMB). In practice this is not strictly correct, depending on position the
Galactic continuum emission can dominate at the low end of the 1-3 GHz bapping with frequency
with a synchrotron spectrum. The observations were made at positiorrsB2@Erom the Galactic plane
where the sky temperature at 1 GHz can be assumed to be less tttald and even less at 3 GHz.

2



ATCA L/S Upgrade Commissioning Report

CA01/2 Old/New LS receiver comparison

1000

System Temperature (K)
100
\

I ISEARN //“\\\j . A

i V - / b

I F\, ’\fww,\, N N L / \/L
M )

AAANAAN A AN A po  p P anv_/

R NN P VA

10

Old 21cm XX

New XX
L
1 1.5 2 2.5 S

Frequency (GHz)

Figure 1: Comparison of 20 cm & 13 cm system temperatures with the oldreza@i CAOL1 and the new
16 cm band system temperature on CA02. The coloured lines are as fobtwhs3 cm YY (yellow), old
13 cm XX (purple), old 20 cm YY (cyan), old 20 cm XX (blue), new YY égm), new XX (red).

The system temperature is measured by comparing the hot and cold degeivers:
Phot = A(Tsys + Thot)y (l)

Psky = A(Tsys + Tsky)a (2)

to give:
Phot (Thot - Tsk’y)
Phot - Psk:y

Figure 1 shows a comparison of the system temperature of the old recri@401 with the new 16cm
band system on CA02. The difference is striking. The system temperatueey flat from from 1.3 - 3.1
GHz, with a slight rise between 1.1 and 1.3 GHz, owing both to the edge of titedral the prevailing
interference below 1.1 GHz. Across most of the band the system tempeistuR0 K, almost a factor of
two better than the lowest noise portions of the previous receiver system.

In terms of receiver performance, the band is usable from 1.1 - 3.1 @ittzthe recommended central
frequency for observations of 2.1 GHz. At the low end of this frequeaage RFI tends to affect obser-
vations. At the high frequency end, calibration is affected by the dfbpthe performance of the noise
diode between 2.5 and 3 GHz.

Tsys =

— Thot- (3
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2.2 Polarization Purity and Beam shape

The off-axis polarization at 13 cm has been known for many years teyoaraetric as a result of the OMT
fin design. The effect of the fin design error produced spuriougipatéon features of greater than 10%
beyond the beam half-power point. Sault & Ehle (1996) showed thatredisons of 1934-638 centred 420
arcsec away from the phase centre (60% of the half-power widthld pooduce Stokes Q, U, and V fluxes
of 1.8%, 0.6% and 0.8% of the total intensity, even though the 1934-638 isrktm be unpolarized to
0.03% in Stokes V (Rayner, Norris & Sault 2000). The spurious polarizatifateincreases as roughly the
square of distance away from the beam centre up to at least the haf-pomt. Scans of sources at 13 cm
showed that the primary beam shapes in the XX and YY correlations, aaswle total intensity were not
symmetric. We expected that these effects will have been corrected byvhaéplacement.
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Figure 2: XX and YY beamshapes measured at various angles at 1.@85ehand 2.335 GHz (bottom).
The XX and YY main beams are very symmetric at both frequencies.

In August 2010, J. Stevens conducted measurements of the primarydhegrm of the antennas con-
taining the new receivers (CA02, CA03, CA04 & CA06). These olmtions were made using 0823-500,
which is unpolarized to less th&n15%, pointing CA02 directly on-source and moving the other antennas
away in 2.4 arcmin increments up to 80 arcminutes. The measurements wertedegeeight angles with
45° increments, betweer? @nd 315, measured from North in a clockwise direction.

Figure 2 shows measurements of the beam shape for XX and YY correlaidn665 and 2.335 GHz,
showing that the beams are symmetric and similar at both frequencies. Attheigle end of the band the
symmetry begins to break down, but the effect is minimal.
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Figure 3: Interpolated percentage linear polarization measured affesénom observations of 1934-638
measured at 1.396 GHz (left) and 2.292 GHz (right). The colour of theoaosirepresents the percentage
linear polarization as given in the colour wedges. The filled circles markdto@alameasurements.

To characterise the off-axis polarization we conducted pointed oligmrsaaround PKS B1934-648,
which is known to be unpolarized ta 0.03%. We pointed in a 4 x 4 grid in increments of 8 arcmin away
from 1934-638. The data were then analysed to determine the measuked §tQ, & U flux at each
point. Figure 3 shows the measured percentage linear polarization atiariusf RA and Dec offset from
1934-638 at 1.396 GHz and 2.292 GHz. The half-power point in both risapsirked with the blue arc.
The contours are scaled according to the colour wedge at the right mhéges. These frequencies show
the lowest off-axis linear polarization.
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Figure 4: Percentage linear polarization at the half-power point ascéidarof frequency.

There is apparently variation in the magnitude of off-axis polarization withueacy. Figure 4 shows
the estimated percentage linear polarization at the half-power point asteofuaf frequency. These values
are measured at an angle of4Bom the North. The off-axis polarization is less thar8% at 1.1-1.7 GHz
and 2.1-2.3 GHz, but rises to more than 6% in between and again at fregsen2.6 GHz. The cause of
these fluctuations is currently unknown but should be investigated moreutiidy. The increase beyond




ATCA L/S Upgrade Commissioning Report

2.6 GHz is possibly exacerbated by the small number of data points probimgnérebeam and perhaps
also calibration errors due to the fall-off in the performance of the noisgedibove 2.5 GHz.
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Figure 5: Plots of the real part polarization leakage vs frequency éoXttop) and Y (bottom) feeds. This
provides information about the orthogonality of the feeds across the blntd that the scale on the y-axis
scale is in units o1 0~3.

The on-axis polarization purity (or leakage) across the band was exjtlorough observations of several
polarized point sources conducted in December 2010 as part of p@4487. The observations were split
into 128 MHz chunks, each calibrated individually in Miriad. The leakagmsarvere examined across the
whole band. The real part of the leakage term, plotted in Figure 5 for thelX deeds, respectively, probes
the feed “misalignment”, which gives information about how the feeds defriaite perfect orthogonality.
The imaginary part of leakage term, plotted in Figure 6, probes the feedti@thyp), giving information
about any deviations from perfectly linear feeds. These figures #aivthe real part of the leakage is flat
to better than 0.5% across the band and the imaginary part has maximum dewdtigrto~ 2% between
1.2 and 1.8 GHz.
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Figure 6: Plots of the imaginary part polarization leakage vs frequencth&X (top) and Y (bottom)
feeds. The imaginary part of the leakage term provides information dbeuteviation from a perfectly
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linear feed. Note that the scale on the y-axis scale is in unit§of.

Figure 7 shows measurements of the Stokes | beam shape at the eightaamtyfeur different frequen-
cies between 1.16 GHz and 3.025 GHz. The results show that the primaryibeary symmetric at all
frequencies. The differences in the magnitude the sidelobes are agketwdtifeed-legs. Gaussian fits to
the primary beam shape with angle show that the beams are on average sgrtoneithin 6%, with a
maximum deviation of 12%. The difference between the sidelobe amplitudéfeatict angles is a result
of the support legs. The power in the sidelobes is surprisingly largecidly at the higher frequencies

and should be examined further.
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Figure 7. Stokes | beamshapes measured at various angles at 1.18.66%GHz, 2.33 GHz and 3.025
GHz. The degree of symmetry of in the primary beam shape at high freigsesiemonstrates that the new
OMT has corrected the polarization problems.

3 Scientific Demonstration

Project C2437 (O’Sullivan), observed in December 2010 and Jard@drl, was one of the first projects
scheduled on the array designed to take advantage of the new brdasjiséem for high precision, broad-
band polarization observations. C2437 obtained 120 hours to imageaafare2 deg? around 10 poten-
tial polarization calibrators. Each field was observed~d2 hours. The sources, which were primarily
observed to characterise them as potential ASKAP polarization calibr&ire been analysed for their
polarization properties vs frequency from 1.1 - 3.1 GHz. Absolute fllikredion and bandpass calibration
was performed using 1934-638 and on-axis pointings of the calibrater wged for phase calibration. For
calibration purposes the full band was split into chunks of 128 MHz inraleolve and correct for fre-
guency dependent leakages. The calibrated data were then imaged iHZA@NMannels”, with an rms of
~ 1 mJy/Bm for a 20 to 30 arcsec beam. Faraday rotation measure synthesis waseerbn each pixel
with detectable polarized flux.

Figure 8 shows a comparison of measurements of the polarization properthes source B0454-810
versus frequency (or wavelength squared), as well as the RM apefdr the new and old systems. The
six panels on the top, labelled asshow the results of the new broadband system, while the six panels
below, labelled a®, show the equivalent data using the old 256 MHz bandwidth. Note partig ke
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top, left panel of parts& andb which shows the rotation measure spectrum, i.e. the polarized intensity,
p, as a function of Faraday depth, or RM. The increased frequency coverage of the new system has
greatly reduced the width of the RM spectrum and improved the RM resolutibie @xperiment. The RM
measured for this source3$.6 + 2.1 rad m 2.

4 Summary

The ATCA L/S Upgrade to the new 16 cm receivers has been an outsggsuicess. The primary scien-
tific specifications of correcting the 13 cm polarization properties, extgrtii@ centimetre band to take
advantage of CABB and not increasing system temperature have alhbkiewed. The resulting system is
a testament to excellent engineering, producing a receiver with systereraomes of order 20 K across
a nearly 2 GHz band, and polarization purity on the ordet ef 2% across the band from 1.1 to 3 GHz.
Scientific observations designed to take advantage of the broadbarppéarimetry now available com-
menced almost immediately after the full receiver suite was installed and thegeoalucing weird and
wonderful results!
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Figure 8: Polarization properties of B0454-810 using the new systeme@sand the old system (pan).
Top left: Faraday depth vs. fractional polarization. Top right: Polarinagingle vsA? (solid line represents
a model of a single RM component extracted from the peak in the Farag#y sigectrum). Middle left:
Q vs. U. Middle right: fractional polarization v$2 . Bottom left: Q and U vs\? . Bottom right: Total
intensity vs. frequency (with a second-order polynomial fit).
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