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ABSTRACT

A new observing system operating at 74 MHz and providing an angular resolution of 20” is currently
being tested at the VLA. The system comprises a prime-focus dipole feed and amplifier installed on
eight of the VLA’s 25 m antennas. Although the system is of low efficiency, it works well for imaging
strong sources (S~ >200 Jy) on long baselines (>5 km) since self-calibration has sufficient signal to
noise to remove phase errors on the short time scales ( ~ 10 s) characteristic of ionospheric variations.
We present maps of a few strong, well known radio sources imaged in most cases with unprecedented
angular resolution. For weaker sources, the ionospheric phase variations do not allow the increased
integration times required for successful self-calibration. In order to overcome this, we have developed
a procedure of dual-frequency ionospheric phase referencing utilizing simultaneous observations at 74
and 330 MHz to “unwind” the effects of the ionosphere before self-calibration. We will discuss the
procedure, which should be applicable to any future low frequency ( <100 MHz), long baseline ( > 5
km), ground-based interferometer which can obtain simultaneous, higher frequency measurements, and
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show examples of its application.

1. INTRODUCTION

Improved angular resolution is often the critical driver
for the evolution of astronomical telescopes of all types. In
the radio regime, the techniques of radio interferometry
and earth-rotation aperture synthesis have enjoyed wide
success now for decades. As a result, many of today’s lead-
ing radio astronomical observatories employ sophisticated,
multielement synthesis instruments which allow full-field,
diffraction limited imaging of astronomical radio sources.

Ironically, while most advancements in radio interfero-
metric techniques were pioneered at the longest wave-
lengths, there are today no more than a few instruments
which employ these techniques for high resolution obser-
vations below 400 MHz. And below 100 MHz, there now
exist no large aperture (>S5 km), low frequency synthesis
imaging telescopes, despite the many interesting astrophys-
ical questions which can be addressed only by low fre-
quency, high angular resolution observations. These ques-
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tions span virtually all areas of astrophysics, including
Galactic, extragalactic, solar system, and planetary astro-
physics (see, e.g., Kassim & Weiler 1990, and references
therein for a review). An important exception to this trend
is India’s Giant Meter Wavelength Radio Telescope
(GMRT) designed for operation between ~ 38-1400
MHz. The GMRT is expected to become operational by
1995 (Swarup 1993).

The fundamental issue which has prevented the con-
struction of such an instrument in the past has been the
corrupting influence of the earth’s ionosphere on the mea-
surement of the visibility phase of radio sources on base-
lines longer than a few km. This has made routine imaging
with long baseline, low frequency systems difficult to im-
possible in the past. Thus, even though the required re-
sources remain significantly lower than those for compara-
ble higher frequency systems, the funding for the
construction of such an instrument is contingent on solving
the calibration and imaging problems.

The modern techniques of self-calibration, which have
been developed to solve similar, although less severe prob-
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lems in calibration and imaging at centimeter wavelengths,
would appear to offer some hope of removing the iono-
spheric corruption which has so severely restricted imaging
at low frequencies. In order to test the application of these,
and other solutions to the fundamental restrictions im-
posed by the ionosphere, the NRAO has constructed a new
observing system at the VLA? operating in the Radio As-
tronomy 73.8 MHz band. It is a modest implementation of
a bolder, stand-alone system first proposed by Perley &
Erickson (1984). A description of this new system is given
in Sec. 2.

Calibration is one of two crucial challenges facing long
baseline, low frequency systems, and we discuss the proce-
dures we have developed to overcome the effects of radio
frequency interference (RFI) and ionospheric phase vari-
ation in Secs. 3 and 4, respectively. While we can employ
self-calibration for imaging strong sources, we have also
developed a method of dual frequency ionospheric phase
referencing for imaging weaker sources. It is a powerful
technique which utilizes the VLA’s ability to obtain data
simultaneously at two frequencies. The other great chal-
lenge is imaging, and although we discuss a few related
issues in Sec. 4, we do not address this subject in any detail
here. This topic will be investigated further in future pa-
pers.

Our observations of a few prominent radio sources are
described in Sec. 5, and some of our first images are pre-
sented in Sec. 6. In Sec. 7 we summarize the capabilities of
the present system, and the means by which the techniques
we have developed can be implemented in future instru-
ments.

2. SYSTEM DESCRIPTION
2.1 Hardware

The new low frequency system utilizes eight of the
VLA'’s 25 m antennas which have been equipped with 74
MHz prime-focus, cross-dipole feeds. These feeds use the
subreflector as a crude backplane. The aperture efficiency
of each antenna is ~25% at 74 MHz (corresponding to an
effective area of ~125 m? per dish) yielding an overall
collecting area of ~ 1000 m? for the present system. The
poor aperture efficiency is primarily due to the interaction
of the 74 MHz feeds with the subreflector support legs and
the crudeness of the small subreflectors as 74 MHz back-
planes; thus the dishes are poorly illuminated and the pri-
mary beams have high sidelobes, resulting in poor rejection
of strong sources outside the primary field of view.

The 74 MHz signal is amplified by transistor amplifiers,
then injected into the standard VLA electronics system
through an alternate port on the 330 MHz converter chas-
sis. From this point on, the existing VLA waveguide trans-
mission system, correlator, and computer systems are uti-
lized, thus limiting the cost to approximately $4 K per
antenna.

“The VLA is a facility of the National Radio Astronomy Observatory
operated by Associated Universities, Inc., under a cooperative agreement
with the National Science Foundation.

2.2 Sensitivity

The system sensitivity due to thermal noise is estimated
from the standard radiometer equation:

Sems(mIY) =K[(N) (N—1)n At Av]~'72, (1

where N is the number of available antennas, 7 is the num-
ber of IF channels, At and Av are the integration time in
hours and the available bandwidth per IF channel in MHz,
respectively. K is a system parameter defined as

K=0.082T /7 (2)

with the system temperature, Ty, in degrees Kelvin (K)
and 7 the aperture efficiency of each element. For most
systems operating below a few hundred MHz, T,
(Tyys=Tgy+ Tre) is dominated by T, since the nonther-
mal background radiation from the Galaxy usually far ex-
ceeds the receiver noise, Tp.. Ty as measured with our
system varies with position on the sky over the range
~1000-6000 K. A representative value is T',,,~2000 K,
which with 1 IF, 8 antennas, 71=25%, and an effective
bandwidth of =~ 1 MHz (as is typically used) corresponds
to an effective sensitivity in 10 minutes integration, based
on thermal noise considerations alone, of a few hundred
mly at 74 MHz.

In practice, the presence of confusion noise lowers the
effective sensitivity considerably. This is especially true for
this system since the primary beam of the VLA antennas at
74 MHz is large (~13 degrees FWHP) with very high
sidelobes. Thus, fluctuations in the output due to the cor-
related signals from the sidelobe response to high flux den-
sity sources outside the primary field-of-view degrade the
effective sensitivity. The magnitude of this effect, which
depends strongly on many parameters such as baseline
length, sky position, bandwidth, time averaging and the
primary beam shape is difficult to quantify. Rough esti-
mates (Perley and Erickson 1984) indicate that for the
bandwidths being used, the confusion noise will signifi-
cantly exceed thermal noise. A quantitative estimate has
been obtained from the first images.

The images presented in Sec. 6 usually reached an ef-
fective rms noise level of ~ 1 Jy beam ™. This was achieved
typically with seven antennas, an effective bandwidth of
0.75 MHz, and a total integration time of approximately 50
min. Equations (1) and (2), with these parameters, then
predict a thermal noise level lower than that achieved by
factors of ~3—4, indicating the domination of confusion.
Since the confusion noise is a strong function of (u,v) cov-
erage, we are optimistic that the level will be greatly re-
duced with more antennas.

For a small subset of the very strongest sources (e.g.,
Cyg A, Cas A) the effective noise levels are dynamic range

3Tsky can be estimated by comparison with the all-sky radio maps at 85
MHz (Yates 1968) and at 150 MHz (Landecker & Wielebinski 1970) or
from more recent surveys at 34 MHz (Dwarakanath & Udaya Shankar
1990) and at 408 MHz (Haslam et a/. 1982). It varies from ~900 K at
the Galactic pole to over 9000 K in a small region near the Galactic
Center. But for this system, with its large primary beam and extensive
sidelobes, Ty, varies over a smaller range.
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limited. In such cases the effective noise levels are approx-
imately 20 dB below the brightest peaks in the map, and is
comparable to the dynamic ranges obtained at other fre-
quencies with similar quantities of data. This is a very
reasonable value given the complexity of the sources and
the small amount of data presently available for imaging.

3. RADIO FREQUENCY INTERFERENCE (RFI)
3.1 Externally Generated RFI

Radio Frequency Interference (RFI) can be a major
problem at low frequencies. For the current system we
employ a bandwidth of =0.75-1.5 MHz centered on the
73.0 to 74.6 MHz Radio Astronomy allocation. We find
little external RFI within this band, but elimination of a
strong 71.75 MHz TV sound carrier requires an RF filter
with good adjacent band rejection. Since external RFI is
often significantly higher during “normal working hours”
than during the night time and on weekends, observations
are scheduled appropriately when possible.

Intermittent RFI occasionally affects the 330 MHz
data. It can usually be excised using standard editing pro--
cedures.

3.2 Internally Generated RFI

By internal RFI, we mean signals generated by the an-
tenna electronics, or by other equipment located at the
VLA site. Two forms of such internally generated RFI are
relevant to our system. The first is harmonics of signals
generated within the fringe rotation electronics located in
each VLA antenna. These harmonics are at multiples of 5
and 12.5 MHz, are extremely strong and phase coherent,
and must be suppressed by shielding the electronics racks
housing the fringe rotation electronics. A modest program
to do this is underway, and twelve antennas are currently
shielded. The presence of these harmonics forces narrow
bandwidths (typically 3.125 MHz) to be employed at P
band (~327-333 MHz) but imposes no restrictions on the
4-band (74 MHz) system, since the front-end filters are 1.6
MHz, centered at 73.8 MHz.

More important to 74 MHz observations are harmonics
of 100 kHz generated by the digital data communications
system in each antenna. These signals were originally
phase locked to the master oscillator and were all phase
coherent. Thus, radiated signals from each electronics rack
were received at that antenna’s feed, and were coherently
detected in the correlator. The problem was severe since
the correlated power via this mechanism was several orders
of magnitude greater than that from the strongest astro-
nomical radio source. Since these harmonics originate from
many different locales in the antenna, shielding was not a
practical solution. This problem has been neatly eliminated
by rendering these signals incoherent, a solution proposed
and implemented by Durga Bagri.

The only serious remaining problem is caused by those
signals which cross couple between antennas, i.e., signals
generated by the electronics in one antenna that are radi-
ated to it, and other antennas. These signals show up as
narrow-band interference spikes in the cross-power spec-

LN e B S B RN S S B EE B R S
= .
100 - -
i | ]
&
3 L -
w
7] N 4
3
o (o o =]
- e
-100 |~ -
N N T S U T W NN WY S T S N
6.5 7.0 7.5
TIME (hours)

FIG. 1. Plot of visibility phase (in degrees) vs time (in hours) for three
10 min “snapshot” observations of Virgo A (3C274) at 74 MHz on a
baseline of ~ 10 km length. The source is located near the field center and
the samples are at 30 s intervals. In the absence of ionospheric effects, the
phase variations within each snapshot would be negligible ( <5°).

tra. Fortunately, these cross-radiated couplings are not
strong, and can be easily eliminated by observing in a
spectral-line mode with high spectral resolution and flag-
ging the affected channels.

Finally, we note that there is often some additional “lo-
cal RFI” generated by various equipment at the VLA site
(e.g., telephone modems). This interference is usually eas-
ily recognized and edited, but it cannot be ignored and
does add additional work time to the data reduction pro-
cess.

4. CALIBRATION

4.1 Self-calibration Imaging of Strong Sources

Phase calibration is the most formidable challenge to
observations with the 74 MHz system. Amplitude calibra-
tion can be based on observations of isolated, small diam-
eter sources such as 3C123 (8,3 3=~400 Jy), following well
established procedures. However, such observations can-
not be used for phase calibration of target sources, since
differential phase offsets between antennas introduced by
the ionosphere change rapidly as a function of time and
position on the sky. For example, even on medium base-
lines (=5-10 km), phases can drift at rates of up to 1
degree second ™! at 74 MHz.
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FIG. 2. Plot of visibility phase (in degrees) vs time (in seconds) ona ~ 15
km baseline for a point source located at the phase center. The thick solid
line is the phase measured at 74 MHz and plotted at an arbitrary starting
phase of —90°. The ~360° phase wind which occurs during the ~5 min
snapshot observations is due to the ionosphere. The thin solid line is the
same plot for the 330 MHz visibility phase after it has been multiplied by
the ratio of the frequencies (330/74), and it has been plotted at an arbi-
trary starting phase of +90°. The dashed line represents the difference
between the two and illustrates how well the “scaled” 330 MHz phase
tracks the ionospheric phase variations at 74 MHz.

To illustrate this, Fig. 1 shows a plot of phase as a
function of time for three 10 min “snapshot” observations
of Virgo A (3C274) on a baseline of ~ 10 km length. The
samples are at 30 s intervals. In the absence of ionospheric
effects, little drift (<7 radians per snapshot) in visibility
phase should occur over a period of many hours for a
source such as this which is approximately symmetrically
positioned about the phase center. Instead, significantly
different phase signatures result from each snapshot. Dur-
ing the first snapshot the phase jitters but remains roughly
constant, during the second it decreases significantly (=~
—100°), and during the third it increases significantly (=~
+100°). However, the changes are fairly smooth as a func-
tion of time and relatively small (~ <5°) from sample to
sample.

Ionospheric effects of the type illustrated in Fig. 1 are so
large and unpredictable at 74 MHz that initial phase in-
formation is usually completely useless for the purposes of
imaging. However, self-calibration procedures [now well
advanced for VLA data, see Pearson & Readhead (1984)
for a review] are perfectly applicable to 74 MHz data,
provided an adequate model of the source and good signal
to noise (S/N) are available. In principle, only the abso-
lute position of the source is lost. This technique works
when the ionospheric variations are much smaller than a
radian within an integration interval (a condition nearly
always met in our 10 s default integration interval), the
model is a good match to the data (which in practice
means the source must dominate the total flux within the
beam), and there is sufficient S/N in each sample. Section
6 presents examples of bright sources imaged with the sys-
tem using this technique. In all cases so far, the 330 MHz
map imaged using the VLA in the standard manner pro-
duces a quite adequate starting model for the 74 MHz
self-calibration algorithm.
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FIG. 3. Same as in Fig. 2 for a case where the ionospheric phase variations
are less smooth.

In practice we find that the correlated flux density per
baseline needs to be 5 to 10 Jy for self-calibration to work
reliably on such short time scales. For weaker sources and
more severe ionospheric conditions, the S/N within the
coherence time of the data is too low for this method to
produce a solution. Therefore we have developed a method
of dual frequency ionospheric phase referencing to remove
the effects of the ionosphere so that longer integration
times can be used to increase the S/N ratio, thus permit-
ting self-calibration techniques to be applied to much
weaker sources.

4.2 Dual Frequency Ionospheric Phase Referencing

Dual frequency ionospheric phase referencing takes ad-
vantage of the VLA’s ability to obtain data simultaneously
at two frequencies. The basic idea is very straightforward:
Since the phase fluctuations at wavelengths longer than
about 0.5 m are completely dominated by the ionosphere,
knowledge of the fluctuations at one frequency can be used
to predict the fluctuations at any other frequency. In our
experiments, we have used 330 and 73.8 MHz as the two
frequencies. The phase fluctuations at the higher frequency
are rarely severe enough to prevent imaging in the stan-
dard manner, so an image of the target source made with
these data can normally be used to measure the ionospheric
phase errors for each antenna as a function of time. These
are then extrapolated to 73.8 MHz, and applied to those
data. Discussion of the physical properties within the ion-
osphere which actually give rise to these effects can be
found in Perley & Erickson (1984) and Jacobson & Erick-
son (1992a,b). Details of this procedure are now given.

The ionosphere introduces a path length in addition to
the geometric length due to the presence of an ionized
medium. This extra path length is given (in MKS units) by

AL=—4.5x1071642 j n,dl, (3)

where here n, is the Total Electron Content or TEC (a
measure of column density, typically ~ 107 m™2), A is the
wavelength of observation, and the integral is along the ray
path through the ionosphere. Since the phase change in
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degree “phase jump” caused by the presence of a 360 degree phase am-
biguity discussed in Sec. 4.2.
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tional phase introduced can exceed 1000 rad. Certainly the
differential electron content between ray paths to different
antennas within the VLA is much smaller, but is still sig-
nificant as illustrated by Fig. 1 above. However, most of
the variations we observe are not due to the differential
path through a smooth ionosphere, but due to varying hor-
izontal gradients produced by traveling ionospheric waves.
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F1G. 5. Contour plot of the radio source Cygnus A at 74 MHz imaged
entirely by the dual-frequency phase referencing procedure (see Sec. 4.2)
and using no self-calibration. The peak brightness in the map is ~ 5000
Jy beam ™!, the rms noise on the image is ~ 50 Jy beam™!, and the angu-
lar resolution is ~20”. This image demonstrates the power of phase
referencing to remove the rapidly varying ionospheric fluctuations and to
restore coherence to the data. Phase referencing has increased the coher-
ence time of the data from <1 mto >10 m.

FIG. 6. (a) and (b) Long time scale plots of phase corrected 74 MHz
phase (in degrees) vs time (in units of 10? s) for a point source at the field
center. These phase plots would remain constant as a function of time
were it not for the slowly varying effects of ionospheric refraction (see
Sec. 4.3.1). The resulting drift can have rates of up to 1 rad h~! and
generally increases in magnitude with increasing baseline length. (a)
shows a parabolic shaped drift on an EW baseline, while (b) illustrates a
linear shaped drift on a NS baseline. The shape and magnitude of the drift
depend on the source/baseline geometry and on the magnitude of the
refraction. Techniques are currently being explored to find how best to
correct for this effect.

For example, a 1% cyclical variation in ionospheric col-
umn density (caused, for example by a Traveling Iono-
spheric Disturbance) moving at a speed of 100 km h~!
with a wavelength of 30 km would cause a 10 rad phase
differential between two antennas 30 km apart, with a
phase rate of 1 rad min~'. Alternatively, a horizontal gra-
dient in the TEC of 10'*/cm ™2 km would produce 1 rad of
phase shift over a 10 km baseline at 74 MHz. Variable
gradients of this magnitude, comprising ~0.1% of the
TEC per kilometer, are very common (Erickson et al
1988) except under unusually quiet ionospheric condi-
tions. Ionospheric waves have a wide spectrum of spatial
and temporal scales (Jacobson & Erickson 1992b) which
include the baseline lengths and time periods over which
we observe.

At 330 MHz, the self-calibration algorithms have little
difficulty in adjusting the antenna-based phases to correct
for the ionospheric effects because the ionospheric phase
drifts are much smaller, the S/N ratio rather good, and the
data are of good quality. An important additional factor is
the increased number of antennas (27 at 330 MHz vs 7 or
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8 at 74 MHz), allowing much better (u,v) plane coverage
and much reduced confusion noise. The resultant 330
MHz antenna phase solutions, properly scaled, are appli-
cable to the simultaneously obtained 74 MHz data. As can
be seen from Eq. (4), the ionospheric phase difference be-
tween any pair of antennas at the two different frequencies
scales linearly with A.

Because of the linear relation between phase perturba-
tion and observing frequency, it is not necessary to know
the “total phase offset” of the 330 MHz data for the
method to work. The fluctuations in the phase about this
offset scale to the same size fluctuations in the lower fre-
quency phase regardless of the magnitude of the total off-
set. However, the offset does translate to a different offset
at the lower frequency, and this, along with the unique
antenna-dependent instrumental phase offset must be cali-
brated by observing a 74 MHz calibrator.

Calibration of data utilizing the ionospheric phase ref-
erencing technique proceeds as follows. A target source is
observed simultaneously at both 330 and at 74 MHz. After
the source is imaged in the standard manner at 330 MHz,
this image is used as a starting model for self-calibration to
generate a phase solution which contains the time variable
phase offsets introduced by the ionosphere. This solution is
then scaled by A according to Eq. (4) and applied to the 74
MHz data in order to remove the short-term ionospheric

effects. In principle these data could then be mapped with-
out self-calibration (e.g., see Fig. 5). However, as a result
of residual phase drifts due to ionospheric refraction (see
Sec. 4.3.1), a scan-averaged self-cal is usually required. We
find that a 327 MHz model, applied to the 74 MHz data, is
sufficient to accomplish this.

Figure 2 shows a plot of visibility phase versus time on
a 15 km baseline for a point source which illustrates the
technique. In this figure the thick solid line is the phase
measured at 74 MHz and plotted at an arbitrary starting
phase of —90°. Notice that is winds approximately a full
cycle over the 5 min shown, rendering self-calibration re-
quiring similar integration times useless. The thin solid line
represents the phase measured at 330 MHz multiplied by
330/74, plotted at an arbitrary starting phase of +90°, and
the dashed line represents the difference between the two.
Note that the scaled 330 MHz phase accurately tracks the
ionospheric introduced phase wind at 74 MHz. Figure 3
shows a similar plot for a case where the ionospheric phase
is not so regular.

An interesting problem surfaces if we are unable to con-
tinuously track the 330 MHz phase, as is the case for our
cycling, snapshot observations. (In this popular VLA ob-
serving mode, sources are only tracked continuously for
“snapshots” of ~5-10 min length each.) The best under-
standing of this comes from considering two, time-
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separated observations of an object, between which the 330
MHz phase increases by 360 degrees. The measured phase
for both observations will appear to be the same, and the
predicted 74 MHz phases will thus also be the same. But
because of the (unknown) 360 degree addition, the pre-
dicted 74 MHz phase of the second scan will be in error by
360< (330/74) modulo 360 degrees or ~165 degrees.
Such phase steps are often easy to detect in our phase
corrected data but we are still considering how best to
handle this problem automatically. Figure 4 illustrates this

effect. The simplest solution of observing two, separated

frequencies within P band cannot be used, since this elim-
inates simultaneous observation at 4 band. (Alternatively,
future observing systems which do not track sources con-
tinuously could avoid this problem by choosing a higher
frequency which is an integer multiple of the lower fre-
quency.)

Figure 5 shows a 74 MHz image of the radio source
Cygnus A imaged entirely with dual-frequency phase ref-
erencing and employing absolutely no self-calibration. This
image demonstrates the power of phase referencing for re-
moving the rapidly varying phase fluctuations introduced
by the ionosphere and thereby restoring coherence to the
data without any recourse to self-calibration. In this exam-
ple phase referencing successfully increased the coherence
time of the data from <1 m to >10 m. Such increased
coherence times have significant implications for future im-
aging of weaker sources. Moreover, after phase referenc-
ing, self-calibration can be utilized with longer integration
times to increase the dynamic range and otherwise improve
the final image quality.

It should be noted that the phase referenced 74 MHz
data will only be valid in a limited region defined by the
direction to the 330 MHz field center. This so-called iso-
planatic patch size (see also Sec. 4.3.2), which depends on
the spatial scales of ionospheric structure, has not been
quantified, but is expected to be from one to several degrees
across. As larger and more complex fields are imaged, its
characteristics will become better defined.

4.3 Further Considerations

4.3.1 Ionospheric refraction

In practice we find an additional phase offset that arises
when the dual frequency phase referencing technique is

applied over long (>1 h) time scales. This is due to the

fact that we assume the same source position for the two
frequencies while there is actually a difference in the ap-
parent position caused by ionospheric refraction. This in-
troduces an offset between the 74 MHz phase and the
scaled 330 MHz phase in addition to the instrumental off-
set. Figures 6(a) and 6(b) illustrate this offset, which over
long time periods can drift at rates of ~1 rad h™!. (An
~ 1’ difference between the 74 and 330 MHz, as would be
expected from ionospheric refraction, easily explains this
effect.) Over time scales of <1 h (and often for much
longer periods) this offset remains fairly constant and
merely introduces positional offsets in the phase referenced
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FIG. 8. Contour maps of the radio Galaxy Her A at 74 MHz (a) and 330
MHz (b). In (a) the peak brightness in the map is ~ 162 Jy beam ™', the
rms noise on the image is ~1 Jy beam ™!, and the angular resolution is
~20". In (b) the peak brightness in the map is ~6.3 Jy beam ™, the rms
noise on the image is ~5 mJy beam ™!, and the angular resolution is ~7”.
After further data are acquired, complete images will also be conducive to
a spectral index analysis. Her A is known to be over-luminous for its
morphology and it will be interesting to discover how it is aging.

74 MHz maps. There are various ways to deal with this
problem; we normally solve it through self-calibration of
the 74 MHz data.

4.3.2 The wide field imaging problem

A further important consideration for low frequency
observations in general is the so-called 3-D imaging prob-
lem (Perley 1989; Perley & Cornwell 1991; Cornwell &
Perley 1992). This arises because of the requirement, in
principle, of a full three-dimensional (3-D) Fourier Trans-
form to image properly the large field of view measured by
a non-coplanar array at low frequencies. (Because the
VLA is not a simple East—-West array it can be approxi-
mated as a coplanar array only for single snapshot obser-
vations). This is a particular problem for the 74 MHz VLA
system due to the unusually large primary beam and rela-
tively long baselines involved. When it is ignored it leads to
smearing as a function of distance from the field center for
large sources and improper cleaning of sidelobes from
strong (albeit compact) sources far from the field center.
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F1G. 9. Contour maps of the Galactic supernova remnant (SNR) Cas A
at 74 MHz (a) and 330 MHz (b). For (a) the peak brightness in the map
is ~633 Jybeam ™!, the rms noise is ~1 Jy beam~!, and the angular
resolution is ~20”. For (b) the peak brightness in the map is ~ 131
Jy beam™!, the rms noise on the image is ~ 125 mJy beam™', and the
angular resolution is ~20”. After additional short-spacing data is ac-
quired, a spectral index map will be generated which will allow a search
for spectral index variations across the source. Such variations across
SNRs have been a source of controversy for many years, and definitive
results have been hampered by the lack of images at low frequency with
good angular resolution.

While a practical solution to this problem is now available
at 330 MHz (see Cornwell 1993, for a description of the
3-D polyhedron algorithm), further modifications are re-
quired before it can be applied to the 74 MHz data (Corn-
well 1993). This is because at 74 MHz the isoplanatic
patch size, while not yet well defined, is certainly smaller
than the primary beam size. Furthermore, more baselines
will be required since the number of unknowns (antennas
times the number of isoplanatic patches within the primary
beam) is much larger than at 330 MHz, where the isopla-

FIG. 10. Contour maps of Taurus A (Crab Nebula) at 74 MHz (a) and
330 MHz (b), respectively. In (a) the peak brightness in the map is ~ 64
Jy beam ™!, the rms noise is ~ 1 Jy beam~!, and the angular resolution is
~20”. In (b) the peak brightness in the map is ~1 Jy beam ™!, the rms
noise is ~ 11 mJy beam ™!, and the angular resolution is ~6”. The steep-
spectrum Crab nebula pulsar is seen as a striking continuum feature on
both maps.

natic patch size is larger than the primary beam size. When
such wide-field imaging software does become available at
74 MHz, it will also greatly reduce the effects of confusion
noted earlier, as has already been demonstrated at
330 MHz.

While the code required to correct for this effect is not
yet on-line at the VLA, conventional 2-D Fourier imaging
techniques have been adequate for the reduction of our
initial data sets because: (1) Serious errors only arise when
the product of the angular offset of the source in radians
from the phase center multiplied by this same offset in
synthesized beams exceeds unity. For A-array 74 MHz
data this only occurs for sources larger than ~90’ in di-
ameter and most of our observed sources are smaller than
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this. (2) These first sets of observed sources are sufficiently
bright that the contribution to the noise level from side-
lobes of unmodeled sources away from the field center
(which would have been CLEANed incorrectly) is negli-
gible. Obviously this will not be the case for future obser-
vations of large and weaker sources in more complex fields,
and proper 3-D imaging will be required at both 330 and
74 MHz. This, however, is a daunting prospect at the lower
frequency, since the background sources will occupy many
different isoplanatic patches, requiring a sophisticated al-
gorithm which will compute spatially variant phase correc-
tions for each of the array’s component antennas.

5. OBSERVATIONS
Our ongoing 74 MHz observations extend over two full

VLA configuration cycles. This is needed because of the
limited (u,v) coverage offered by only seven to eight ele-
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FIG. 11. (a) shows a 74 MHz image of the one-sided jet source Virgo A
(M87). The peak brightness in the map is ~253 Jy beam~!, the rms
noise is ~1 Jy beam~!, and the angular resolution is ~20”. (b) shows
our 330 MHz image which has a peak brightness of ~76 Jy beam~!, an
rms noise level of ~6 mJy beam™!, and has been smoothed to an angular
resolution comparable to that in (a). For comparison, (c) shows a VLA
image of the source at 1465 MHz with a peak brightness of ~83
Jy beam™!, an rms noise level of ~31 mJy beam™!, and an angular res-
olution of ~45".

ments. For most sources, the most important measure-
ments are obtained in the A (maximum baselines ~35
km) and B (maximum baselines ~ 11 km) configurations,
since only sources with structure larger than ~ 10'-20’
require observations in more compact configurations. The
observations were always conducted in a “two IF mode,”
with each IF measuring a single circularly polarized com-
ponent (left in both cases) of the radiation at “P band”
(327-333 MHz) and at “4 band” (73.8 MHz or A~4 m
wavelength), employing bandwidths of 3 MHz and 1.5
MHz, respectively. The data were taken in spectral line
mode using 128 channels at 4 band and 64 channels at P
band. As described in Sec. 3 this was sometimes necessary
in order to remove harmonics of internally generated in-
terference. After excision of the interfering channels, the
data were then converted to a standard continuum data
base for further reduction.
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FIG. 12. Contour maps of 3C129 at 74 MHz (a) and at 330 MHz (b) and
(c). On (a), the peak brightness in the map is ~26 Jy beam !, the rms
noise is ~700 mJy beam ™!, and the angular resolution is ~1’. On (b),
the peak brightness in the map is ~790 mJy beam ™!, the rms noise is ~5
mly noise™ !, and the angular resolution is ~20”. On (c) (a close-up of
the “head”) the peak brightness is ~75 mJy beam™ ! the rms noise is ~3
mJy beam ™, and the angular resolution is ~6”. 3C129 is a strong and
very extended (>20’) head-tail radio Galaxy, making it an excellent
candidate for observation at high resolution at long wavelengths. It ex-
hibits spectral index variations along its tail and a good 74 MHz map is
needed to nail down these variations. Further ongoing observations are
being obtained at 74 MHz to establish the sensitivity and dynamic range
required for useful scientific analysis. For weaker sources like this (bright-
ness <5 Jy beam™') such observations will be obtainable in much shorter
periods of time when the system expands as planned.

6. FIRST MAPS
Figures 7-12 show preliminary maps of several promi-

nent radio sources imaged using the 74 MHz receiving
system. For these exceptional sources, self-calibration

without resorting to phase referencing was generally suffi-
cient for generating images because of their high flux den-
sities, although phase referencing, described in Sec. 4.2,
was sometimes applied to the data in order to increase the
coherence time. Other than that, the data were reduced,
Fourier transformed, and CLEANed in the standard man-
ner.

Ongoing reduction of these and other observations is
very encouraging and is providing low frequency images
with the unprecedented resolution of <30” at 74 MHz.
These images hold the prospect of generating spectral in-
dex maps which can address several fundamental scientific
issues, although further data are required before meaning-
ful conclusions can be drawn. We defer detailed discussion
of these to future papers after our ongoing observations are
completed. We note also that the 330 MHz images (with
~6" resolution) obtained as a matter of course during
these observations are often the best images available at
that frequency, and a few of those images are also shown.
The noise levels on the 74 MHz images at or below the 1
Jy beam ! level brings many other sources within range of
the new observing system (i.e., a good fraction of 3C
sources). The accompanying figure captions give brief de-
scriptions of each source. Please note that while peak
brightness temperatures and noise levels are listed in the
captions for reference, these preliminary images should not
be used for absolute measurements. While the relative
brightness temperatures are valid, absolute flux density cal-
ibration has not been rigorously applied to these data. This
is of little consequence to these first observations since
nearly all of these sources have well determined integrated
flux densities at low frequencies.

7. CONCLUSIONS AND FUTURE PROSPECTS

We have described a new low frequency observing sys-
tem at the VLA that makes use of simple dipoles mounted
on a subset of the VLA antennas, utilizes the standard
waveguide transmission system, VLA correlator, and ex-
isting computer network. The system is capable of imaging
sources at 74 MHz with 20” resolution, thereby opening a
new window for long baseline (> 5 km), high resolution,
low frequency interferometry which can be conducted
from the Earth’s surface. Preliminary maps of several radio
sources imaged with the new system have been presented.
This work demonstrates the power of several recently de-
veloped imaging techniques to overcome difficulties, most
notably those imposed by the Earth’s ionosphere, which
have restricted previous low frequency synthesis instru-
ments to much shorter baselines.

For strong sources, we find that self-calibration is ade-
quate for removing the effects of the ionosphere. The cur-
rent system works well for imaging sources with correlated
flux densities per baseline of >5-10 Jy, corresponding to
sources with typical integrated flux densities of >200-500
Jy. This is because: (1) amplitude and phase errors due to
contributions from unmodeled confusing sources are neg-
ligible; and (2) there is sufficient S/N on short time scales
to allow for robust self-calibration. For weaker sources, we

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993AJ....106.2218K&amp;db_key=AST

FT993AJ.~ T CI06: 2Z18K

2228 KASSIM ET AL.: HIGH RESOLUTION 74 MHz IMAGING 2228

have developed a method of dual frequency ionospheric
phase referencing for removing the effects of ionospheric
phase variations. This technique makes use of the VLA’s
ability to obtain data simultaneously at two frequencies.
This ionospheric phase referencing technique is applicable
to any future long baseline, low frequency system which
will allow dual frequency operation.

Limitations in sensitivity and (u,v) coverage are caused
by the fact that only eight antennas are equipped for 74
MHz operation. If all the VLA antennas were equipped for
this frequency, the additional (w,v) coverage would both
mitigate the effects of confusion and, by providing new
closure phase information, improve the performance of the
self-calibration algorithm. Based on the noise levels in our
preliminary maps, we project that a 12 h observation with
a 27 antenna 74/330 MHz system could achieve noise lev-
els of below 100 mJy beam ™! at 74 MHz. All of the 3C and
4C sources should then be observable.

We note that there are no serious restrictions (other
than cost) to attaching 74 MHz feeds to a subset of
NRAO’s VLBA antennas in order to further increase the
angular resolution (Napier 1992). In fact, the design of the
VLBA dishes should provide for improved aperture effi-
ciency relative to the VLA dishes. As implied long ago
from experience gained in low frequency VLBI (Carr et al.
1970; Erickson et al. 1972; Clark et al. 1975; Hartas et al.
1983) limits on the highest useful angular resolution will
be set by nature (e.g., from limited brightness temperatures

due to self-absorption in compact sources and from reso-
lution limits imposed by interstellar and interplanetary
“seeing”*) and not by limits in technology.

Finally, when resources permit, we suggest that the
original proposal for a stand-alone system as proposed by
Perley & Erickson (1984) should be implemented at an
even lower frequency to complement the 74 MHz VLA
system. In this frequency range it is relatively cheap and
easy to build simple arrays that would have more gain and
lower sidelobe levels than the VLA dishes. Such a system
would also be excellent for solar and ionospheric work as
well as for cosmic source work. Ionospheric and solar work
require either long or full-time observing sessions for which
it would not be practical to tie up the VLA.

We acknowledge the contribution of many NRAO staff
members without whose help the development of this
unique system would not have been possible. These espe-
cially include D. Bagri, B. Clark, T. Cornwell, J. Pettinson,
and K. Sowinski. Basic research in Radio Interferometry
at the Naval Research Laboratory is supported by the Of-
fice of Naval Research through funding document number
N00014-93-WX-35012, under NRL work unit 2567.

“Estimates of the limiting resolution imposed by interstellar scintillation
near 74 MHz are ~5" at the Galactic equator and ~0.2” near the
Galactic poles (Baldwin 1984). See Spangler & Armstrong (1990) for a
discussion of the effects of interplanetary scintillation at low frequencies.
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