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ABSTRACT

A new, fully steerabls, decametric array for radio astronemy is under
construction at the Clark Lake Radie Observatory near Borrego Springs,
California. This array will be a "T" of 720 conical spiral antennas (teepee- .
ghaped antennas, hence the array is called the TPFT), 3.0 km by 1.8 km capable f
of operating between 15 and 125 MHz. Both its operating frequency and beam
position will be adjustable in less than one millisecond, and the TPT will
provide a 49-element picture around the central beam position for extended-
source ebservations.

Considerable experience has been gained in the operation of completed
portions ef the array, and suecessful operaiion of the final array is assured.
This paper describes Fhe results of the tests which have been cenducted with
the conical spirals and ocutlines the plamnned electronics and data processing

system.

* Present address: National Radio Astronomy Observatory, Green Bank, West

Virginia 24944



Introduction

Most of the radic astronomical observations below 100 MHz have been the
result of considerable effort on the part of a relatively small number of
astronomers and enginesrs. The size of the instruments required has precluded
the construction of more than a8 few in the world, and, until three or four
years ago, technology had not allowed the design of a large decametric array
which would operate over more than a limited frequency range and be steerable
in two coordinates with reasonable speed. Consequently, this part of the
radio spectrum has attracted very few astronomers even though much information
about the physics of celestial objects may be found from the study of radiation
at these wavzlangths.

Recent .  rinces have been made in the technology of decade bandwidth
antennas (Rumsey, 1966}, and reliable wideband, solid state devices have reached
a price where it is practical to use hundreds or thousands of units in a large
system. Around these developments, a design for a fully steerable decametric
array has evolved. It is operable anywhere between 15 and 125 MHz with nearly
instantaneous frequency and beam positioning capability.

The instrument has been designed with both solar and sidereal preograms
in mind. The spacing of the phase centers of the banks of elements has been
arranged to provide a-"field of view" clear of grating responses which is
several solar diameters across. One of the first uses of the instrument
will be as a multifrequency radioheliograph, similar to the Culgoora instrument.
The system has most of the flexibility of a huge paraboloidal antenna, but
has a number of advantages and disadvantages. First of all, its resolving
power is approximately that of a 3.km parabeleid. The ability te slew rapidly

and to change frequency rapidly permit many modes of operation that are
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Impossible with paraboleids. On the other hand, the collecting area of the
unfilled aperture is less than 1% that of a 3 km paraboloid, so the system
is most useful for programs where high angular resolution and only modest

~ sensitivity are required.

The system is adaptable to the study of dynamic scurces such as the sun,
Jupiter, or pulsars for it can be used in an adaptive sense with priority
given to dynamic sources whenever they are active. The beam can be stepped
around the sky to monitor the sun, flare stars, planets, or ipnospheric
scintillations. Spectral obsexrvations can be made on many thousands of
sidereal radio sources. Sources can be followed across ths sky and observed
successively at different frequencies for spectral measurements, Observations
of calibration sources can be interspresed with observations of unknown
sources on a second-to-second basis. At our sensitivity level, lunar
occultations of radio sources will oceur every few hours.

The instrument, called the TPT because of its geometry and antenna de-
sign, is a "T" of 720 conical spiral antennas under construction at the University
of Maryland's Clark Lake Radio Observatory near Borrego Springs, California.
Elements of the array have been in operation for about 3 years for test
purposes and for some limited observations. Experience gained with portions
of the array assures the success of the design and allows seme definitive
statements to be made about the properties of the individual elements and the
overall phasing scheme. It is the purpose of this paper to describe the
system, to outline the measured parameters of the cenical spirals, apnd to
compare the calculated and observed array patterns with particular emphasis
on an incremental phasing scheme not normally empleoyed in radie astronomical

instruments. The sidelobe structure of the system is complex and affects
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the confusion limit of the system as estimated in Paper II (Fisher, 1973).
A brief description of the proposed electronics is included to give a coherent

picture of the final instrument.

Outline of Array and Electronics

The new array is a 3.0 x 1.8 km "T" with the direction of its legs being
approximately east, west and south. The array is laid out in the plane of the
Clark's Dry Lake which is not exactly tangential to the geoid. The south
arm, which is perpendicular to the east-west arms. has been laid out 18 arc-
seconds from the plane containing the earth's axis and the center of the array.
The array's effective coordinates become Lat. 33°20'29", Long. 116°17'25".

The signals frem each arm are combined to form 7 fan beams and the E-W fan
beam signals are multiplied by the N-5 fan beam signals te produce pencil
beams with the approximate resolution of a 3 km disb. The beam shape is
equivalent to that ebtained with a full eress but the collecting area of

the fourth arm is lost with the "T'". Phase tolerances between the orthogonal
arms are more critical in the "I" array than in a full cross (Christiansen
and HEgbom, 1969).

The TPT consists of 720 conical log spirals (teepees)., Each has a
collecting area of abput A2/3, and is designed to operate between 20 and 125
MHz, The lew frequency limit has been extended to 15 MHz at reduced efficlency
by terminating the hase of the spiral with resistors. The teepees are fixed in
a vertical directien at 6.25 meter intervals in the east—-west arms and 7.5 meter
intervals in the south arm. This spacing gives rise to grating responses above
50 Mz which will bé discussed in a later section. Since the elements are
fixed, beam pesitioning is accemplished purely threugh adjustment of the phase
gradient across each arm. The gain of the system is modulated by the response

pattern of the individuval elements. For good zenith distance coverage, the
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response pattern nust be wide, and the gain of each element is correspondingly
low.

As shown in Figures 1 and 2, phasing of the array is accomplished in two
stages. The elements are divided into 48 banks of 15, and the signals from
the 15 antennas in each bank are combined, then pre-~amplified and sent to the
central building on separate coaxial feed lines. Phasing within a bank is
accomplished by electronically "rotating" each conical spiral antenna with a
diode switeh controlled from the central building.

The signals from the 48 banks are processed separately, in carefully
matched amplifiers and digital netwerks., Figures 3 and 4 are block diagrams
of the proposed electronics. The slope filter ahead of the postamplifier is
a high pass filter with a cutoff of 100 MHz and is designed to approximately
compensate for increase of sky noise and decrease of cable attenuation with
decreasing frequency. It also reduces the dynamic range requirements on the
following electyonics particularly with respect teo the strong man-made inter-
ference below 30 MHz., The remaining R.F, and I.F. components are relatively
straightforward. Each R.F. signal goes through two frequency conversions.

It is first converted up to an intermediate frequency (I.F.) of 170 MHz to
provide good image rejection, Then the signal is converted to 10 MHz where
bandwidths between 0.1 and 3 MHz can be selected. The first locai-m-=illater
(L.0.) is variable from 185 to 295 MHz to select the appropriar; operating
frequency. The second L.0. is fixed in frequency at 160 MHz.

The high-level outputs of the 10 MHz LI.F. amplifiers are digitized in
2-bit levels/%%%ayad in random actess memories. All of the real-time delays

are contrelled by the memory combinatiens. Phase adjustment between the channels

is accomplished by appropriate bit permutations.
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Finally, the digital signals are converted to analog levels and combined
in resistor networks to form 7 east-west and 7 north-south fan beams. All
fan beams are cross—correlated to form 4% picture elements around the primary
. direction for which the array is phased.

The instruments specifications and capabilities are listed in Table 1.

For comparison, the total collecting area of the elements in this array
is equivalent to the geometrical area of a 50-meter (165 ft.) dish at 100 MHz
and & 250-meter (800 ft.) dish at 20 MHz. The conical spiral has a constant
gain with respect to an isotropic radiator se its collecting area varies as
the wavelength squared. At 80 MHz the total collecting area is half that of
the Culgoora array. The resolution values given in Table 1 are approximate
and depend on taper and digital processing of the correlated output and on

the zenith distance of the observed sources.

Single Element Construction and Operation

The basic building block of the array is the conical log spiral antenna.
Ideally this antenna would comnsist of two conducting sheets wound on the
surface of a cone as shown in Figure 5. It is a self-conjugate antenna with
a characteristic impedance of 18902 and is fed by a balanced transmission line
ar its apex.

The electrical énd iadiative properties of this antenna are as follows:
First, the low-frequency limit of the antenna is determined by the size of

the base of the spiral (circumference & A diameter ~ Alim/w), and the high

lim’
frequency limit is set by the point at which the top of the spiral is truncated
and the accuracy with which it iIs weund. The low-frequency limit of the

antenna is extended by terminating the base of the spiral with a resistive load.
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Power that would ordinarily be reflected from the base of the antenna is
dissipated in the load, and the same impedance at the antenna terminals is
then maintained to very low frequencies. At frequencies where X > Alim
- some of the power on the antenna is lost in the resistive loade before it
can be launched into space. Therefore the limit on the operating frequency
is set by the loss of efficiency one can tolerate. In principle, at least,
the radiation pattern and the circularity of the polarizaticn should not
change at lower frequencies.

Second, the antenna is unidirectional toward the apex and the polarization
is in the opposite sense from the opening direction of the spiral, i.e. a
right hand (clockwise) opening spiral as viewed from the top radiates predomi-
nately a left circular wave. The far field radiation pattern is determined
by the apex angle of the cone and the pitch angle of the conductors. Considerably
more detail may be obtained from other sources (Rumsey, 1966; Dyson, 1965; Yeh
and Mei, 1967-68).

In actual practice the usé of conducting sheets is very difficult because
of cost and wind resistance for large antemmas. A good approximation to a
conducting sheet can be made by using three wires, one at the location of each
edge of the conductor and one in the center. Thus the elements in this array
use six coaxially wound spiral wires; three connected to each side of the
transmission line.

Each element in the array is phased by electrically rotating it in 45°
inecrements. Antenna rotation is a practical phasing scheme in this array
only 1f the polarization remains very nearly circular in all directions ob~

served. The conical spiral antennas meet this requirement quite well between
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half-power points of their radiation pattern. Antenna rotation is accomplished
by winding the spirals with eight instead of six wires and a diede switch
has been devised to select six of the wires at any given time.

With the simplicity of this phasing scheme comes the disadvantage of
not having continuous rotation. The phase error of any element can be as
much as 22 1/2° due to incremental phasing.

Figure 6 shows the appearance of the antennas after the supports and
switch circuitry are added. The diode switch is inside the cop of the
central pipe; the signal passes through a balanced-to-unbalanced transformer

and is brought down the center of the pipe with 750 coaxial cable.

Element Groupinp and Phasing Scheme

The phasing within each bank is accomplished by rotating each element,
50 there is no real time delay added to the signals from individual elements.
All time delays are added to the 48 signal paths in the central buiiding.

The use' of simple phasing as opposed to delays in the l1l5-element hanks
limits the size of banks due to coherence loss with wide receiver bandwidths.
One bank is approximately 100 meters in length so the coherence loss with a
bandwidth of 3 MHz at a zenith distance of 45° is 9%. Tt is normally much
less with smaller bandwidths and zenith distances.

In actual operation a computer controlled set of power transistors noew
supplies the phasing signals. Every bank in each arm is identiecally phased
s0 elements with the same position in each bank have their control wires
connected in parallel. Also, the east and west arms are normally phased
alike so only 120 independent control wires are needed for the full array

(4 wires per element times 15 elements per bank timés 2 independent arms).
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Normally equal lengths of transmission line would be run to the 15
elements in each bank, but in this array the line lengths have been cut
pseudo-randomly to reduce the array's response to unwanted right-circularly
’ polarized radiation (Swenson and Lo, 1961). The basic idea is the following:
Each element has a small respongfe to right eircular pelarization (cross-—
polarization). When an element is rotated, the phase of the right hand
polarized signal is changed in the opposite direction from that of the left
circularly polarized signal, i.e. when the left-polarized phase 1s advanced
the right polarized phase is retarded. The result for an array with equal
feeder lengths is that a "ghost beam" is formed with cross-polarized radiatiom
on the opposite side of the zenith from the main beam. This "ghost beam"
can be substantially reduced by staggering the lengths of the cables feeding
the elements in a bank of 15. Thus, if a feeder cable is shorter than
normal, the antenna is rotated counterclockwise to retard the lefi polaviged
wave to briné it back into phase. In the process the cross-polarized wave
gets advanced by the shorter cable and again by rotation and, in general, is
out of phase with respect to similarly polarized waves from other elements.
Also, after the signals from the 48 banks are delayed and combined, the

chance of having a pencil beam fall in one of the cross-poelarized "ghost
beams"” is quite small:

Once the signals from the 15 elements in each bank have been combined,
the resulting signal is amplified approximately 36 db in a wideband ampli-
fier. This preampiifier has a noise figure less than 4 db (400°K) and a
bandpass extending from 10 to 140 MHz. It is particularly designed to

handle large interfacing signals without producing spurious intermodulation

products,
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After amplification the combined signal enters an air-filled coaxial
cable of 1500 meters length for transmission to the central building. The
loss in this cable is proportional to the square root of the i¥;quency and is
about 25 db at 110 MHz. Even at the highest frequency the preamplifier has
adequate gain so that noise produced by succeeding components has little
effect on the system noise figure. After accounting for the leoss in all the
cable and transformers ahead of the preamplifier, the system noise timperature
is 1800°K at 110 MHz. At this fiequency the sky noise is about 1000°K so

T + T
s

sys A 2800°K. The galactic background radiation (Tsky) is approximately

ky
proportional to 22+6 and the losses ahead of the preamplifier decrease in
proportion to the square root of the frequency, so below about 70 MHz the

system nolse is quite insignificant compared to sky noise.

Array Pattern Calculations

To the authors' knowledge, the use of incremental phasing in linear arrays
for radio astronomy has not been treated in detail. A considerable number of
fundamental pattern calculations had to be performed to assure the feasibility
of the scheme. We had to determine the magnitude of the sidelobes generated
by phase errors up to 22 1/2° and calculate the confusicn limits due to these
sidelobes. The confusion calculation is carried out in Paper II.

For pattern calculations the array is most conveniently divided into two
levels, First, the electric field pattern of a bank of 15 elements is
calculated using incremental =lement phases. Then the pattern of one bank
is multiplied by the array factor generated by isotropic radiutors at the

phase center of each bank to obtain the total response pattern.
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To illustrate incremental ptasing effects, assume that the elements are
fed with equal lengths of transmission line. Fipure 7 shows two examples of
calculated patterns resulting from incremental phasing (solid lines). Super—
 imposed on each is a plot of a pattern with perfect phasing (dashed lines).
The most important difference between perfect and incremental phasing in
Figure 7 is that the zero crossings are not identical. Therefore, when the
32-element grating response is multiplied by the l5-element pzttern, the grating
lobes which ordinarily would fall on zerces of the 1l5-element pattern will ne
longer be completely canceled. Another way of looking at this is that there
will be a periodic phase error distribution in the array which repeats every
15 elements. This will create small grating responses with angular spacings
of (A/15d) radians, where d is the distance between individval elements.

The slight degradation of the main beam is a quasi-random function of
direction so theve will be about a 3 percent peak to peak modulation of the
response as Lhe array tracks a source. This is also a result of the imperfect
phasing.

Cross-polarization tests showed that it would be necessary to use unequal
lengths of cable to feed the 15 elements. This does net introduce larger
phase errors, but it does change the pattern obtained with a 15-element
bank. Some of the paéterns calculated using the feeder system actually
incorporated in the array are shown in Figures 8a and b. Equal and unequal
feeder systems give the same average sidelobe level so the sidelobe and con-
fusion calculations given in Paper IT are valid for the actual system although
they were made for equal feeder lengths. Incremental phasing is not the only

source of phase errors, but it is by far the mos* impertant.
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Total Array Prttern

With unequal feeder lengths in the 15-element banks the element phases

are not antisymmetric around the center element, #8, e.g. the incremental

" phasing error of element #7 is not necessatily equal in amplitude and

opposite in sign to the phase error of element #9. As a result, the phase
center of the 15-element banks can be displaced by as much as 0.02 wave-
lengths (7°) from the center element. Because all of the banks within an arm
are identically phased, the phase center displacement produces no additional
phase error between the banks in cne arm. The south arm is phased differently
from the east-west arms co there will be a variation in relative phase of the
combined sipgnal from the south arm with respect to the combined signal frem
the east-west arms. This phase error can be calculated in the controlling
computer's phasing program and compensated by adding a small phase shift in
the signal paths from the south arm,

Another‘consequence of the asymmetric phasing in the 15-element banks

<:”d3u£pzf the amplitude of the voltage vector which is the resultant of the

addition of the 15 signals does not go through zero between sidelobe maxima
{see Figures 8a and bj. This, and the phase center metion, are results of the
incomplete cancellation of the imaginary part of the veetor sum. In other
words, the phase of the resultant vector varies continuously from 0° to 180°
but, after the signals from the east-west and south arms are multiplied,
the combined pattern in the cosine receiver output will have zero amplitude
when the east-west and south arm signals are in phase-quadrature.

Note that the"l5-element patterns are voltage patterns and the pattern
resulting from the cerrelation of the east-west and south arm signals is a

product of two voltages. At a given direction in the sky the array response
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Above 50 MHz the spacing of the individual elements is greater than
one wavelength, giving rise to primary grating responses equal in amplitude
to the main beam. These will be treated as a third type of sidelobe (C).

The only method for reducing types B and C is through the use of a receiver
bandw/dth large enough to reduce the coherence of the radiation at the
position of these sidelobes. Bandwidths of a few percent are needed to
lower these sidelobes to manageable levels for weak source observations.

It must be remembered that the above discussion is only for the one-
dimensional case. When the east-west and south arms are combined, sidelobe
responses occur wherever a main beam in one direction crosses a significant
response from the orthogonal arm. Figure 1(a is a proejection of the celestial
sphere onto the plane of the horizon and shows the positions of the various
types of sidelobes at 70 MHz, Figure 10b is an expansion of the area around
the main beam.

A discussion of the effects of these sidelobes on source cenfusion is

given in Paper II.

Antenna Test Results

TP Impedance Characteristies

Because the conical spiral elewents in this array incorporate several
features which have not been tried with these antennas before, it was
imperative that impedance and radiation characteristics be investigated
before building 720.units. For practical reasens the antenna impedance
could not be measured directly. There was a length of cable, a transformer,
and the phase switch between the impedance bridge and the antenna terﬁinals.
Since we are interested in the operation eof the tot#l system, the standing

wave ratio (VSWR) and impedance measured through these compenents are perfectly

PRECEDING PAGE BLANK NOT FILMED
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valid provided the power loss in the individual components is not more than
207 or so.

Significant stray reactances in the feed system arise due to the physical
layout of the diode switch inside the central support pipe. These reactances
were measured and compensated with small inductors incorporated in the switch,
The combination of stray and lumped veactances form a pearly symmetrical low
pass filter with a cutoff frequency of about 250 Miz in series with each
antenna wire.

Figure 11 is a Smith Chart plot of the antenna impedance as a function of
frequency. The measurement was made at the base of the TP and corrected for
delay in the 20-ft feeder cable. The maximum VSWR encountered is 1.4:1 which
corresponds to a reflected power loss of 4%. Ohmic losses in the transformer
and switch are less than 1 db (209%) and the loss in the 20-ft coaxial cable
is 0.4 db (87Z) at 110 MHz. When one takes the 75:200 impedance transformer
into account it is evident that the characteristic impedance of the antenna

is close to 189 2 which is the theoretical value for a self-eonjugate anteomnad,

Antenna Efficiency

Determination ef the efficiency of a single element is very difficult
because it requires an absolute measurement. There are no isolated radio
sources with accéurately known intensities which are strong_enough to be
measu¥ed with a single antenna. The next best alternative was te comparve
the noise outpﬁt of the TP due te the galactic background with that of dipoles
at two frequencies. This type of measurement dees ﬁot give the gain of the
antenna in any particular directiom, but it should account for ohmic losses
in the antenna and absorption ef radiation by the gfound. Sinee the galactic
background is concentrated in the galactiec plane, this measurement has to

assume that the radiation patterns of the TP and dipole are approximately the
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same and tuat the measurements are taken at the same sidereal time. A half-
wave dipole, one quarter wavelength above a conducting plane, produces a power
pattern not too different from that of the conical spiral antenna with which
it is compared. Because the galactic background is randomly polarized, the
difference in polarization of the two antennas should be of little consequence.
Half-wave folded dipoles were constructed for 110 and 33 Miz. The test
procedure at 110 MHz was to record the total power from the TP for 24 hours
and then repeat the observation using the dipole. The antenna temperature
was calibrated by substituting a noise source for the antenna at the pre-
amplifier input and recording a series of noise levels. The noise output
from both antennas peaked at the same sidereal time and the ratio of their
outputs was approximately the same throughout the sidereal day. This confirms
the aésumption that the two antennas have nearly the same radiation patterns.
The dipole antenna temperatures at similar sidereal times, corrected
for cablellosses, are plotted on Tigure 12 as x's. The error bars represent
outside limits on the uncertainty in reflectien losses and calibratien errors,
Other points en the graph have approximately the same error estimate. The
dipele measurements fit the expected background spectrum as shown by the
straight line. The solid circles are the TP measurements which were direetly
compared to the dipole values. The 110 MHz TP antenna temperature is 207 + 20%
below the dipole value and the 33 MHz TP antenna temperature was 507 + 20%
below the dipole standard.
To get an estimate of the efficiency of the TP at other frequencies,
its noise output was measured at discrete frequencies down to 14 MHz. After

correction for losses between the antenna and the preamplifier, the antenna

tempgratures are plotted as open circles on Figure 12. These values were
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normalized to agree with the TP/dipole ratios. Below 30 MHz the sky noise
increases less rapidly with decreasing frequency, but the exact value of
the integrated sky temperature in the antenna beam is ﬁot known hecause it
is very difficult to take the effects of the lionosphere and ground reflections
into account, The construction of a lower-frequency dipole at Clark Lake was
impractical. As a result the conical spiral efficiency below 25 MHz is net
well known. )

It can be seen from Figure 12 that the antenna,pegins to lose efficiency
rapidly below 25 MHz where a considerable fraction o& the power is absorbed

by the terminations. The system temperature is still dominated by sky noise

down to about 12 MHz, however.

Element Power Patterns

Many components of the elements were too small to be scaled down in
size by any significant factor, so all pattern measurerents were made on
full size ankenna elements. The most convenient far-field sources for the
measurements were natural ones and they were used for all of the pattern
measurements,

The response of the antenna elements as a functioen of direction was
determined in two stages. TFirst, the azimuthal dependence ef the power
pattern was determined at severazl frequencies by observing a radic source
at a given elevation on a2 series of nights with the antenna "rotated" to
a different position each night with the phase switch. The zenith angle
dependence was studied by comparing the apparent strength of two known
radio sources at different elévaticns on the same interferometer friﬁge.

The two radio sources used in nearly all of thé antenna tests were
Cassiopeia A [a = 23" 22%, 6 = 58°41' (1970)] and Cygnus A [a = 19" 587,

8 = 40° 36' (1970)). Where the flux ratie of the two sources was meeded,
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the spectra compiled by Viner (1973) were used. Cas A is about 20 to 50%
stronger than Cyg A depending on freaquency.

The azimuthal pattern was measured at four frequencies and three zenith
distances, and the results are shown in Table 2. With four independent
samples at a given frequency and zenith distance, the azimuthal veltage
pattern can be approximated by an ellipse. Table 2 gives the axial ratic
of each ellipse (minor/major). The horizontal extent of the radiating region
of this antenna is about A/T so it should not produce structure in the
azimuthal pattern with a scale size of less than a radian. Thus the 45°
sampling interval should be adequate. Note that the values in Table 2 refer
to the voltage pattern (not power) so they are a direct indication of how
the illumination of one element will vary as it is rotated.

One drawback in this method for measuring the electric field pattern
of'the.TP's is that the unwanted right-hand polarizatien response contributes
to the fringe amplitude., This will cause very little error if the right-hand
interferometer response remains constant in amplitude and phase as the antennas
are rotated. The electric field pattern in the right-hand pelarization
probably does vary in amplitude in different azimuthal directions, howaver.
This m;y cause an error in addition to those queted in Table 2 of as much as
+ 0.07 at 110 MHz and + 0.04 at other frequencies.

Unless otherwise stated, the errors quoted for the measurements ars
outer limits on the possible range of each value. These limits, which
take the signal-to-noise ratio into account, are mainly derived from the
estimated reading error on the strip charts used to record the measurements
and from experience with the caligration accuracies .and reproducibility of the

measurements.
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As one might expect, the azimuthal pattern 1s more nearly circular at
small zenith distances. Also, the pattern has a larger variation at 110 MH=z
where the antenna is operating near its design limit than it does at lower
. frequéncies. Naturally, we would like te sample the pattern below 25 MHz
where the antenna operates below its natural frequency limit, but man-made
interference prohibits the use of bandwidths necessary to get a sufficient
slgnal-to-noise ratio using only two antennas.

Measurement of the zenith-distance dependence of the electric field
pattern was less straightforward., A method had to be devised to separate
the observed intensity variation due to the antenna pattern from that due
to coherence loss when using a wide bandwidth and antenna separation.

For this measurement, the two central east-west banks of elements were
used as the two components of a phase~-switched interferometer. This con-
figuration produced several north-south fan beams which could be judiciously
placed so that only one of the two test sources was in a beam at one'time.
The coherence loss factor was eliminated by comparing the response to Cas A
and Cyg A in the same fan beam. Phasing combinations were chosen so that the
eight phase positions were fairly evenly represented and the azimuthal antenna

I

pattern tended to averége out. The azimuthal dependence should only contribute
an error of about + 5% to an individual ratio in the worst case. Also, care
was taken to be sure that a gress-polarization (righg-hand) fan beam did not
fall on ene of the sources when a left-hand polarized fan beam measurement

was taking place. Thus, the cross=polarized response caused no significant
error in this part of the antenna pattern study.

Adopting the flux ratios of Cas A and Cyg A given by Viner (1973) at

the several observed frequencies, the procedure was to use a bootstrap
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technique to construct the zenith-distance dependence of the antenna pattere.
Ratios of response to Cyg A and Cas A on the same fan beam were measured for
five to seven fan beams at each of four different frequenciez. The response
to Cyg A nearest the zenith was assumed to be unity and the relative value
for Cas A, corrected for its higher flux, was plotted at its larger zenith
distance as in Figure 13. By interpolating between the first two points, the
next largest zenith-distance value for Cyg A could be normalized and the
power pattern extended to larger Z with the corresponding Cas A value, and
so forth.

As a point of interest, the above method for measuring antenna patterns
will work for any linear array of elements which have a pattern which is a
surface of rotation whose axis is perpendicular to the array axis; e.g. an
east-west array of north-south dipoles.

Figure 13a shows the zenith distance dependence of the TP power pattern
at four frequencies. In each graph similar symbeols refer to measurements of
Cas A and Cyé A on the same fan beam. Cyg A is always at the lesser zenith
distance. The assumed flux ratie, a, of Cas A to Cyg A is given on each graph.

The errors in the curves measured in Figure 13a are rather complicated
in that they tend to accumulate at higher zenith distances. The initial
response ratio has an estimated error limit of + 5% and the point at largest
zenith distance may be in errer by + 10%. The small scatter at large zenith
distance indicates a fairly small errer.

In interpreting the graphs in Figure 13, it should be remembered that
they show an average zenith distance dependence, and a plot of the power
pattern at a fixed azimuth will differ slightly from the average curve. The
most important result of these curves is that they.éiVe the zenith distance

to which the array is useful. It appears that the half-power point falls
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at about Z = 50°. At all but 110 HHz the zenith distance dependence is fairly
smooth. At 110 MHz there is a roughly sinusoidal component with a 257 peak
to peak amplitude superimposed on a smooth eurve with a half-power width of
about 55°. This sinusoid could be explained by a ground reflection 20 db
" below the direct wave (107 in electric field) from a ground plane 7 meters
below the phase center of the antennz. This would mean the effective ground
is about 1 meter below the surface of the dry lake. There may be a weak
ground-reflected wave at the other frequencies, but it is not possible to
distinguish its effrct from the direct-wave power pattern features.

In summary, the half-power beamwidth of the conical spiral antenma
used in the TPT is about 100° except near 110 MHz where the pattern is
apparently distorted by a ground-reflected wave. This ground reflection
causes a secondary peak in the zenith-distance dependence of the power pattern
at Z & 30°. The variation of the antenna pattern in the azimuthal direction
at a constant zenith distance renges from + 1 db at 110 MHz and Z = 45° to
practically ﬁo variation at 45 MHz and Z = 20°. In no case is the modulation
of the pattern in azimuth large enough to cause unacceptable irregularities

in the array illumination.

Cross—pelarization Response

The cross-polarization response (response of the antennas to right-hand
circular polarization). was measured with the same observations which were used
to determine the zenith-distance dependence of the antenna pewer pattern. As
was explained in an earlier section, the cross—polarized wave forms a "ghost"
beam on the opposite side of the zenith from the properly polarized beam.

The amplitude of the right-~hand polarized fan beam was measured for at
least four different positions in the sky for each frequency. Its amplitude,

relative to the left-hand polarized beam, was semewhat dependent on the beam
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position. All of the measurements were within 25° of the meridian, so
coherence and antenna pattern effects were unimportant., Table 3 gives the
range or upper limit on the relative amplitudes of'the crosg—polarized
responses with respect to the left-hand polarized fan beam. ihe detection
Jlimit of about 5% was set by confusion with the minor sidelobes of the
properly polarized response.

As would be expected, the cross-polarization response is highest at
110 MHz where the antenna is working near its desipgn limit. The wires from
the phasing switch to the spiral are no doubt radiating a significant amount
of power which is linearly polarized. Pessibly, at the other design limit
below 20 MHz the cross—-polarization response will also be fairly high, but
it could not be measured because cof strong broadcast interference.

In a previous section the method for reducing the cross-polarization
response of a bank of elements using staggered lengths of feed cables was
outiined. With urequal feeder lengths in both banks, all ef the cross-
polarized fan-beams were below a 47 detection limit at all four frequencies.
Onr the average, the staggering of phases in the right-hand waves should
reduce thke unwanted fan beams by a factor of Y15 provided the phase difference
between the shortest %nd 1ongesﬁ cébles is rore than 2 radians. This appears
to be confirmed by thé measurements,

The difference in electrical length between the shortest and longest
cables is about 11.5 mcters, so there is not quite enough phase scrambling
below 20 MHz to realize the full potential of the cross-polarization reduction,
If the difference were made larger, the loss differential in the cables at 110

MHz would cause exqgssive illumination irregularities across the banks of

elements, creating sidelobes more difficult to eliminate than the cross—
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polarization responses, It should also be noted that a further reduction
in the unwanted polarizztion is realized in the phasing of the full array
because the chance of having the oversll phasing correct for both the main
-Abeam direction and the cross-pclarized beam direction is very small, The

right-hand polarized wave should cause very few confusion problems.

-

Phase Measurements

To confirm that the 45° phase~stepping system on the conical spiral
antennas does indeed provide the proper phase increments, a pair of TP's
were connected in a phase~-switched interferometer as in the azimuthai pattern
measurements. The fringe phase of this i1aterferometer was measured on
successive nights with one of the antennas rotated in steps of 45°.

This technique was not completely definitive, however. There was no
practical way to eliminate the response of the antenna to right-hand pelarized
radiation. ?he cross-polarized interfercmeter pattern will cause annapparant
phase shift in the frinpes measured with the above technique when the
oppositely polarized patterns are near phase-quadrature. A 20% cross-
polarized response will produce an apparent phase error of up to 20°. The
values given in Table 3 then set upper limiis on the accuracy of the phase
measurements.

Table 4 lists the limits on the phase errors in the conical spiral
antennas as derived from these measurements. The signal-to-noise ratio and
ioncspheric seeing set a detection limit of about 5° on the phase errors,
and the higher urper limits were due tc the cross-polarization response.

It can be stated that no phase errors were measured which would not be
consistgnt with the errcrs expected from the cross»polarization response

given in Table 3.
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Thus far, all of the discussion of phase errors has concerned itsclf
with those produced by the individual elements. There are further phase
errors introduced by the transmission lines and amplifiers which are
summarized in Table 5. Because the sipnals are combined in two stages, the
phase errors are divided dinto twe groups; those associated with the 15-element
banks and those occurring in the 48 signal paths from the 48 banks.

Two values are given in Table 5, the largey of which is the outside
limit on the phase deviation due to each component. In practice the phase
deviations are considerably smaller than the specification limits as is
indicated by the rms values. Also, the phase errors on items 2 through 6
are given for an operating frequency of 110 Milz with these errors decreasing
with decreasing frequency. It can be seen that the largest phase error is

due to incremental phasing as was assumed in the sidelobe calculaticons.

Prototype "T" Operation

An initial check on the full "T" performance indicated the central
three banks of elements were combined as a prototype "T"., This formed a small
telescope of about 200 m effective aperture which includes the central region
where the arme may interact. A few beam positions were tried at each of the
four test frequencies, and the results were as expected. The pointing accuracy
was within limits set by the incremental phasing and the sidelobe level was
no higher than expectéd.

A more detailed analysis was done at 70 MHz where the best signal-to-—
nolse ratio was obtained with mederate to low ionospheric scintillatien levels.
Figure 14 shows 7 drift scans of Cyg A at different beam positions. No attempt

was made to maintain receiver gain calibrations over the 7 nights so the



o

-25-

intensities should not be compared directly. The expected beam positions as
indicated by the tick marks in Figure 14 coincided with the measured values

within the timing accuracy that could be obtained. Some examples of ionospheric

intensity scintillations are seen in the drift scans. Observaticns 4 and 5

are virtrally unaffected by the ionosphere while peak-to-peak scintillations
of up to 20% are seen on other nightes. The agreement between calculated and

observed patterns is excellent.

Operational Tests of the Full Aperture

The 48 coaxizl feed lines, presmplifiers, slope filters, and po;t ampli-
fiers were next installed. The cables were buried at a depth of about 1 m,
but were brought above ground at every splice. They are pressurized with dry
air. The relative attenuatiors and electrical lengths of each of the 1500 m
cables were fourd to remain identical at all frequencies and outdoor temperatures
within the accuracy of our measurements, about + 0.2 db and + 0.3 cm,
respectively. The abtsolute attenvation of the cables varies with underground
temperature, as crpected, and in the calibratioen of cobserved intensities
it will be necessary to correct for‘this efizet., The cables and other com-—
ponents appear to operafe within the error budget given in Table 5 so we
should expect the full Apercure to operate in accordance with theory.

The center element of each bank was constructed and each was connected
to a preamplifier and feed line. E-W and N-S grating arrays were thus formed.
They yield the full angular resclution of the final system, but have large
grating responses and only 1/15 of the final array's collecting area. As
accurately as we can measure, these arrays preduce the expected response of

a mpiformly illuminated aperturz. Below 50 MHz, these response pattern
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measurements are accurate to a few percent; above 50 MHz, all of the stronger
redio sources are partiy resolved by the arrays and the interpretation of the
observed profiles is complicated. In fact, the arrays are being used for
some measurements of the angular structure of strong sources.

The E-W grating array has also been correlated with the completed E-W
banks of elements. This process eliminates all grating responses except the
one that falls within the pattern of the banks of elements. The element
banks are pointed under computer control and their response pattern can be
placed on any of the grating lobes to form single N-S fan beams. By taking
successive drift scans across a given source at many zenith distances, the
data shown in Figure 13 has been checked. Pattern measurements have also been
taken at frequencies intermediate between those shown in Figure 14. In all
cases, these patterns represent reasonable interpolations between those
shown in the figure.

The E-W arm of the instrument is now complete and in fuil operafion.

The N-5 arm is nearly finished anéd the electronics system will next be com-
pleted. The grating arrays menticned above are being used for studies of
solar bursts, while the E-W arm is being employed in multifrequency ob=
servations of the quiet sun, X~ray sources, supernova remnants, and other
objects.

All data indicate that the completed system will opcrate as planned, so
its construction is preceeding as rapidly as funds will permit. During the
next few months, as the system comes inte operation, a powerful new instrument
will be available to the astronomical community, We will welcome visiter

usage of the system.
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TAELE 1

TPT Specifications

T Frequency range
| Instantaneous bandwidth
Total cellecting area
Resolution 20 MHz
100 MH=
Steering and frequency changing time
Sky coverage
Sensitivity (t = 10%. BW = 2 MHz)
Confusioﬁ limit

Polarization

15-125 MHz

0.10 to 3 MH=z

250 22

20 areminutes

4 arcminutes

<< 1 millisecond

< 45° zenith distance

nv 1 fou.* at all frequencies
n 1 f.u. at all frequencies

Left circular

* 1 f.u. (flux unit) = 10_26'watts/m2/ﬂz.



TABLE 2

Axial Ratios of Azimuthal Voltage Patterns

Zenith Distances

Frequency

28 MHz
.45 MHz
70 MHz

110 MHz

20°7 32° 42° Estimaté& eﬁrors
0.86 0.95 0.87 + 0.07
0.97 0.93 0.86 + 0.05
0.94  0.95  0.77 T o.04
+ 0.07

0.91 0.83 0.79

/



TABLE 3

Right-hand Polarized Response Relative
to the Left-hand Polarized Response

Frequency 110 MH=z 70 MHz 40 MHz
Response 10 to 20% <5 to 107 <5 to 8%

20 MHz
<6Z




TABLE 4

TP Phase Error Upper Limits

Frequency 110 MhHz 70 MHz 40 MHz 20 MH=z

¥rror <20° <10° <5° <7°
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TABLE 5

Phase Error Budget. Items 2 through 6
assume & frequency of 110 MHz.

15~element bank

Limit RMS

1. Incremental Phasing +22°5 113?9-
2. Cable, switch and transformer + 50 t 2°
3. Power combiner t 5° t2°

RMS total +1421

48 signal paths

4. Preamps 1 5° + 2° )
5. High pass filters + 5° +2°
6. Cables %+ 2° t1°
7. R.F. and I1.F. electronics + 5° + 2°
8. Digital delays T 5 t 2°

‘RMS total 1 5°8
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FIGURE CAPTIONS

Array layout.

One bank of 15 conical spiral elements.

Block diagram of one of 48 channels in which signals from the
15-clement banks are processed.

Block diagram of digital delay and correlation system.

Basic form of conical log spiral antenna.

The working version of the TP antenna in the array.

Fifteen element array patterns with incremental phasing (solid
iines) compared to perfectly phased array pattern (dashed lines).
Representative voltage pattern of incrementally phased 15-element
banks using staggered feeder cable lengths (solid lines) compared
to perfect phasing patterns (sinc X, dashed lines). Only the
amplitude of the resultant veltage vector is pletted (see text).
Total one-dimensional array veoltage pattern (solid line). The
dashed envelope is the 15--element pattern.

Projection of the 70 MHz TPT array pattern onto the plane of the
horizen. Beam sizes are not to scale.

Expansion of Figure 1%a around the main,beam; Beam sizes are
approximately te scale.

Impedance.charactetistics of the production versien ef the TP
antenna corrected for delay in the feeder cable.

Spectrum of noise output from a singie TP (ecircles and curved
iine). The crosses are dipole meawurements, and the straight line

represents a background spectrum of T u,f’z'a.



FIGURE CAPTIONS (continued)}:

Figure 13a.

Figure 13b.

Figure 14.

Figure 15.

Zenith-distance dependence of :ﬁe TP power pattern at four
frequencies measured with the central banks of elements.

a is the ratio of the flux of Cas A to Cyg A at the jiven
frequency.

Zenith-distance dependence of the TP power pattern at various
frequencies measured using the full E-W arm.

Drift scans of Cygnus A through the prototype "T" beam at

several beam positions. Points en 4 and 6 are calculated values.
Swept frequency records of solar radio emission using 32 elements

spanning the full east-west aperture.
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Grant NCE 21-~002--029 -~ Final Report

This is a final report on grant MNGR 21-002-028, 7The work carried oub

under this grant ic best detajiled by the publications in the follcwing lisl

Any of these publi.ations are avsilable upon request, and only few cexamplien

are enclosed. They are,

L.

4,

"Positiovas and llotions of Solar Bursts at Dacamater Wavelengths,"
M. k. Hupdu, V. C, Erickson, P. D. Jacksun and J. Fainberg,
Solar Physies, 14, 394, 1970. - ° F/-/RTEH

Meter and Decamcter Wavelength Positions of Selar Bursts of July 30

August 7, 1972." M. R. Kunduv and W. C, Esickson, Solar Phys.

H

{in press}.
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Active Region of May 22, 1370," T.B., Kuipex, Solar Phys,, 2%
187, 1873, A 13 -RET50

“Detailed Comparison of Type LIL Radic Bursts with He Activily, 17:
The Isclated Type IIT Activity of March and April, 1971," 7%y,
Kuiper, Solar Fhys., 33, 461, 1373.

"WLBL Tnterferomzter Observations of Tau A and Other Sources at AYL.G

£

W. C. Erickson, T.B.YM, Xuiper, T. A. Clark, S, H. Xnowles sud J,
Brodexick, Astropbys. J., 177, 101, 1972. - /3933
"Long Wavelengtls VLBL," %. A, Clark and W. C. Evickson, Proc, JILEE, %1

1230, 1973, - A 75- 432355
"The Leg Periodiec Avray at the Clark lake Radio Obser

and T.B.H. Ruiper, Radio Science, £, 845, 197




8, "The Clark Lake Array," W. C. Ervicksoa, Proe. LEEE, 61, 1276, 1973.
9., "A How Wideband, Tully Stecerable, Decametric Array at Clark Lake,"
W. C. Erickson and¢ J. R. ¥isher, 9, 387, 1974.

Many of the other publications are so bulky (200-300 pages) that it would
be impractical to enclose them,

In some cases, the effurt was begun under NGR 21-002-029 and completed
under NGR 21-002-367.

This grant supported approximately five yesars of solar radio observabions
in the frequancy range of 20-G0 MHz with only the log periodic array discussed
in paper 7. Since mid-1972 two dimensional observations in the 10-120 ¥Hz ronge
bave also been conducted with the new IPT antenna (paper 9). All of the data
are recorded on magnebie tape and stored at Goddard Space TFlight Center. Tox
the investigations reported zbove, the University of Maryland group have em-

ployed facimile reproductions of these data.
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POSITIONMNS AND MOTIONS OF SOLAR BURSTS
AT DECAMETER WAVELENGTHS .

M.R.KUNDU, W, C.ERICKSON, P.D. JACKSON
Astro;ﬁﬁwersity of Maryland, College Pari, Md., U.S.A.

and

J.FAINBERG
NASA-Goddard Space Flight Center, Greenbelt, Md., U.S.A.

(Received 6 May, 1970)

Abstract. The positions and motions of solar bursts in the range 20 tc 60 Mz have been measured
by the means of a sweep-frequency grating interferometer with angular resolution of 5’ arc at 60 MHz
decreasing to 15" arc at 20 MHz. The positional characteristics of the decameter wavelength bursis
are discussed in terms of the commonly accepted theories of the origin of radio bursts from plasma
and synchrotron radiations. 3

-

1. Introduction

One of the most interesting problems of solar radio astronomy is the study of the
generating mechanisms of radio bursts. The most relevant observations for such
studies are the measuremenis of dyunamniv specita and positivns ul LULsL SOULCEs &5 @
function of frequency and time. At meter and decameter wavelengths, the phenomena
of most interest, bursts and storms, vary rapidly from second to second, and therefore
the measurements must be made almost instantaneously over the entire frequency
range of interest. A sweep frequency grating interferometer capable of measuring the
dynamic spectra as well as instantaneous positions of burst sources simuitaneously
over all frequencies in the range 20-60 MHz was recently constructed iointly by the
University of Maryland and Goddard Space Flight Center. The solar array (Eiickson
and Fainberg, in preparation) at the Clark Lake Radio Observatory consists of 16 log
periodic antennas equally spaced on a two mile east-west baseline. The array beam
spacing and width are such that only one narrow beam is on the sun at one time. The
angular resolution is about 5" arc at 60 MHz decreasing to 15" arc at 20 MHz. The
array is swept in frequency over the range 20-60 MHz at a rate of 4 sweeps per second.
This system gives the one-dimensional position and angular size of emissive regious
on the sun nearly simultancously at all frequencies over the range 20-60 Mtz for
studies of evolution of these regions as a function of time. We discuss below some
preliminary resulis obtained with this instrument.

Irregular ionospheric refraction may cause considerable error in the posiiional
determination of bursts. A test of ionospheric effects is provided by occasional
observation of long lasting continuum events in which the position deviates by 2s
much as 10-15 min arc, the amount of deviation being greater at lower frequencies.
When such conditions prevail, determination of positions of bursts may be seriously

Solar Physics 14 (1970) 394-403, A/l kights Reserved
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in error, and so we have not used such data in our analysis. The seriousness of iono-
spheric effects on position determinations was first pointed out by Wild ez al. (1959).

2. Type III and Type V Bursts

In the radio spectrum in which we are interested, the most commonly occurring
phenomena are the type 111 bursts. It is now generally accepted that each individual
type I1I burst is radiation from streams of electrons moving outwards through the
corona and exciting plasma oscillations of progressively diminishing frequency as the
stream passes through coronal plasma of diminishing electron density. Their properties
at decameter wavelengths are similar to those at meter wavelengths — their sudden
rise to peak intensity occurs in a period of about 1 sec, and their subsequent decay
is governed mainly by collisional damping of plasma oscillations by the coronal gas.
However, a new kind of burst resembling the type 1II has been observed with our
instrument, especially during periods of quietness in an otherwise active period. These
bursts start and decay within 1 scan period or 1 sec at 30 MHz. This implies a very
rapid acceleration process, and a rapid damping mechanism. In a two-million degree
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Fig. 1a. Interferometer record of a harmonic type IIT burst observed on Nov, 10, 1968.
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corona, typical decay times due to collisional damping are about 1.5 sec and 3 sec at
60 and 30 MHz respectively (see for example Kundu, 1965). It is not unlikely that
these short bursts are produced by the same generating mechanism as the type I burst,
although their bandwidth is much larger than the type I.

The positional data of type 111 bursts indicate a systematic dispersion with frequen-
cy, the lower frequencies occurring higher in the corona than the higher frequencies,
consistent with the interpretation of type I1I bursts in terms of plasma radiation. When
type III bursts occur in a group, the individual members of the group seem to originate
at the same position, with some scatter probably attributable to instrumental errors.
. From the position-measurements of type HI bursts occurring near the limb, and assu-
ming that the disturbance (the stream of electrons) originating from the flare moves
radially outwards producing the plasma oscillations responsible for type 111 bursts,
one can compute the electron density as a function of height. The average electron
density distribution determined in this manner is consistent with that found by others
from earlier measurements. It should be noted that since the measurements are made
with a swept-frequency grating interferometer rather than a two-element interfero-
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meter, the recognition of the fringe order essential for position determination is much
less ambiguous. Consequently, the whole procedure of determining the electron
density distribution is considerably simplified. From the width of the fringes, one can
determine the angular extent of the emitting regions. In most cases, the fringe width
is essentially unchanged, that is, the burst sources appear as point sources with respect
to the angular resolutions of the array. In some cases, however, the fringes are broad-
ened, which means that the burst sources have angular sizes larger than the angular
resolutions of the array.

So far, we have been able to identify unambiguously one type III burst having both
fundamental and second harmonic of the plasma frequency. This burst record is
iltustrated in Figure 1a. The harmonic feature is also clear from the intensity-frequen-
cy profiles shown in Figure 1b. We find that the harmonic position is situated syste-
matically lower than the fundamenta! [Figure I¢]. This result is consistent with the
hypothesis of combination scattering by which the plasma waves are converted into
electromagnetic radiation.

In a few cases where we have observed type V in association with type 111, the posi-
tion determinations indicate that the type V source is ‘detached’ from that of type 111 -
by several arc minutes, although they both show similar dispersion in position with
frequency. In the example shown in Figure 2, the type V source is located higher than
that of type 111. Such displacement in position is consistent with the type V emission
being caused by electrons trapped between mirror points of arched magnetic fizld
lines, whereas the type 111 is caused by electron streams escaping along neutral sheets
into the interplanetary medium (Weiss and Stewart, 1965).

NP N

TYPE X
- : 222030-222130 UT

TYPE I
221940 UT

Fig. 2b. Positions of type III and associated type V as a function of frequency. The positions have
been averaged over the durations of the type II and type V bursts.
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3. Type IV Bursts

During and following large flares, type I'V continuum radiation is observed ~ almost
always associated with type IV at meter wavelengths. Even in our restricted frequency
range, type IV is occasionally observed to occur in association with a type IT which
usually precedes it. Position determinations usually indicates a dispersion in frequency.
Occasionally near the beginning of the type 1V event, the radiation at all frequencies
seems to come from the same region. This result is consistent with the commonly
accepted interpretation of meter-wave type IV in the initial and late phases of the
event. We shall illustrate the positional «haracteristics of the large events by describing
the event of March 12, 1969.

The event of March 12, 1969: This event (Figure 3) is interesting in many respects. A
flare occurred at 1735 UT near N10W80, Imp 2B. The flare reached its maximum at 1742
UT with erupting filaments. The prominence reached a height of 0.5 R, around 1743.5
UT when the radio event started with a type 1I. No harmonic has been reported for
this type 1I, although there is a suggestion on our records that a harmonic might
have been present. The type II source position (Figure 3b) shows the characteristic
dispersion in frequency: however, it moves to a lower position toward the end of the
burst (around 1754 UT). If the harmonic is present, then the lower position at later
times at the same frequency is quite consistent with the interpretation that the har-
monic is due to combination scattering (Smerd et al., 1962). In the absence of a har-
monic, one has to interpret this movement as tangential to the surfaces of constant
electron density (Weiss, 1963). It is also possible that the type If burst was caused by
multiple shocks, the later burst at lower altitude being the result of a different shock
travelling on a path inclined to that of a first shock with slower speed. Indeed, the
careful analysis by McCabe (private communication) of Ha prominences indicate the
existence of multiple trajectories along which the prominence material travelled. The
type 1V emission at our wavelengths started at 1759 UT. The position determinations
indicate a frequency dispersion which is similar to, but smaller than, that observed
for type II. The initial ‘synchrotron’ source which would be indicated by all frequen-
cies coming from the same region, does not seem to be present on our records. It is
quite possible, however, that a synchrotron source exists simultaneously with, but is
swamped by, the source of plasma radiation which is much stronger. At a later time,
at ~1830 UT, such a source tends to show up when the ‘plasma’ source is weak. The
source of type IV remains more or less stable within a height range of 2.3 to 3.1 R,.
It is interesting to note that the prominence which started at 1744 UT developed into
a looped structure (Figure 4) at a height of approximately 1R, where it was visible
until about 2112 UT.

Although the characteristic dispersion of position with frequency is nicely seen in
many large continuum events such as that of March 12, 1969, the positional measure-
ments of large complex events are often difficult to interpret, particularly if there are
two or more sources simultaneously present on the Sun. In general, in decameter-
wave type IV associated with flares, we mostly see a smooth continuum; only occasio-
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Fig. 3b. Positions of type II and type IV bursts as a function of frequency at some representative
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Fig. 3c. Positions of the composite type II-type IV event as a function of frequency and time.

nally we see structure resembling a continuous series of type III. Regarding the type
1V power spectra at decameter wavelengths, we do not observe any decrease in inten-
sity with decreasing frequency. On the contrary, sometimes we observe a continuum
at 20-30 MHz but not at higher frequencies. This observation is not consistent with
the Razin-Tsytovich Effect of the plasma on the synchrotron radiation. This effect
predicts that if the plasma in whick the synchrotron radiation is generated is dense
enough to influence the refractive index of the medium, then the intensity should
decrease very steeply with decreasing frequency (Ramaty and Lingenfelter, 1967).
However, this kind of power spectrum may be quite consistent with the origin of
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1814
Fig. 4. Ha coronagraph pictures of the prominence observed during the type TI-type IV event of
March 12, 1969 at some representative times. The times are in UT.
(Courtesy : Institute for Astronomy, University of Hawaii.)

type IV in plasma radiation. Since we see the ‘synchrotron part’ of the scurce only
occasionally at the beginning of a type IV, we can conclude that the Razin effect
probably plays an important role in suppressing the decameter wavelength type IV
of synchrotron origin.

4. Discussion

The positions of type III bursts at decameter wavelengths show the same characteris-
_tic dispersion with frequency as that observed at meter wavelengths. The second
harmonic of type III is situated systematically at a lower level than the fundamental.
Both these results are consistent with the currently accepted interpretation of type I
generation, namely the excitation of plasma waves by electron streams and subsequent
conversion of longitudinal plasma waves into transverse electromagnetic waves by
scattering on density and charge fluctuations. When a type V burst follows a type I1I,
it is found that the type V position is displaced from that of type III, but shows
similar dispersion with frequency. This is consistent with the interpretation that, like
type 111, the type V is due to plasma radiation, but it is excited by an electron stream
different from that producing the type ITL It is possible that type V is caused by
electrons trapped between mirror points of arched magnetic fields, whereas type III
is caused by electron streams escaping along neutral sheets into the interplanetary
medium (Weiss and Stewart, 1965; Zheleznyakov and Zaitsev, 1968). However, the
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higher position as well as higher dispersion of type V relative to those of type III
found in one case is not necessarily consistent with the interpretation of Zheleznyakov

_and Zaitsev (1968) that the type V, like type III, is generated primarily at twice the
electron plasma frequency, It is obvious that we need further positional data in order
to better understand the generating mechanism of type V.

Two conclusions emerge from studies of large events with the present equipment.
First, the type [V burst at decameter wavelengths shows the same kind of complexity
as that observed at meter wavelengths, probably being made of two parts, a ‘synchro-
tron’ one and a ‘plasma wave’ one. The first seems to be less frequent than on meter
wavelengths, probably due to the Razin effect. The source of type IV at 20-60 MHz is,
on the average, much higher in the solar atmosphere than at meter wavelengths, the
height increasing with decreasing frequency. One can conclude that the source of
decameter continuum is quite distinct from that of meter-wave continuum. This is
consistent with the plasma origin of decameter continuum. Secondly, in large complex
events when there are several sources at the same time on the sun, the one-dimensional
positional measurements do not lead to easy and meaningful interpretation. The only
way this difficulty can be overcome is by making fast two-dimensional maps of the sun
at decameter wavelengths.
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Abstract. The positional analysis of solar bursts at meter and decameter wavelengths erved during
the period July 31-August 7, 1972 is presented. Most of the activity during this period was associated
with the active regions McMath 11976 and 11970. Except near the CMP of region 11976, two regions
of continuum emission were observed — one a relatively smooth continuum and the other a con-
tinuurn superimposed with many type HI’s and other fine structure. It seems possible to interpret
these continua in terms of plasma waves originating from two sources located at different heights
or with different electron density gradients. The angular size of type Il sources seems (o increase
with decreasing frequency. This implies that the open field lines along which the type I electrons
travel have larger angular extent-at greater heights.

1. Intréduction

During July 30-August 7, 1972, a series of solar radio storms occurred. These storms
produced intense type III bursts and continuum storms in the frequency range
10-120 MHz. Studies of these bursts and other associated electromagnetic radiation,
inciading tie Hax fiares, have appeared i0 a number of publishied papers. in the present
paper -we present the results of positional analysis of burst sources in the range
10-120 MHz during this period of spectacular solar flare activity.

The observations were taken with two arrays — a log periodic array of 16 elements
situated on an E-W base line of 3.3 km (Erickson and Kuiper, 1973) and portions
of the new Clark Lake array in the form of a Tee (an E-W arm of 32 log spiral
antennas and a N-S arm of 16 similar antennas). The new array (Erickson, 1973)
operates over the frequency range 10-120 M Hz and has angular resolutions of approx.
35 at 100 MHz and 8'5 at 40 MHz in the E-W direction. In the N-S direction the
instrument has a resolution of 6" at 100 MHz and 15" at 40 MHz.

During this period the activity was often so complex that we represent it only
by ‘snapshots’ taken at representative times. We then note the times when significant
changes appear to occur, Positions will be given for the apparent center of activity.
No corrections have been made for ionospheric refraction and the positions are most
reliable within about 2 hr of solar transit (~1945 UT). In assessing the significance
of the positions that we give, the limited angular resolution of the instrument and
the large angular size of some of the emissive regions must be borne in mind.

A photograph of some of the original data is presented in Figure {. In Figures 2
to 5 we diagramatically represent the data, We generally give three positions, a high
frequency position in the 90-110 MHz range, an intermediate frequency in the 60-
80 MHz range and a low frequency in the 30-50 MHz range. The lower frequencies
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Fig. 1. Radio spectrograms of solar continuum obtained during the period 1848-1930 UT on
August 2, 1972, These recordings were taken with swept frequency receivers attached to the output
of and E-W grating arrays. The receivers sweep the 20 to 120 MHz spectrum twice per second; as
they sweep, lobes of the grating array’s response cross the Sun. Determination of time and frequency
gives the position of the source. The rather steady sloping bands of continuum originate in regions
Ca and Cb as shown in Figure 2. The type 11l bursts at 1918-1920 UT originate in a region in the
S-W (see Figure 2). Interference below 30 MHz and FM transmissions in the 88 to 108 MHz are
- plainly visible.

are omitted when the Sun is far from transit, since they would be seriously disturbed
by ionospheric refraction. The exact choice of frequencies for each measurement
depends upon the frequency range of the emission, the positions of the antenna lobes
and freedom from terrestrial interference. )

If two identical sources are scanned with the perpendicular fan beams of our
system, the data are generally ambiguous because the two fan beams intersect at four

points where the sources could be located. However when we observe double regions
471
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of solar emission this ambiguity practically never arises because we can easily cor-
relate the intensity variations observed with the E-W and N-S arrays to uniquely
determine the position of each source.

2. Observations

The activity in the frequency range 20-120 MHz during the period July 31-August 7,
1972 was mostly in the form of type Il and continuum events. The type III’s appeared
to be associated with two regions McMath 11976 and 11970, and after August 3,
possibly also with the region 11977. The source of continuum emission which was
sometimes double in structure was associated only with the region 11976. In what
follows we give a brief description of important features of the 20-120 MHz activity
by means of selected ‘snapshots’ (Figures 2 to 5). _

Several type IIT bursts observed on July 31 between 1833 and 2014 UT were
‘apparently associated with the region 11976. The burst source (only E-W position
available) was situated about 1.3 R, E from the center of the Sun. On August 1,
a strong group of IIl's observed between 2118.5 and 2120.5 UT was most likely
associated with the region 11970. The burst position showed considerable dispersion
in frequency (Figure 2). On August 2, a continuum source apparently associated with
the region 11976 existed from the start of the observations. Type 11 bursts were
occurring frequently on this day and until 1907 UT were all located near the S-W
limb, apparently associated with the region 11970. A type V was observed at 1801.5-
- 1803 UT below 65 MHz and was considerably displaced in position {rom the ac-
companying type IiI. Around 45 MHz the type V was distinguished from type Il
by its narrow angular size (Figure 2). The large impulsive flare that occurred in region
11976 at ~ 1840 UT produced no radio emission in the 20-120 MHz range. However,
at about 1900 UT a second continuum appeared at ~0.2 Ry E of the first continuum
in the 70 MHz frequency range, also apparently associated with region 11976. It was
smooth and of small angular size. At 1907.5 the first type III occurred in the N-E
quadrant (Figure 2) - possibly associated with the activity in McMath 11976. At
1918 UT there was another strong type I1I group in the S-W quadrant (Figure 2).
Dodge (1973) placed this type III group in the N-E quadrant but a glance at Figure
1 shows that the lobes of this group are clearly to the high frequency (western) side
of the continuum source. About 1920 UT the second continuum intensified in the
80 to 110 MHz range and by 1924 UT the two continuum sources were clearly
resolved at'110 MHz (Figure 2) and the second one became bursty. At 70 MHz the
two continuum sources were unresolved in the E-W direction and barely resolved
in the N-S direction. At 40 MHz the continuum source was of large angular size
and was centered S-E. At 2018 UT a type Illg occurred at high frequencies {~ 100
MHz) at the N-E limb. This region developed into a continuum which started to
increase in intensity afier 2018 UT below 50 MHz. By 2033 UT the emission spread
over the entire frequency range 20-120 MHz and saturated the receiver, This ex-

tremely intense emission was associated with the second large flare in region 11976
472
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at 2000-2030 UT. It is remarkable that this second flare which was very similar in
structure to the one that occurred at ~ 1840 UT produced strong radio emission
whereas the first one did not preduce any obvious effect. At 2100 UT the continuum
was in the N-E quadrant; it was strong in intensity and so large in angular size
that its possible double structure could not be discerned. The 40 MHz position
appears to be displaced to the east (by about 1 R,) from the 100 and 70 MHz position.
This shift is possibly due to the ionospheric refraction. About 2118 UT there were
two reasonably smooth and distinct continua at higher frequencies of 100 MHz
" (Figure 2). At lower frequencies 'of 70 and 40 MHz we could recognize only one
continuum which appears to have been disturbed by the ionospheric effects (Figure
2). Often the distinction between bursty and smooth continua is quite arbitrary. On
many occasions a source will appear relatively smooth in the 100 MHz region while
it is bursty at lower frequencies and appears as though it were the result of the
superposition of many type HI’s or type I’s. This is illustrated quite clearly in Figure -
1 between 1848 and 1906 UT. On the other hand, there do exist definite type III's
which are usually displaced from the continuum (e.g. at 1919 UT in Figure 1).

On August 3, smooth continuum existed all day — situated about 0.4 R, E from

the center (Figure 3). There was only small dispersion in position with frequency.
Around 1742 UT, starting at higher frequencies and spreading gradually to lower
frequencies there appeared groups of short duration {~1 s) narrowband (2-3 MHz
wide) type I-like bursts. But about 1745 UT these bursts occurred at random over
the entire frequency range and continued throughout the day.
. The smooth continuum continued through the first part of the next day (August
4). During the period 1600-1800 UT the continuum at 110 MHz was located ~0.2 R,
S from the center (Figure 3). The angular size of the continuum was large (~1.2 R,)
at 60 MHz and smaller at 30 MHz. Below about 50 MHz the emission consisted
mostly of type 11I's supérimposed on a weak continuum. The type III's were located
in the same position as the continuum (on-band), between the regions McMath 11976
and 11977. At 2030 UT the continuum position at frequencies above 70 MHz re-
mained near the center but it was shifted by 0.8 R, to the SE at lower frequencies
where the emission was mostly type I1I’s.

On August 5, both continuum and type II’s were still observed. At 1830 UT, the
continuum at 110 MHz was barely resolved, indicating possible double structure. The
two components (both narrow in size) were located at the center and 0.2 Ry, W. At
1900 UT the continuum source was definitely double at both 100 and 70 MHz and
was located in the N-W quadrant at 0.3 Ry and 0.8 R, from the center. At lower
frequencies the emission consisted mostly of type III's located at the W-limb. At
1924 UT the continuum located near the center became bursty at 100 and 70 MHz;
at 40 MHz only one bursty continuum appeared at 0.7 R, W from the center. Later
the continuum at 40 MHz showed double structure and the easterly one was bursty
as shown in Figure 4 for 2018 UT. By 2100 UT the previously observed smooth

continuum source at 100 MHz had almost died and the bursty continuum became
’ 474
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smooth and stronger (Figure 4). At 70 MHz a part of the smooth continuum was
still visible, the two positions being in the N-W quadrant at 0.4 R, W and 0.7 Ry, W.
At 40 MHz the continuum source with type III’s was of large angular size and was
located at a position intermediate between those of the two continua observed earlier.

On August 6, the emission was mostly smooth continuum except that there were
some on-band type III’s randomly distributed around 1700 UT. The intensity was
stronger at higher frequencies. The source was located about 0.8 R; N-W, with some
dispersion in position (Figure 4). At 40 MHz the emission consisted mostly of type
IIP’s plus a very weak continuum.

On August 7, a great flare occurred around 1510 UT in the region McMath 11976,
with its maximum at 1530 UT. Our observations began at 1600 UT in the post-
maximum phase of the flare. Initially, the continuum was smooth; very strong at
lower frequencies and weak at the high frequency end. At 70 MHz it was located
at an apparent position of 2.5 Ry S-W. At this time of the day there may have been
considerable ionospheric refraction effects at 70 MHz. At 1700 UT the source was °
double ~ 1.3 Ry S-W and 1.2 R, N-W at 70 MHz (Figure 5). The northern source
was bursty. Both continuum sources were weak at higher frequencies. Groups of
type III’s continued to occur between the two continuum sources as well as on both
continuum sources. By 1900 UT the continuum was very weak at higher frequencies:
At 35 MHz the source was double ~ located at 1.1 Ry S-W and 1.8 R, N-W (Figure
5). Ai 1905-08 UT the northern bursty continuum source became smooth and moved
to the west (Figure 5) from 1.8 Ry at 1900 UT to 2.2 R, at 1906 UT. This motion
corresponds to a velocity of 14004400 km s~!. This moving source appears to be
an ejection from the continuum source ‘C,’ and by 1909 UT it had disappeared
completely. By 2018 UT both continuum sources appeared at lower frequencies; they
were fairly smooth and were located at 1.0 Ry S-W and 1.4 R, N-W (Figure 5). At
2100 UT the source had the same appearance.

3. Discussion

Most of the activity during the period July 31-August 7, 1972 was associated with
the regions McMath 11970 and 11976; another region McMath 11977 possibly
became active after August 3. One important characteristic of the region 970 was
that no continuum was observed in association with it; only type III’s and a type
V were observed from this region. The radio emissive activity in region 970 generally
intensified during the period of strong activity in region 976. Indeed, the strong type
IlIg that occurred at 2100 UT on August 2, followed the maximum of the fiare that
occurred in region 976.

The continuum emission during this period appears to be associated mostly with
the region 976. Frequently, the source was double with one component a relatively
smooth continuum and the other a continuum with superimposed type I1I’s and other
fine structure. It is interesting to note that the double structure of the source dis-

appeared around the central meridan passage (CMP) of the region (August 3-4) and
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appeared again on August 5. On August 6 we also observed conly one component
but the intensity of the emission had decreased considerably and one of the com-
ponents may have been too weak to be observed.

The sources at decameter wavelengths (40 MHz), whether they produce continuum
or type HI's appear to be very well associated with corresponding regions on the
0OSO-7 maps of Fe xv line at 284 A (see Figures 3, 4 and 5). This close correspondence
between the two possibly indicates that the decametric emissive regions originate in
about the same level of the Sun’s corona as the Fe xv line.

In general, there appears to be some dispersion of continuum position with fre-
quency. This is true for observations near local transit and when the source is away
from the disk-center. For observations at large hour angles, ionospheric effects may
be important and the frequency dispersion is not always apparent. We might remark
that the continuum sources are narrower in angular size at higher frequencies than
at lower frequencies. In general, the sources appear very broad at 40 MHz, especialiy
when the continuum is strong. The size at low frequencies also appears broad when -
there are type I1I’s superimposed on the continuum. The continuum source at both
meter and decameter wavelengths appears to be stationary and it shows some disper-
sion in position with the frequency. It is generally accepted that such stationary
continuum radiation can be produced by Cerenkov plasma waves.

The observed double structure of the continuum source is obviously related to
the existence of two separate component sources. If the two component sources were
displaced laterally, there would be greater separation between them near the CMP
of the regiocn. The fact that the double structure appears only when the region is
away from the CMP may imply that the two component sources are situated at
different heights. A consequence of this displacement in height is that the higher
source should appear farther from the center on either side of CMP. This seems
to have been observed, although we cannot unambiguously distinguish between two
components, since both contain bursty structure.

As we know, the continuum emission results from plasma radiation propagating
in the ordinary mode in a strong magnetic field (Takakura, 1963). Therefore, it is
conceivable that the two ccmponent sources are situated either along two streamers
with different densities or more likely, one along a streamer with open field lines
and the other in the strong magnetic field lines above an active region, somewhat
similar to the model proposed by Stewart and Labrum (1972). Open field lines provide
a path for the type III electrons; the clectrons seem to be ejected continuously from
the continuum which therefore appears bursty. The relatively smooth continuuin
source is situated in the closed field lines. In our frequency range, we see very few
type I’s on the continuum; sometimes at the lower frequencies we see type I - like
bursts constituting and superimposed on the continuum. In this context, we might
consider the mechanism proposed by Gordon (1971), in which the low phase-
velocity plasma waves (responsible for type I bursts) are scattered to high phase
velocities (0.1-0.6 ¢). These waves are ultimately responsible for the acceleration of

type I electrons. One consequence of such a mechanism is that it may produce
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type I and type III bursts from the same source; this seems to have been observed
to some extent. This simple interpretation seems to be borne out by the result that
the continuum systematically appears at a lower height than the type III’s, The only
exception to this appears in the case of the flare associated continuum observed on
August 7, 1900 UT. We believe that in this case we were dealing with a continuum
at decametric wavelengths, that had been ejected from the parent smooth continuum.
In the Stewart and Labrum model one distinguishes between the type I and type 111
sources. However, at decameter wavelengths {(~40 MHz) we often see continuum
with superimposed fine structure which resemble type III’s rather than type I's.
Indeed, it is ‘often extremely difficult to distinguish continuum from almost con-
tinuously occurring sources of type III's at decameter wavelengths. In their model,
Stewart and Labrum postulated that the type III electrons are accelerated near the
observed 80 MHz source position and that the required energy is released by the
triggering of a magnetic instability at this point by a magnetohydrodynamic dis-
turbance propagating from the type I source region. We often observe a relatively
smooth continuum in the 90-120 MHz region; this continuum source, situated in
the strong field lines above an active region, is a likely source of mhd waves. When
sufficiently energetic mhd waves reach the top of closed field lines and trigger an
instability at the cusp of a helmet magnetic structure, type 1II bursis begin to be
observed, Our chservations indicate that this height, where type I bursts -o:art, is
situated around 50-60 MHz plasma level. ‘

We would like to draw attention to another property (‘f type I1I bursts. The angular
size of strong type III increases with decreasing frequency and sometimes reaches
up to 4-5 R, at 40 MHz. However, we should point out that these intense low
frequency bursts saturated the records and accurate angular size measurements were
difficult. We do not believe that this large size can be fully accounted for by coronal
scattering. Consequently, this result would imply that the open field lines along which
type I1I electrons travel has a rather large lateral extent.
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Abstract. We compare observations of type I impulsive radio bursts made at the Clark Lake Radio
Observatory with high-spatial-resolution cinematographic observations taken at the Big Bear Solar
Observatory. Use of the Jog-periodic radio interferometer allows us to localize the radio emission
uniquely. This study concentrates on the particularly active region close to the limb on 22 May 1970.
Sixteen of the 17 groups were associated with some Ha activity, 11 of them with the start of such
activity.

1. Introduction

Statistical studies of the correlation of type III bursts with flares showed that, at the
maximum of salar cycle 19, 60% of these bursts occurred during the life of a flare
(Swarup ef ai., 1960). Only half of this number were truly associated with the flare,
however, the remainder representing chance occurrences. It had also been noted that
flares occurring in certain active regions showed a high degree of correlation with
bursts, while those in other regions showed little or no correlation (Loughhead er al.,
1957). Zirin and Werner (1967) reported that Ho brightenings could usually be found
at the times of strong type I bursts. Our more complete time coverage of both Ha
structure and radio events justiﬁés a re-examination of this correlation. Further, use
of an interferometer allows us to localize the radio emission correlation. As a first
step, we wish to report the detailed analysis of the activity in McMath 10743, a region
showing inverted polarity, between 1700 and 2230 UT on 22 May 1970. This region was
particularly well-suited for study as it was near the limb and especially active.

On that day, a series of spectacular surges occurred, including the one shown in
Figure 1a (Zirin, 1971; Pasachoft, 1972). We have identified the various active parts of
this activity center in Figure 1b. The most impressive surges appeared to be emitted
out of region 5, streaming along . Streaming also followed 2 and 3, the latter being
the more important. Surges along 3 generally appeared in ‘mid-air® and then moved
outwards. Surges along 2 appeared to come from the southern part of loop 4. Loop 4

* as of September 1972: Williams College-Hopkins Observatory, Williamstown, Massachusetts
01267.

Solar Physics 28 (1973) 18'}—196. All Rights Reserved '
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——————
50,000 KM

(b)

Fig. 1. (a) The spectacular surge of 19:05UT on 22 May 1970 achieved its maximum extent at

19:14:13.\This and all subsequent photographs have north to the bottom. (b) The active elements

of the region. 1, 2 and 3 are trajectories along which material appeared to be ejected. 4 appears

occasionally to be a closed set of field lines. though this feature is not apparent here due to the

brightness of the flare. 5 is a plage region of complex structure in which the major flares occurred.
{Gig Bear Solar Clservatory photograpn.)

is not apparent in Figure 1 because of the bright flare. Figure 7 shows the best example
of the loop structure in 4. The loop itself also showed activity, generally bulging
outwards and then subsiding again. Within each group the flares seemed homologous.
These events were photographed with a ten-inch refractor at the Big Bear Solar
Observatory through a 4 A filter centered in the Ho line center. Exposures were
made every fifteen seconds.

At the same time, a series of type Il (impulsive) bursts were observed at the
Clark Lake Radio Observatory on the log-periodic array. This instrument is a six-
teen-element swept-frequency interferometer, having an east-west extent of 3.3 km.
It scans from 65 to 20 MHz once per second. The principle of operation has been
described by Sheridan (1963). Some early results were reported by Kundu et al. (1570).

2. Positions of the Radio Bursts

Since the Big Bear Ha cinematograph covers only one activity center at a time, any
type 111 bursts without corresponding Ho activity could be attributed to centers not
in the field. For this reason, it is important to observe the positions of the radio
bursts.
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—

CELESTIAL
NORTH

=

Fig. 2. The positions of the type II] burst groups relative to the active region. The interferometer

has only east-west resolution, so that the bursts may have occurred anywhere along the position lines

plotted. The position lines have various tilts because the orientation of the interferometer baseline
varies as the Earth rotates. (Lockheed Solar Observatory photegraph.)

Figure 2 shows the 60 MHz position lines for the groups of bursts observed between
1700 and 2230. In this context, ‘group’ may mean either a single, isolated burst, or
any collection of bursts separated by less than a minute. Since the array does not
resolve in the north-south direction, we can only give a position line for each group;
the bursts could have occurred anywhere along this line. As the Earth rotates, how-
ever, the orientation of the telescope changes relative to the Sun, just as the solar
. image reflected from a heliostat rotates. The intersection of the position lines observed
~ at different times gives some measure of the north-south position, assuming that all
bursts have about the same position. The source of radio bursts at 60 MHz appears
to have been located above McMath 10743 on an extension of the lines of force
implied by the structure seen in He in region 1. We note that the bursts lie consider-
ably above the expected 60 MHz plasma level. If we assume that the bursts occur more
or less radially above the active region, then they are at an apparent height of |
solar radius. Jonospheric refraction effects are calculated not to exceed 0.2 radius.
Because of the difficulties of propagation in a non-uniform corona and our lack of
knowledge about whether the bursts represent fundamentals or harmonics, we can-
not more properly assess the height of the bursts and hence infer coronal densities.
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3. Detailed Description of the Correlation

In the description which follows, times are given to the nearest second, the resolution
used at Clark Lake. It should be borne in mind, however, that the Big Bear frames
were taken every quarter minute. In addition, there was a one-minute ambiguity in
reading the minute hand of the Big Bear clock. It is thus possible that the times for
the Ho events are one minute later, although we believe the stated times to be correct.
The times of the type 111 events refer to a frequency of 60 MHz. At lower frequencies,
times were a few seconds later because of the frequency drift of the bursts. The reader
must also allow for a possible systematic error of a few seconds in the Clark Lake
times.

1700 1730 1830 1900 1930 2000
i L { 1 1 I 1 l | S { A { i 1

] R ]
BefBE—=FfDS | @ B E- E—s |
G /! * : ;
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Fig. 3. A schematic representation of the activity in McMath 10743. The regions labeled 1 through
5 are identified in Figure 1. We use the following codes: B — brightening, D — diminishing, E - ejection,
F — fan-like structure, S - stretching or bulging, ( ) — in progress, — - continuing.

Figure 3 is a schematic representation of the activity, and is useful for seeing the
general correlation between type 11T bursts and Ha events. A detailed description of
the correlation is given in semi-tabular form below. It is based on a study of the film
sequence, part of which has been included in the ‘show film’ available from the Big
Bear Solar Observatory (1971). For purposes of demonstration, certain details are
represented in Figures 4 through 7.

The first event described was reported in Solar Geophysical Data as an unconfirmed subflare with
several brilliant points, which lasted from 16:58 to 17:15.

'16:59:04-16:59:13 type 1I burst.
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17

Fig. 4. An gjection of material along 2 at 17:00,

16:59:55 bright spot appeared at the base of 2 and was ejected (Figure 2).
17:02:02-17:02:10 type 111 burst.
17:02:05 some more bright material began to move along 2.

17:02:23-17:02:35 a pair of type 11 bursts,

17:06:55-17:20 a whole sequence of ejections along 2.
17:20 a dark fan-like structure becarne apparent at 2, and then gradually faded away.

The next series of events described were not reported in Solar Geophysical Data.
18:17:50 a small gjection of material along 2. No type III burst was recorded at Clark
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Fig. 5. The flare in region 5 at 18:59.

Lake, although Uccle Observatory in Belgium reported a small burst at 18:17,
lasting half a minute, at 600 MHz.
a bright region at the base of 3 began to develop a small tail outwards along 3.

a faint ejecticn of material along 3,
faint type 1II burst.
the region at the base of 2 showed a brief brightening.

very faint type 1II burst.
a small spray in 2. No bursts were seen at Clark Lake but Uccle reported bursts
at 18:43 and 18:51.

The main event of our mutual observing period was reported in Solar Geophysical Data as a confirmed
bright subflare (Grp 30106) with several bright points and a high velocity dark surge, and lasted
from 18:58 to 19:17, with a maximum at 19:01.

18:
18:

19:
19:
19:
19:

19:
19:

19:
19:
19:

19:
19:

58
58

04

05:
05:
06:

09:
10:

15:
15:
16:

19:

21

146
:45~-19:00:35

145
15
19-19:05:29
31

19-19:09:50
00

20
51-19:16:01
17

00
140

a sudden flare in 5 (Figure 5).
a strong, complex group of type I1I bursts.

material began to stream out of 1.

streaming along 3 became apparent (Figure 6).
type IIT burst of moderate intensity.

a weak type 111 burst.

a faint group of type Il bursts.
streaming started along 2, while streaming along 3 had stopped.

a very faint type HI burst,
a type 11 burst of moderate intensity.
a weak type 111 burst.

a very faint iype III burst.
streaming appeared again in 3. Since this material appeared to condense out
along the stream at this time, it seems likely that the ejection started at an
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19:06:44 19:07:44

Fig. 6. Expulsion of material along 1 and 3 following the 18:59 flare.

earlier time nearer the active center, and may have been associated with the type
11 burst 3 min earlier.
19:35 activity ceased.

The next event was also reported as a confirmed subflare (Grp 30107) with several bright points, a
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Png. 7. Region 4 brightens and then develops a small hook attached to the southern foot. This may
be similar to an outward ‘bulge’ of 4, but with bright material along only part of the bulging region.

high velocity dark surge, an extensive active region, and marked intensity variations in the active
plage. It reportedly began at 20:27, reached a maximum at 20:38, and ended at 20:51.

20:14:10 brightening occurred at the base of 3.

20:21:50 streaming along 3 became noticeable.

20:32:05 region 5 began to brighten as streaming along 3 reached a maximum intensity.
20:32:34-20:34:08 an intense group of type 1II bursts.

20:34:45 brightening in 5 achieved its maximum.

20:35:14-20:35:19 type III burst,
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20:38:00 faint streaming along 1 began.
20:38:38-20:39:02 faint group of type Iil’s.

20:45 streaming along 3 stopped.

20:55 streaming along 1 stopped.

An unconfirmed subflare with an extensive active region was reported from 21:06 to 21:20, with a
maximum at 21:10. There was no Big Bear coverage until 21:19:05.

21:13:55-21:14:42 a group of type 111 bursts of moderate intensity.

21:16:56-21:17:21 a pair of type 111 bursts.

21:19:05 Big Bear coverage resumed. Streaming along 1 was in progress.
21:21:01-21:21:07 type III burst.

21:31:00 the streaming along 1 had subsided when loop 4 suddenly brightened and bulged
outward.

21:31:15 loop 4 achieved its maximum extension.

21:31:16 type IIT burst of moderate intensity.

21:35:30 outward motion along 1 became briefly apparent.

21:37 loop 4 returned to its normal configuration.

There was an unconfirmed subflare in progress at 21:57 which lasted until 22:12, according to Solar

Geophysical Data.

21:58:25 a small bright spot appeared at the base of 2 and 4.

21:59:10-21:59:35 a group of type 11l bursts.

21:59:55 loop 4 began to bulge.

22:01:40 loop 4 achieved its maximum extension.

22:14:33-22:14:50 a pair of type 11 bursts.

22:15 a possible brightening in loop 4, weak enough to be attributed to seeing effects.
The iast event described was not reported in Solar Geophysical Data.

22:25:30 loop 4 showed a faint brightening.

22:26:00 a small hook appeared to come out of the southern end of loop 4 (Figure 7).

22:26:13-22:26:23 type HI burst.

4. Conclusions

We have found a very high degree of correlation of type Il bursts with Ha activity.
Of a total of 17 groups (as previously defined), 11 were clearly associated with the
start of some activity in Ha. Five others occurred while Hu activity was in progress,
but could not be associated with any specific phenomenon. Only one rather weak pair
of bursts (2214) may have occurred during the absence of He activity, although even
in that case there was a hint of some activity. Such a high degree of correlation could
not have been detected without the resolution of the Big Bear observations. This
may explain the lower correlation reported by previous workers. Further, the radio
positions were isolated by use of an interferometer.

The occurrence of type III bursts was a necessary but not a sufficient condition
for flaring in this active region. It is difficult to analyze this quantitatively because the
He phenomenology is so complicated. Yet we have clear instance of Ha events for
which no type I1I bursts were seen. We do not know of difference between type IIl-
associated Ho events and those events which do not have type H1i’s but shall investigate
this point in subsequent studies. It is possible that, in the latter cases, no energetic
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particles were produced, or alternately that they were produced but trapped. Analysis
of X-ray and centimeter-wavelength data may clarify this point.

It is not possible to generalize from a single day’s observations. Yet it is interesting
that there are apparently some conditions under which the correlation of type 11I
bursts with Ha events is high. In the majority of these cases, the events have a clearly
impulsive character. The analysis of other periods of activity will determine whether
this is a general property of type III bursts.
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Abstract. Isolated type 1II radio burst activity was observed at Clark Lake Radio Observatory in
March and the first part of April, 1971, to occur in discrete regions of the corona above certain active
regions. When these regions were examined under high resolution in Ha all the type 111 events appeared
to have associated activity in Ha. The potential coronal magnetic field in these regions appeared
to be either open or diverging, whereas the field over a rather active region which did not have radio
burst activity was closed in a magnetic arcade. The latter feature has been associated with streamers.
Streamers have also been associated with dark filaments. The occurrence of a stable dark filament in
an active region appeared to have an inhibiting effect on type ITI activity. It is suggested that a streamer
field configuration is not favorable to the escape of isolated type II1 exciters.

1. Introduction

It has long been recognized that there is a relationship between type III bursts and
flares (Loughhead ef al., 1957; Swarup et al., 1960; Malville, 1961). Malville included
the greatest number of subflares in his sample and found that 76%, of the type III
bursts occurred while a flare was in progress. In an analysis which used only isolated
flares, he estimated that 449, of the bursts which occurred during the flare period
are truly associated with the flare. Of the type III bursts which occurred between
the start and the maximum of the flare 619, were truly associated. A similar conclusion
had been drawn by Swarup et al. Thus, only some 35%, of all type III bursts could
be considered to be truly associated with flares or subflares, although there was a
suggestion that this increased with the completeness of the flare sample. Malville
suggested that, while many of the metric fast-drift bursts might result directly from
flares, a sizeable fraction could be independent of flares or originate in some other
form of solar activity not visible in Ha or with dimensions below the limits of resolu-
tion. In the preceding paper of this series (Kuiper and Pasachoff, 1973, hereafter
referred to as Paper I) we gave an example of one active region in which nearly
all the type III bursts had associated Ha activity.t In this paper several other regions
are examined for type Ill-associated Ha activity, using the high-resolution Ha
observations made at Big Bear Solar Observatory.

Loughhead et al. (1957) first suggested that type III bursts might be associated

* Current address: Jet Propulsion Laboratory, 183B-365, California Institute of Technology,
Pasadena, Calif, 91103, U.S.A.

T In that paper we used the word ‘correlation’. Since much Ha activity is not associated with type HI
bursts (with fluxes in excess of about 5 X 10-22 Wm~2 Hz~1) the word ‘association’ seems more suitable,
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with particular active regions. They noted that the association between type 111 bursts
and flares was higher than average in some regions, whereas other regions showed
no association with type III bursts. Erickson (1963), by measuring the positions of
type I bursts on a day-to-day basis, was able to show that the rotation of regions
of type III activity was consistent with the rotation of active regions. His positional
accuracy, however, did not allow him to conclude that all the bursts were associated
with active regions. A method for removing most of the effect of ionospheric refraction
(Kuiper, 1973a, b) permits, below, a re-examination of this question.

Flares and type III bursts are generally considered as two aspects of the same
phenomenon, owing to the correlation, albeit partial, between them. If the suggestion
of Loughhead er al. (1957) that some active regions have no type III activity is correct,
then one would inquire what property of these regions inhibits type III activity. Since
type III bursts result from particle streams ejected to great heights in the corona,
open lines of magnetic field, or at least loop structures of very large dimensions,
would seem to be a prerequisite.

The schematic configuration generally associated with type IIT bursts involves a
magnetic field drawn out into a streamer configuration by the interplanetary wind
(e.g. Wild and Smerd, 1972). The density determinations of Wild ez al. (1959) and
Weiss (1963), which suggested a value twice that of the Newkirk (1959) streamer
model, appeared to necessitate such an explanation. The observations of McLean
(1970) of type III bursts distributed along a line on the solar disk are also taken as
suggestive of a neutral-sheet configuration. (See below for a discussion of the relation-
ship between streamers and magnetic neutral sheets). The apparent heights of the
radio bursts may, however, exceed the true heights. Scattering of radio waves in the
corona would cause such an effect (Riddle, 1972). Also, it is often not clear whether
the bursts are observed at the fundamental frequency or the harmonic. For limb
bursts the latter is probably the case, so that the bursts would appear above their
appropriate plasma levels (Kuiper, 1973a, b). In an attempt to clarify whether bursts
occur in streamers or not, we will consider the magnetic field configuration in regions
of type III activity.

Newkirk (1967) has suggested that a white-light coronal feature forms over a young
active region initially as an enhancement of the lower corona, evolving to an active
streamer as the region grows in importance. With further development, the photo-
spheric magnetic field organizes itself into two extended areas of opposite sense and
the streamer takes on a characteristic helmet configuration. It has been suggested
that the streamer is a neutral sheet in the coronal field, formed over the boundary
between two magnetic regions of opposite polarity (e.g. Sturrock and Smith, 1968).
The magnetic configuration is like that proposed by Carmichael (1964) as a possible
site for flares with a filament supported by the closed field lines near the base. Axisa
et al. (1971) have suggested that, as in the case of helmet streamers, the presence of
a filament is a necessary condition for the existence of active streamers, and that
both have the same basic magnetic structure.

Newkirk and Altschuler (1970) have compared coronal structures observed during
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an eclipse to the potential magnetic field of the corona. This field is calculated from
line-of-sight observations of the photospheric field, made during one solar rotation,
on the assumption that the corona is current-free (Altschuler and Newkirk, 1969).
A number of magnetic structures were recognized. Magnetic rays (MR’s) are open
field lines by which particles can escape from the Sun. Diverging fields (DF’s) occur
over active regions, either because of a real excess of photospheric field of one
polarity or because the photospheric field observations are not sufficiently accurate.
Changes in the region during the two week period when it is observed could also
contribute to an erroneous excess of photospheric field. Magnetic arcades are series
of loops which form a corridor. MA’s, which indicate a boundary between two rather
extended regions of opposite polarity, correlate with streamers. (Altschuler and
Newkirk did not distinguish between AR streamers and helmets in their paper.) In
this paper we will consider the magnetic configurations in which type 111 bursts occur.
Similar studies have already been reported for type II bursts (Dulk et al., 1971)
and for type IV bursts (Dulk and Altschuler, 1971).

2. Observations

Observations of the east-west positions of type 11l radio bursts were made between
20 and 65 MHz with the log-periodic array at Clark Lake Radio Observatory
(Erickson and Kuiper, 1973). These positions were corrected for ionospheric refraction
(Kuiper, 1973a, b). In many instances the radio data alone are sufficient to locate
the active region (e.g. Kuiper, 1973b) even though we lack resolution in the north-
south direction. In this paper, however, the occasional coincidences between type
III’s and flares are used to identify the active regions. It is then shown that the
positions of the other bursts are consistent with these regions.

Figure 1 shows the east-west positions at 60 MHz of type III bursts observed in
March and April of 1971 plotted as a function of the date. In cases when the data
were of sufficient quality to correct for ionospheric refraction, only these corrected
positions are shown. One can see discrete regions of type III activity co-rotating with
the Sun. Also shown are the loci of points radially above the active regions, which
are identified in the figure by the last three digits of their McMath number. These
regions, with the exception of McMath 11249 and 11250, were chosen because they
showed Ha activity coincident with type III bursts. Regions 11249 and 11250 were
also plotted since the positions of bursts suggested these regions might be responsible.
For the regions represented by solid lines, a height of 0.6 R, was assumed, cor-
responding to the apparent height of type III bursts at 60 MHz (Kuiper, 1973a, b).
For the regions identified with dashed lines, a height of 1.0 R, was assumed. It is
seen that the positions of the bursts are consistent with locations above the active
regions.

3. The Association of Type ITI Bursts with He Activity

One five days Big Bear Solar Observatory covered the regions on the Sun above
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which type III bursts appeared to occur. Big Bear films were examined for the period
3 March-4 April. In Table I are listed all those bursts or groups of bursts which
occurred during times when Big Bear had Ha data. Below are given a description
of Hua and radio burst activity which showed association with each other. Such a
description cannot however substitute for an actual viewing of the films.
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Fig. 1. Positions of type III radio bursts as a function of solar rotation. Positions corrected for

ionospheric refraction are shown as solid blocks, those not corrected as open, The size of the block

represents the number of groups measured. The approximate positions of continuum storms are

shown by error bars. The loci of points 0.6 (solid lines) and 1.0 (broken lines) solar radii above certain
active regions, identified in Table II, are also shown.
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9 March. At 19:48:30 two bright features formed on either side of a dark fibril
connecting the major sunspot with a newly emerging spot. The features brightened
and moved in opposite directions, one towards the main spot, the other to the new
spot. At approximately the time when the brightenings reached the two spots, a series
of type III bursts occurred.

18 March. At 18:09 there occurred a type III burst whose position line coincided
with the west limb of the Sun. At about this time a very small faint flare occurred
near a region of emerging flux which followed the main spot in McMath 11207.

From 19:47:00 to 19:48:30, from 19:50:10 to 19:50:45, and from 19:53:00 to
19:53:20 there occurred groups of type III bursts with position lines on the east
limb of the Sun. Very small Ha events, possibly surges, were seen at these times in
McMath 209. The frames in which they were most apparent were taken at 19:48:15,
19:51:03 and 19:53:48, respectively.

At 20:19 a small bright bridge was seen to connect two plage regions southeast
of the spot in 207. A type III burst occurred on the west limb at 20:19:55. Another
group of type III’s occurred from 20:33:05 to 20:33:20. At 20:36 a small bright
bridge in a different position convected the two plages.

At 21:35:25 a sequence of faint type III bursts started near the east limb of the
Sun coincident with the start of a small flare near the EFR in McMath 207 (near
the Sun’s west limb) which reached its maximum at 21:36:25 and had subsided two
minutes later. Another type III burst occurred at the east limb at 21:37. This is one
of the rare instances of simultaneous activity at two very well separated locations
on the Sun. It is not possible to say whether there is a genuine association between
these events.

At 23:28 a group of III’s occurred a half solar radius beyond the west limb with
another burst at 23:29. At this time Big Bear was patrolling McMath 207 but poor
seeing and transparency made a close study of the Ha phenomena impossible.

20 March. A group of type III’s occurred between 20:14:30 and 20:16:40 near
the east limb of the Sun. At 20:19:25 a brightening became visible along a long
thin plage, reaching a maximum at 20:21:02.

2 April. Tt is difficult to make a clear case for detailed association of activity
between type III bursts and the Ha activity for this day. During our period of observa-
tion a filament immediately west of the region was continuously active. Tlamicha
and Takakura (1963) have suggested a possible association between type III bursts
and active dark filaments. In addition, there were two subflares in the region which
may have had associated type III bursts.

At 19:09 a subflare began east of the NW spot. The activity continued to be visible
until 19:23. A group of strong type III bursts occurred from 19:16:15 to 19:20:45.
Another type III burst occurred at 19:23:25.

At 20:05:10 on-band Hux coverage was resumed following a wavelength scan. This
appeared to coincide with the start of a flare at the end of the filament nearest the
sunspots. At this time also a group of type III bursts occurred, lasting from 20:05:07
to 20:07:30. The most active phase of this Ha ¢évent ended at 20:25.
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TABLE I
Association of type III events with activity in BBSO patrol films
Date/UT Burst Suspected SGD flare data BBSO patrol
position region . . - ..
Region  Times Region Activity
3 Mar. 1938 0 176 173
1943 0.7 174 174 1943-2004 173
6 Mar. 2259 2.1 ? 174
9 Mar. 1956 —1.1 191 or 192 191 yes
2253 —0.6 189 191
10 Mar. 1751 0 189 191
1955 0.2 189 189 19512005 191
2014 0.1 189 191
12 Mar. 2014 —0.72 191 or 192 191
14 Mar. 2016 0.7 189 195
15 Mar. 1945 0.7 ? 196
2006 0.42 191/192/207 196
2016 0.6 ? 196
2019 0.9 189 196
2026 0.62 ? 196
2038 0.52 ? 196
2052 1.2 189 196
2202 1.0 189 196
2220 1.0 189 192 2117-2222 196
2230 0.4 191/192/207 196
17 Mar. 2133 1.1 191/192/207 196
2142 0.72 ? 196
2208 0.9 191/192/207 196
18 Mar. 1809 1.2 191/192/207 207 yes
1948 —1.0 209 209 yes
1950 —1.2 209 209 yes
1953 —1.5 209 209 yes
2020 1.4 191/192/207 207 yes
2033 1.1 191/192/207 207 yes
2135 —1.02 209 207 yes
2137 —0.92 209 207 yes
2328 1.6 191/192/207 207
2334 —1.1 209 207
20 Mar. 2015 —0.9 209 209 yes
21 Mar. 1644 2.32 ? 209
1 Apr. 1916 —0.32 221 221 1847-1941 west limb
2 Apr. 1734 0.5 221 221 yes
1736 0.5 221 221 yes
1800 0.5 221 221 1758-1810 221 yes
1833 0.6 221 221 1829--1849 221 yes
1904 0.8 221 ‘ 221 1907-1956 ) 221 yes
1919 0.7 221 221 1910-1938 , 221 yes
1923 0.7 221 {221 1919-1930 3 221 yes
1950 1.32 221 221 yes
2002 0.7 221 221 yes
2006 08 221 i 221 W15-2022 - 5 yes
3 Apr. 1925 0.8 221 221 yes
1938 —-0.6 228 228 1937-1946 221
4 Apr. 1900 02 ? 221 yes
1908 09 221 § 228 1900-1919 3 55 yes

= Not corrected for refraction.
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3 April. During the period of Big Bear’s patrol McMath 221 was very quiet. A
group of type III bursts occurred from 19:24:18 to 19:25:35. At about this time
there was a fast faint subflare running in a thin line north of the SE spot. Because
of poor seeing, it was not possible to time it precisely, but its most visible phase
occured at 19:27:32.

4 April. During this day McMath 221 was again very active. The filament, which
had been almost non-existent the previous day, was even more substantial this day
than it had been on April 2. The activity in this filament was very violent on this
day. It was not possible to associate the radio bursts with any specific events. The
most interesting thing about the radio burst activity on this day was its mildness
considering the activity visible in Ha.

We see that type III bursts can be attributed to specific active regions, not only
in the sense that the bursts originate over these regions as was shown in the previous
section, but in that bursts are associated with Ha events in these regions. Ho activity
was seen in all of the 21 bursts or groups of bursts which occurred over active regions
patrolled by Big Bear Solar Observatory. In twelve cases specific Hx events could
be identified as being associated with the bursts on the basis of temporal coincidence.
In one additional instance (20:15, 20 March) the timing is less convincing. For eight
radio events the Ha phenomenology was to complicated to make such an association.

Although further study is in progress on the detailed association of type III bursts
with Ho phenomena, it appears that the following assertion can be made on the
strength of these results and those of Paper I: Nearly all (>95%) type III bursts
or groups of bursts with fluxes in excess of about 5x 107*2 Wm™2 Hz"! occurring
in isolation of other radio activity and not in extended storms of type III bursts
are associated with activity in Ho.

We find that the distinction suggested by Loughhead et al. (1957) between active
regions which have type III bursts and those which do not is real. McMath 11196
was a particularly active region which showed no type III activity. McMath 11221
had days when it showed type III activity and days when it showed little or none,
in spite of flare activity. In the next section this will be related to the large-scale
coronal magnetic field associated with the region.

4, The Coronal Magnetic Field in Regions of Type IIT Activity

In Figure 2 the plage drawings (Solar Geophysical Data, 1971a) and calculated
coronal fields (Altschuler, private communication, 1972) are shown for the regions
which were associated exclusively with isolated type III activity. In each instance
the field is either diverging or, in the cases of the more active of the regions, open.
It would appear, therefore, that type III bursts occur in regions of open or at least
diverging field, rather than coronal streamers, which are associated with magnetic
arcades. In order to confirm the occurrence of open field lines the records of RAE-1,
which recorded radio emissions above the ionosphere in the frequency range 0.2-5
MHz, were examined. By the coincidence of type I1I bursts measured at Clark Lake
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with those measured in interplanetary space by the satellite, it was seen that energetic
particles escaped each of the active regions, with the exception of McMath 165 for
which there was sufficient data.

A particularly active region which did not show any type III activity was McMath
11196. This region is represented in Figure 3. It is seen that the calculated coronal
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Fig. 2a. Plage drawings and calculated coronal fields for 26 February,
1971; active region McMath 11165,
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Fig. 2b. Plage drawings and calculated coronal fields for 2 March, 1971;
active regions McMath 11174 and 11176.
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field is characterized by a tightly closed structure, known as LMA (Low Magnetic
Arcade), a feature which is associated with streamers. A filament did occur adjacent
to this region, aligned more or less in the direction of the LMA. There were no type
I1I bursts in this region, in spite of all the flare activity so that it would appear that
the magnetic configuration was unfavorable.

The behavior of McMath 221 may shed further light on the relationship of the
coronal field to type I activity. This region appeared on the east limb on March
235, and was relatively quiet with one reported flare during the Clark Lake observing
period on the 26th, and three more flares and two type 1II groups on the 27th. A
large filament was looped around the north of this region. The low level of activity
continued on the 28th. On March 29, however, this region was extremely active. Six
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Fig. 2¢. Plage drawings for 14 March (upper left) and 17 March (lower left) and calculated coronal

fields for 14 March for observations having central dates of 6 March (uppér right) and 20 March

(lower right); active regions McMath 11189, 191, 192 and 207. Note the emergence of 207 and
associated regions between 14 and 17 March.
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Fig. 2d. Plage drawings and calculated coronal fields for 23 March, 1971;
active region McMath 11209,
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Fig. 2e. Plage drawings and calculated coronal fields for 31 March, 1971;
active region McMath 11221.
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Fig. 3. Plage drawings and calculated coronal fields for 17 March, 1971, showing McMath 11196,
an active plage which did not exhibit type III radio bursts.

flares were reported during Clark Lake’s normal observing period. The Big Bear Ha
patrol of this region showed the filament to be highly agitated. Although Clark Lake
did not observe this day, other observatories reported no radio activity. On March
30 the filament disappeared. Although three flares were reported, only one extremely
faint group was observed at 19:14. The group was too weak to get a reliable position
measurement, but it appears to have occurred on the western half of the Sun, away
from 221. Lack of any activity in 221 at this time also suggests the burst was not
related to this region.

On March 31 six flares were reported. Eleven type III groups occurred, at least
eight of which were positionally related to McMath 221. Three of these were coin-
cident with the published flares. On April 1 six flares were reported in this region,
but no radio bursts occurred there. By this time a new small filament had formed,
running westward from the center of the plage. April 2 was extremely active. The
Big Bear patrol shows almost continuous activity, both flares and turbulence in the
new filament, accompanied by strong type III activity. On April 3 the region was
quiet. The filament which ran west and then north from the plage was barely visible.
The only group of type III bursts from this region during Big Bear’s patrol period
was visible in Ha. On April 4 the region was extremely active again in Ha, but rel-
atively quiet in the radio. The filament had grown in importance and was more
prominent than it had been on April 2. It was also extremely active. The region



472 T.B. H.KUIPER

thereafter remained relatively quiet in the radio until its disappearance over the west
limits after April 6.

It would appear from the behavior of the filaments, that the field underwent
significant changes during the period 27 March-4 April. The calculated coronal field
using photospheric data for the rotation having a central date of 20 March is sig-
nificantly different from the field calculated from data with a central date of 2 April,
also indicating that there were changes in the coronal field. This was accompanied
by considerable flare activity. Type III bursts, however, were prevented until the field
configuration associated with the large filament which existed before April 30 was
destroyed. On and after April 4, when a new filament was established in the region,
radio burst activity was again inhibited.

5. Conclusion

The positions of type III radio bursts occurring between approx 16:00 and 24:00 UT
from 1 March to 5 April, 1971, were determined and corrected for ionospheric re-
fraction wherever possible. It was found that these bursts occurred over active regions
whose calculated potential coronal fields were characteristically diverging and generally
open. This magnetic field of configuration is not characteristic of streamers. In
observations at Culgoora, Dulk (private communication, 1972) has also found that
the bursts occur in regions of open field, with or without a streamer nearby. It appears,
therefore, that type III bursts need not occur preferentially in streamers, as was first
suggested by Wild ez al. (1959) on the basis of the heights of the bursts.

The type III radio bursts were intimately related to activity in Ha. Out of 21 cases
for which Big Bear Solar Observatory had coverage of the region responsible for
the bursts, Ha activity was seen in each instance. In 12 cases the activity was either
brief or began at the time of the burst, suggesting that the two phenomena were
related. One case was uncertain. In the other eight cases there was continuous and
complex activity so that no such identification could be made. A similar result was
obtained in the detailed analyses of other periods of activity (Zirin and Werner, 1967;
Paper I). It is suggested that almost all, if not all, isolated type III bursts have as-
sociated activity in Ho.

The Ha phenomena associated with type III bursts are not always flares. Martres
et al. (1972) have shown that in some instances the associated phenomena are seen
as small transient absorbing features. In other cases disturbances in filaments seem
to be related to type 1 bursts (Tlamicha and Takakura, 1963; this paper).

The existence of a stable filament in a region represents an unfavorable magnetic
field configuration for type III bursts. Active filaments, however, indicate that the
field is changing. During this time particles may escape to cause type III bursts.
Tlamicha and Takakura (1963) have also noted an association between type III bursts
and active filaments. The confinement of fast particles is not in any sense absolute.
Some type III activity was seen on March 27 and April 4. Similarly, when a region
is open, not all flares yield radio bursts (e.g. Zirin and Werner, 1967; also Paper I).



ISOLATED TYPE IIl ACTIVITY 473

In all likelihood confinement by small-scale magnetic structures near the chromo-
sphere is also important (e.g. Lazareff and Zirin, 1973).

The type III bursts on which this work is based occurred in isolation of any other
radio activity or of flares greater than subflares. For bursts of this kind the following
interpretation is believed to be consistent with the observations. Isolated type I
bursts or groups of bursts are generally associated with active regions in early stages
of development. These regions are characterized by an open field. The acceleration
occurs low in the corona or in the chromosphere, since all the bursts have associated
Ho activity. As the region develops the magnetic field configuration closes, inhibiting
the escape of these particles. Only when a major reorganization of the field occurs
will paths be temporarily opened for particles to escape.
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ABSTRACT

VLBI observations with an antenna spacing of 92,000 A (272 lobe separation) were made on a
number of small-angular-diameter sources at a frequency of 121.6 MHz. Through positional and
spectral coincidence, these observations confirm the physical association of the compact source in
Tau A with the pulsar NP 0532; in the east-west direction, the two objects agree in position to an
accuracy of +071. The fluxes of the small-angular-diameter components of 3C 48, 3C 84, 3C 144,
3C 147, 3C 273, 3C 274, 3C 298, 3C 405, 3C 459, and 3C 461 are estimated.

I. INTRODUCTION

On 1970 January 8-12, a very long baseline interferometer (VLBI) was operated
between the National Radio Observatory’s 300-foot (91.4-m) antenna at Greenbank,
West Virginia and the Naval Research Laboratory’s 84-foot (25.6-m) antenna at
Riverside, Maryland. The NRAO MK-1 terminals were employed. Our 230-km
(92,000 A) east-west baseline yielded a fringe separation of 272. One purpose of the
experiment was to make an accurate determination of the relative positions of the
compact source in Tau A and the pulsar NP 0532. We also wished to observe the small-
angular-diameter components of a number of radio sources and to demonstrate the
technical feasibility of VLBI observations in the 100-MHz frequency range. This was
important because several VLBI observations in the 100-MHz frequency range had
been attempted with larger antenna spacings. None of these programs produced
interferometer fringes, and we feared that these failures might be due to some un-
recognized propagation effect in the interstellar, interplanetary, or ionospheric
medium. Before undertaking more ambitious programs of longer-baseline observa-
tions, we wanted to be certain that the VLBI technique could be successfully applied
over a relatively short baseline. We also observed a number of pulsars. The signal-to-
noise ratios for all pulsars except Tau A were not adequate to yield useful information.

II. ANALYSIS OF TAURUS A OBSERVATIONS
It is well known that the pulses from NP 0532 show strong dispersion in frequency.
We are dealing with a series of periodic pulses which drift from high to low frequencies.
* Present address: Arecibo Observatory, Arecibo, P.R.
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Usually we consider the pulse profile as a function of time at a constant frequency.
Alternatively, we can consider the pulse train as a function of frequency at a single
instant of time. In doing this, we find-that several pulses are present within the 330-kHz
bandpass of the MK-1 terminal at any instant of time. This fact greatly reduces the
output fluctuations due to the pulses. However, the system sensitivity was such that the
full bandpass was required to obtain an adequate signal-to-noise ratio.

In MK-1 VLBI observations the data are sampled and recorded on digital computer
tapes at each end of the interferometer. The output tapes are correlated later. We can
easily impose a real-time delay in one arm of the interferometer merely by slipping one
tape with respect to the other during the cross-correlation processing. A local-oscillator
frequency shift in one arm can also be imposed during processing by applying a pro-
gressive phase rotation to the correlation coefficient. This is accomplished in a manner
similar to that described by Bare et al. (1967).

A time delay 7 in one arm of an interferometer creates a phase gradient v+ across the
bandpass. Suppose that a large time delay is imposed so that exactly one cycle of
phase shift is produced over one pulse interval in frequency (see fig. 1). The phase
progresses linearly with frequency across the band and thus, as shown analytically
below, integration over the passband yields the first Fourier component of the pulse
shape. As a function of time, this component goes through one cycle of phase in one
pulse period. Therefore, this component appears at the pulsar repetition frequency F.
Just as a time delay = produces a progressive phase shift in the frequency domain, so
a local oscillator (LO) offset f produces a progressive phase shift in the time domain.
If a LO offset of = —F is imposed, this first Fourier component will appear at
constant phase, i.e., zero frequency, during the observing period. Integration over the
observing period yields sufficient signal-to-noise to observe one component of the
pulse shape. The standard VLBI reduction programs compensate for phase shifts
generated by Earth rotation, and these terms are omitted in the following discussion.

B =330 KHz PHASE

Fic. 1.—This diagram illustrates the pulses from NP 0532 as they cross our system’s 330 kHz
bandpass. A frequency offset, f, causes an instrumental phase rotation of 2= in a period 1/f while
a time delay offset, =, produces a phase rotation of 2= in a frequency interval 1/. Lines of constant
phase are given by ff + v = constant. Thus, the dotted lines of constant instrumental phase are
by appropriate adjustment of f and = made parallel to the pulses.
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If time delay and 1.O frequency shifts of (27, —2F) are imposed, the second Fourier
component of the average pulse shape is determined. Similarly, the higher components
can be found. In this experiment, the first four components were observed.

The method will now be developed analytically. An idealized interferometer is
shown in figure 2. Radiation of amplitude E(v, t) is incident on the two antennas,
having collecting areas 4, and A,, respectively. The signals at the two antennas differ
by a phase ¢(¢) due to the orientation of the baseline with respect to the source, the
path difference through the intervening plasma to the two antennas, and other effects.
When the geometrical phase is removed, a residual phase, ¢,, remains. If a time delay
+ and a frequency offset f are applied to the signal from one of the antennas, then
the two signals F; and E, arriving at the correlator may be written as

Ei(v, 1) oc g, t + 7) exp {i2n[( — vo)(t + 7) + ft + bol}
Eq(v, 1) oc (v, 1) exp {i2n[(v — vo)t ]},

where g(v, t) is a random function of time which describes the variation of signal
amplitude at frequency ». The signals are converted to a video band through multi-
plication by the LO frequency v, as shown in figure 2. They are delayed by a relative
delay 7 = 7" — 7, and offset in frequency through multiplication by Af’ and Af”.
If the geometrical fringe frequency is f;, then f, + Af’" + Af” = f. Due to the delay
offset, the signals are translated in time relative to each other by the delay offset +.
In practice, = & 10~5 sand is very much less than the time interval, (30 Hz) ! ~ 10-25s
over which g(v, t) varies. Thus g(v, t + 7) & g(», t). The flux density of the source is
S@, 1) = gvt)g*(, 1).

Neglecting random noise terms for clarity, the correlator output is E;(vt)E*(v, t)

3z puLsAR

\
—Y /AE \/Rze(m—rg)YF

CONVERSION
TO LF.

[ conversion
TO LF.

L.O. L.O (~

DATA ACQUISITION

DATA PROCESSING
TIME DELAY, t’

OFFSET L.O., Af

LOWPASS
FILTER
OQ—(~) searcH Lo., A"

INTEGRATOR

R {f,T)

F16. 2.—An idealized interferometer consisting of antennas with effective areas 4. and A,,
data recording systems, and data processing systems. 7g is the geometrical time delay and f, is
the geometrical fringe rate. » = = ~ 7,3 f = Af + Af” + f,.
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averaged over a uniform bandpass B and an integration time 7. The system output is
thus

R(; 7) o Pefa)D f f Ey(v, 1)Ey*(v, )dvidt
(Alj“?;) 12 J' fB g(v, 1)g*(v, 1) exp {i277[(v‘— vo)T + ft + dolidvdt
(Al;iB)m f L S@, t) exp {i2z[( — vo)7 + ft + $ol}dvdt . 1)

In analyzing the radiation from the Crab Nebula, we assume that the source flux
S(v, t) may be generated by two components, I, and I,. I; is the steady component and
I, is the pulsating component. Since these components may be positionally distinct,
the signals from each component may arrive at the correlator with different relative
phases, ¢, and ¢, respectively. Therefore,

R(f, 7) o AT f f [LG) exp (12m0s) + Lo, 1) exp (2mboy)]

x exp {i2n[(v — vo)7 + ft]}dvdt . 2

If F is the pulse repetition frequency and 1/G is the pulse spacing in the frequency

domain, then for a given pulse, Ft + Gv = constant (fig. 1). The dispersion is given by
dV Vs

="~ G @

where D = dispersion constant. Over our bandpass dv/dt varies by less than 1 percent.

A more complicated analysis which includes frequency-time curvature due to this

variation as well as other small effects results in conclusions that are identical to those

derived here. The A, are the set of real Fourier coefficients which describe the average
pulse shape,

L, t) = +z°° A, exp [i2en(Ft + Gv) + i2nd,] . @)

Inserting this expression into equation (2), we have

R(f, 7) o f f [L0) exp (i2os) + Ao] exp (2mog) exp [i20(vr — vor + f2)dvelt

+ z f f A, exp [2a(pop + bn + v7 — vor + ft + nFt + nGv)]dv .
B

&)
Suppose that we adjust the +* and Af” in figure 2 such that
r=—NG
and :
f=—NF; N=0, +1, £2,.... ©)

The dispersion constant for NP 0532 is given by Goldstein and James (1969) as
23.575 x 10716 Hz. Combined with an apparent pulse repetition rate of 30.2042 Hz,
we find G = 7.92 us and thus BG ~ (330 kHz)(7.92) ~ 3 > 1. Therefore, each term
for which »n # N involves integration over several cycles of phase of the exponential
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factor and is negligible compared with the n = N term. Thus, for a rectangular band-
pass, with I(v) ~ constant over the passband,

R(0, 0) oc I, exp (i2ndos) + Ay exp (I27¢o,) @)
and
R(—NF, — NG) oc Ay exp [i2m(dep + éy + NGvo)], ®

where R(0, 0) is the nonfluctuating component normally associated with the compact
source. Termsin N = +1, +2, +3, ..., determine the various Fourier components of
the pulse shape of NP 0532. The observed values of R(+ NF, + NG) also contain noise
contributions which are uncorrelated between the + Nth sidebands.

It is now necessary to define what is meant by the terms ‘““‘compact source” and
“pulsar,” and to relate the intensities of these components to the observed quantities.
As illustrated in figure 3, suppose that we observe an object which emits a steady
component plus a pulsating component, with the two not necessarily coincident in the
sky. Then A4, is the average flux of the pulsating component. The total intensity which
would be observed with any system that has a low pass or d.c. responseis I = I + A,.
This is the component which has been called the *‘compact source’ by all observers
(even though I includes A,), since pulsations would have been smeared out by the
large time constants and/or bandwidths employed in “‘compact source” observations.
It would be far better to call [; the ““compact source,” but most observers could not
distinguish between I; and I. To avoid confusion, we will not use the term ‘““compact
source”” and will simply refer to I, I, and A,. The average flux of the pulsating com-
ponent, Ay, is the component which would be observed with a high-pass response and
a sufficiently narrow passband. It is the component normally referred to as the
“pulsar.”

In this experiment, also, we cannot distinguish directly between A4, and I,. The
function R(0, 0) gives us I. However, 4, can be independently evaluated because it can
be related to the sideband intensities 4,, n # 0, which are independently observable.

Rewriting equation (4),

L, 1) = Ao + > {A, exp [i2an(Ft + Gv) + i2u$,]
n=1

+ A_,exp [—i2an(Ft + Gv) + i20¢_,]}.

Ip(v,')

PULSATING

A COMPONENT
0
L
Ig STEADY COMPONENT

o] 1 P=I/F

Fic. 3.—A simple pulse superposed on a steady *“d.c.” bias illustrating the relation of the steady
(Is), and pulsating (1,) intensities to the average pulsating (4,) intensity and the total (/) intensity.
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Since I,(v, t) is real, its spectrum is Hermitian. Thus 4, = 4_,, ¢, = —¢_,, and
L{v,t) = Ay + Z 24, cos 2n[n(Ft + Gv) + ¢,]. ©)
n=1

By definition, I,(v, ) must be zero at some point in its period, P = 1/F. Suppose that
for some (', t"), I(v', t’) = 0. Then

Ao =— > 24, cos 2a[n(Ft’ + Gv') + . (10)
n=1

In these observations we did not independently determine the epoch of the pulses, so
we have no a priori knowledge of (v/, t'). However, from the observed values of
R(+ NF, + NG), N # 0, we can determine the A4, and the [0(FT + Gv) + ¢,] for
some arbitrary (v, t). Since I(v, ¢) > 0,

Ao = — > 24,008 2n[n(Ft + Gv) + ]
n=1

for arbitrary (v, ). We can insert various values of (v, ¢) into this expression until we
find those values, (+', ¢'), which maximize the summation. When that is accomplished,
A, may be found from equation (10) and, since R(0, 0) gives us 7, the flux of the steady
component is found, I, = I — A4,.

It will next be shown that the relative phases of the various components can be
measured to determine the relative positions of the objects which emit them. 7 must
be real. Thus the relative phase of R(0,0) and I is ¢,, the average phase of the 7/
component in the interferometer pattern.

Since I,(v, 7) is real and its spectrum is Hermitian with Ay = A_yand ¢y = —¢_y,
from equation (8) the average phase of R, y and R_y is
bop = oy + by + NGvo) + Hbop — v — NGvo) . 1D

Differences between ¢,, and ¢, would indicate positional shifts in the interferometer
pattern between the I and /,, components. If the compact source and the pulsar are
physically identical, ¢,, will equal ¢,. The radiation generating each component will
follow essentially identical paths through the medium between the source and the
antennas. This method of analysis effectively eliminates practically all effects of
refraction in the interstellar, interplanetary, and ionospheric media. Positional shifts
of less than 0”1 can be determined even though the radiation is refracted irregularly
through angles several orders of magnitude larger than this.

All of the (¢ + NGv,) can obviously be found, and the pulse shapes and epochs
can be derived by summation of the Fourier series for Z,(v, 7).

III. OBSERVATIONAL RESULTS ON TAURUS A

When our method of analysis was applied to the data, many problems arose with
the standard VLBI reduction programs. VLBI reductions do not normally require
that one keep track of phase under time delay and LO offsets. To do this, epochs
must be defined carefully and consistently throughout the reduction programs. For
the pulsar reductions, we utilized the MIT-GSFC reduction program on the IBM
360-91 computer at NASA-Goddard Space Flight Center.

The flux scale was calibrated through observation of 3C 48 and 3C 147. The total
fluxes at 121.6 MHz of these sources were taken to be 68 and 62 f.u., respectively, and
they were assumed to be unresolved. The average correlation coefficient of the [
component of Tau A was 37.4 + 2.5 x 10~*. After correcting for the fact that the
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system noise level was raised by the presence of Tau A in the antenna response pat-
terns, this correlation coefficient corresponds to a flux of 29 + 6 fu. (see fig. 4).

The observations of the sidebands generated by NP 0532 are summarized in table 1.
Unfortunately, with only an 84-foot dish as one end of the interferometer, the signal-
to-noise ratios of the sidebands are marginal. The rms noise level corresponds to a
correlation coefficient of 2.13 x 10~*%. Since the sidebands were only a few times this
noise level, their identification was often doubtful. The output fringe-rate spectrum
was examined within a region of +0.1 Hz centered upon NF, and the time-delay spec-
trum was examined over +4 us in the vicinity of NG. If the largest deflection in these
regions occurred within +0.01 Hz and + 0.5 us of the proper fringe rate and time
delay, it was accepted as ‘‘real” and used in table 1. When no fringes were detected
with this criterion, the true correlation was assumed to be in the range (0-5) x 1074
The amplitudes given for the sidebands are obviously crude, and the missing side-
bands complicate the analyses of the pulse amplitude and shape. The noise level is too
high for accurate measurement, and the sideband deflections are systematically over-
estimated because of random noise contributions. This overestimation occurs because,
by definition, a fringe amplitude less than or equal to zero is impossible. This leads to
a fringe-amplitude probability distribution function which, for weak fringes, follows
a Rice distribution rather than a Gaussian. In the limit of zero correlation, this be-
comes a Rayleigh distribution with a positive, nonzero expectation value. If a correc-
tion is made for this overestimation and the total sideband power, A,, is estimated,
this power equals 65 + 15 percent of the N = 0 flux. If the compact source and the
pulsar are assumed to be distinct, then the spectrum of the I, component must be
exceedingly steep and this component’s flux at 121.6 MHz must be ~ 10 f.u.

S O Pulsar
T ®  Enhanced Flux
O Scintillation
1000+ ® Occultation
% % v Interferometer
|3"é,..% v This Paper

100}

latveenko Source |
2y 24

%
o} %
f o
\Bulsar

I+ ﬁ: 30"T

FLUX UNITS

L !
10 100 1000
MHz

FiG. 4—The spectra of the small components of Tau A. The spectrum of NP 0532 given by
Rankin ef al. (1970) is shown by the dashed line. A spectrum with an index of —2.5 fits all of the
data concerning the ~ 1”7 source reasonably well. Matveenko’s Source I must be resolved by long-
baseline interferometer and interplanetary-scintillation techniques.



TABLE 1
AMPLITUDES AND PHASES OF THE SIDEBANDS GENERATED BY NP 0532

Average Phase of Sideband

I Correlation Relative to N = 0
Time  Coefficient
Date wn x 10 Ay + AT (Ao + A_)T (As + A_)T (As + A_D/I +1 Cx2 Remarks
1970 Jan 10.. 0305 38.0 0.50 0.19-0.32 0-0.26 0-0.26 -+ 3493 e
0328 31.1 0.57 0.37 0.15-0.31 0.14-0.30 +51.2 +13%6
0410  23.3 0.50 0.29-0.51 0.35 0.42 +18.6 .
1970 Jan 11.. 0305  40.7 0.49 0.48 0.15-0.27 0.14-0.26 —16.8 -9.0
0405  31.5 0.49 0-0.32 0-0.32 0-0.32 —-22.3 .
1970 Jan 12.. 0300 42.3 e . e . - . Interference
0325 447 0.51 0.20-0.32 0-0.22 0.15-0.26 —10 e
0400 41.7 0.48 0.38 0.10-0.20 0-0.20 +3.8 +25.6
Average
(min-max) . 374 &+ 2.5 0.51 (0.26-0.39) (0.11-0.27) (0.12-0.29) +8%4 +10°1
Mean..... 374 + 2.5 0.51 0.32 19 0.21 +8%9 4+ 722 ..

Nore.—The phases are given only when both sidebands were present. The N = +3 and +4 sidebands were too weak for reliable phase
determinations. When a range of amplitudes is specified, one or both pulsar sidebands were not detected, and the range is indicative of the
possible amplitudes of the undetected sidebands.
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The relative phases of the sidebands and the N = 0 component are shown in table 1
to agree to 8°9 + 7°2. The rather large scatter in the relative phases is consistent with
the poor signal-to-noise ratios, and the small disagreement in phase is probably not
significant. Therefore, the / component agrees in position with the 4, component to
an accuracy of (829/360°) x 272 ~ 0705.

Gower (1967) has shown that the position of the compact source agrees with that of
the pulsar to an accuracy of 10" E-W and 1’ N-S. Matveenko and Pynzar (1969) find
that they agree to +7” E-W. Our measurement tightens the E-W agreement to about
+071. Of course, our data would allow a few ambiguities at the 2”2 fringe spacing.
The absence of phase residuals that are systematic in hour angle indicates that the
components are coincident in declination to a few seconds of arc.

The observations were spaced at roughly 30™ intervals. It does not appear possible
to average the sideband signals coherently over these long intervals to increase the
signal-to-noise ratio. For better accuracy, it will be necessary to employ larger tele-
scopes, wider bandwidths, and/or longer integration times.

Cronyn (1970a, b) and Rankin ef al. (1970) have asserted that the compact source
and NP 0532 are identical and that below 100 MHz the pulses are scattered and de-
layed in the interstellar medium by more than one period to form the compact source.
Our experiment confirms this assertion, and our observations of the fluxes of the
fluctuating and steady components at 121.6 MHz agree with Cronyn’s calculation.

Considerable confusion concerning the spectrum of the compact source has existed.
This is caused by the fact that the Crab Nebula apparently contains several localized
sources with various angular diameters and spectra (Matveenko 1968a, b; Wilson
1971). Occultation observations and moderate-baseline interferometer observations
indicate a localized source with a spectral index =~ —1.2 (Minkowski 1968); this is
probably Matveenko’s Source I. It must have an angular diameter of at least a few
seconds of arc and be resolved by long-baseline interferometer and interplanetary-
scintillation techniques. Determinations of the position of the scintillating source
have ruled out its coincidence with Source I which is located =~ 1’ southeast of the
pulsar (Matveenko 1968b). The spectral index of — 1.2 for the compact source seems
to have arisen because of a confusion between Source I and the small angular diameter
(< 1") source associated with the pulsar. The interpretation of enhancements of the
spectrum of Tau A in the 10-20 MHz range (Bridle 1970; Braude et al. 1969; Clark
1967) will be uncertain until the structure of the source region is determined.

Our observation proves that the Crab Nebula contains no source with dimensions
<17 and flux greater than x 30 f.u. at 121.6 MHz. The source that we observed agrees
with the pulsar NP 0532 both in position and in flux. This source must be the same
object that is observed by the interplanetary-scintillation methods (Matveenko and
Pynzar 1969; Cronyn 1970a; Bell and Hewish 1967; Gower 1967; Antonova, Panajian,
and Pynzar 1971) and by long-baseline interferometry at 38 MHz (Slee and Wraith
1967) since these techniques would discriminate against a larger-angular-diameter
object. From figure 4 we see that the spectral index of the small-angular-diameter
component associated with the pulsar is about —2.5 from 26.3 to 121.6 MHz. This
agrees with the spectral index of NP 0532 above 100 MHz for which Rankin et al.
(1970) give 2.9 + 0.4. Some curvature in the spectrum may exist. This spectrum also
fits the enhanced low-frequency flux estimates given by Bridle (1970), but, as noted
above, no certain identification of the 10-20 MHz source can yet be made.

The electromagnetic spectrum of the nebula and the pulsar are shown in figure 5.
We have shown that there is very little continuum radiation associated with NP 0532.
Our estimated »~2-° spectrum of the total emission from the pulsar disagrees violently
with its optical and X-ray spectra. The pulsar flux rises sharply in the radio region and
has a second broad peak in the optical or ultraviolet range.

Simultaneous observations over long and short baselines should prove interesting.
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F1G. 5.—The electromagnetic spectrum of the Crab Nebula and the pulsar NP 0532

Even when most of the flux has been scattered by the interstellar medium to form a
nonfluctuating compact source of moderate angular size, a smaller-angular-diameter
fluctuating source should still be observable. The radiation which follows a nearly
direct path from the source to the observer will appear in a small-angular-diameter
component; it should undergo less excess multipath delay in the interstellar medium
than the larger-angle component. Therefore, measurements of the modification of
pulse shapes by the interstellar medium should be possible by observing the correlated
signals over long and short baselines.

IV. OTHER SOURCE OBSERVATIONS

Our results on other sources are summarized in table 2. The ratio of the total fluxes
of 3C 48 and 3C 147 at 121.6 MHz are essentially equal to the ratio of their correla-
tion coefficients. Therefore, these sources were assumed to have unit visibility and were
used to establish the constant of proportionality between correlation and flux after
normalization by the single-dish antenna temperatures. The antenna temperatures are
variable since they contain the total flux from the sources plus the galactic background.
These data were processed on the NRAO 360-50 computer.

TABLE 2

THE UNRESOLVED FLUXES AND APPROXIMATE VISIBILITIES OF SEVERAL SOURCES
OBSERVED AT 121.6 MHz witH A 92,000 A INTERFEROMETER

Assumed Number of Approximate
Source Total Flux Unresolved Flux Observations Visibility
(fu)
3C48. i 68 + 5 68 + 6 2 Assumed 1.0
3C84. . e 95 6+ 2 3 0.06
3C 144 (Tau A)......... 1,560 29 £ 6 9 0.02
3C147. oo 62+ 5 62 + 7 9 Assumed 1.0
3C273.0 i 74 12 +£ 5 3 0.16
3C274 (Vir A)....... ... 1,400 7+4 4 0.005
3C298.... 73 30+ 5 3 0.4
3C405 (Cyg A).een ... 12,600 <15 2 <0.002
59 32 14 + 4 3 0.44
3C461 (Cas A)......... 15,500 <20 3 <0.002
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Each source will be discussed individually below.

a) 3C 48

There is no evidence that this source should be resolved at 92,000 A, and it is the
primary calibrator of our flux scale. Anderson and Donaldson (1967) find that it is
0735 by <0723 at 408 MHz. The source was unresolved at 158 MHz by Allen et al.
(1962) and at 38 MHz by Slee and Wraith (1967).

b) 3C 84

The compact source, 3C 84A has been separated into three components with angular
sizes ~ 07001, 071, and 5’ by Ryle and Windram (1968). We have apparently observed
the second component, and this is also the B component for which Clarke ez al. (1969)
find a flux of 11 fu. at 448 MHz. This component is apparently undergoing self-
absorbtion in the 100-400 MHz range, and its spectral index in this frequency range
is about +0.5. The spectrum of 3C 84 is shown in figure 6.

¢) 3C 147

Anderson and Donaldson (1967) give dimensions of 0752 by <0721 for this object
at 408 MHz. As seen from table 2, a flux scale derived from the assumption that
3C 147 is unresolved by our 2”2 fringes agrees excellently with a scale using 3C 48 as a
calibrator. Therefore, we assume that 3C 147 is unresolved in spite of the fact that
Allen et al. (1962) give a fringe visibility of only 0.5 at 61,000 A for this source at 158
MHz. This present results would also seem to agree with the complex source structure
at scales <071 found by Donaldson and Smith (1971) at 1422 and 2694 MHz.
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Fi1G. 6.—The fluxes of the small-angular-diameter components of 3C 84 and 3C 273B at 121.6
MHz compared with those given by Kellermann and Pauliny-Toth (1969).
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d) 3C 273

The A component of this source (Bailey et al. 1964) is probably well resolved by
our interferometer, and we are observing the B component discussed by Kellermann
et al. (1968). The spectrum of this component is shown in figure 6. Assuming that this
is the same component that Clarke ef al. (1969) observed at 448 MHz, its spectrum is
practically flat in the 100-500 MHz range. Remnants of the complex structure ob-
served at 408 MHz by Anderson and Donaldson (1967) may make a simple interpreta-
tion of our observation impossible.

e) 3C 274 (Virgo A)

We are apparently observing the ““jet” component of Vir A for which Donaldson,
Miley, and Palmer (1971) give a flux of x~2.5f.u. at 1422 MHz. Combining our ob-
servations with those of Allen ef al. (1962), Vir A appears to have a constant visibility
of about 0.005 over baselines from 9700 A to 92,200 A. These observations agree with
the model suggested by Graham (1970). The small nuclear component is probably
weak at our frequency.

f) 3C 298

We find a visibility of 0.4 for this source while at 158 MHz Allen et al. (1962) give
0.1 at 61,100 A and 0.6 at 32,000 A. It is tempting to combine the data since both base-
lines are oriented nearly E-W. If the visibility function has a null near 61,100 A and
then rises again, a double-source model with a component separation of ~ 176 would
fit the data. Anderson and Donaldson (1967) interpret their 408-MHz data as indicat-
ing a double source with components separated by 1?2 at a position angle of 78°.

g) 3C 405 (Cygnus A)

The high system-noise level produced by Cyg A prevents the detection of weak
fringes. We confirm the suggestion of Miley and Wade (1971) that the fine structure in
Cyg A has a low-frequency cutoff.

H) 3C 459

This faint N galaxy (Wyndham 1966) apparently has structure on the 1” scale. Our
results agree with Allen ez al. (1962). Smaller-scale structure does not appear to have
been observed.

i) 3C 461 (Cassiopeia A)
We find no evidence of fine structure in Cas A.

V. TECHNICAL RESULTS

As shown in figure 7, the short-term phase stability of our fringes is excellent. At
121.6 MHz, some 6 pus of excess group delay may be encountered by a wave as it
traverses the ionosphere, yet the relative phases of the waves at the two antennas are
stable to a small fraction of a nanosecond. Essentially no difference in the phase
stability was found for daytime, early-evening, or late-night observations.

The bandwidth of the VLBI terminal yields a coherence time ~3 us. Under ideal
conditions, this allows determination of the point of maximum coherence between the
two signals arriving at the antennas to an accuracy of a few hundred nanoseconds. To
this accuracy, the point of maximum coherence was stable and independent of local
time. No differential ionospheric delays were observed over our 230-km baseline.
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SECONDS

Fic. 7.—Examples of the residual phase stability achieved during 160-s VLBI observations at
121.6 MHz. Each point represents a 10-s integration.
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Abstract—The application of very-long baseline interferometry
(VLBI) techniques at meter and decameter wavelengths has proven
to be a unique tool for studying a number of different phenomena.
Because of the high angular resolution which we achieve with
VLBI, candidate objects for study include the compact nuclei and
‘jets” associated with quasars and radio galaxies, pulsars, small
knots in galactic supernova remnants, and nonthermal planetary
sources. Our investigations have been aimed at determining the
emission spectra of these objects, measuring their apparent angular
size, and mapping their structure. We expect that these properties
will be interrelated, particularly at or below the frequencies at which
their spectra peak. As various components of a radio source become
self-absorbed the apparent angular structure must change quite
radically. Concomitant investigations of transmission properties of
the various media which intervene between the source and the
observer must be carried out. Often these investigations of the
interstellar, interplanetary, and ionospheric media are as interesting
as the study of the radio sources themselves.
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J. INTRODUCTION
THE very-long baseline interferometry (VLBI) obser-

vations reported here are among the more sensitive

measurements of discrete radio sources which have
been made at long wavelengths. This high sensitivity is due
to a number of factors. The large “dc” signal due to the
galactic background and the “ac” confusion noise due, pri-
marily, to structure in the background, are suppressed since
they arise from regions larger than the fringe spacing; the
coarsest fringes of any experiment reported herein are ~20".
Since the VLLBI sensitivity is set by the achievable bandwidth,
integration time, and telescope collecting area, rather than
by confusion, it behooves us to maximize each of these
quantities. The maximum bandwidth we have been able to
employ is about 1 MHz, but more typically about 300 kHz,
as dictated by terrestrial interference. The ionospheric phase
stability has been found to limit our coherent integration
time to about 50-200 s. The limits on these two parameters
have caused us to use the NRAO Mark I VLBI recording
systems [1] which record digital clipped data at a rate of 720
kb/s on conventional computer tape. At this recording rate a
roll of tape holds about 3 min of data. The meter-wavelength
experiments have utilized large-dish telecopes such as the
1000’ Arecibo, 300’ NRAO, and 150’ NRL instruments, while
the 26.3-MHz observations were made with large (10* m?
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TABLE 1
THE LoNG WAVELENGTH VL.B] EXPERIMENTS

Experiment Frequency Telescope
Number Dates (MHz) Stations and Location Size and Type
1 Jan. 70 121.6 NRAO, Green Bank, W, Va. 300’ dish
NRL, Maryland Point, Md. 84’ dish

2 Aug. 70 26.3 NOAA, Boulder, Colo. {104 m?
NOAA, Haswell, Colo. larrays

3 Mar. 71 144.5 and 114.5 NRL, Sugar Grove, W. Va, 150’ dish
U.of Ill,, Vermillion River Observ. (VRO) 120/ dish
Caltech, Gwens Valley Observ. (OVRO) 130’ dish

4 Aug. 71 26.3 (same as 2) +Ames, Iowa (same as 2)

5 Nov. 71-Mar. 72 (5 separate runs) 196.5 and 111.5 NRAOQO, Green Bank, W. Va. 300’ dish
NRL, Sugar Grove, W. Va. 150’ dish
Cornell, Arecibo, P. R. 1000’ dish

6 Dec. 72 and Mar. 73 111.5 and 73.8 (same as 5) (same as 5)

HASWELL,

LONG WAVELENGTH VLBI
1970-1973

Fig. 1. The baselines utilized in the various long wavelength VLBI
experiments. The numbers on the baselines refer to entries in Table I.

collecting area) phased arrays. With these instruments we
have been able to achieve sensitivities of 1-10 flux units (fu)
(1 fu=1072 W-m~2 Hz™') on each 3-min tape.

Although the primary beamwidths of the telescopes are
necessarily large at these long wavelengths, a small region of
sky within the primary beamwidths can be isolated by ac-
cepting only those signals which have a proper interferometer
fringe frequency and time delay. By reprocessing the original
data tapes, the signals from various points within the pri-
mary beamwidth of the telescope can be measured.

Since January 1970, groups with which the authors are
affiliated have performed a series of six successful experi-
ments utilizing a number of different telescopes and involving
a large number of participants from the various observa-
tories. These six sessions are summarized in Table I and Fig.
1. In addition to the authors, those who have been most
intimately involved in the planning and organization of these
experiments have included J. J. Broderick, W. M. Cronyn,
S. H. Knowles, S. D. Shawhan, G. M. Resch, and N. R.
Vandenberg. Many others, too numerous to name, have been
involved. In addition to our efforts at these wavelengths,
we should also note that the Jodrell Bank RF link inter-
ferometer has been used at 38 and 158 MHz with baselines
up to 127 km [2], [3]. The Canadian VLBI team has carried

out a number of successful 2000-6000-km experiments at 408
MHz [4]. Several groups, including ones at the University
of Florida and at the University of Colorado have used
VLBI techniques at decameter wavelengths to observe
Jupiter.

II. VLBI OBSErRvATIONS WITHIN THE SOLAR SYSTEM

Jupiter’s decametric radiation arises from a small diameter
source. The Jovian decametric radiation has been detected
at several frequencies in the 18-24-MHz range by various
groups [3], [6] and by us at 26.3 MHz. The radiation seems
to arise from a source which is unresolved on all baselines
employed and, hence, appears smaller than about 0”.1. An
alternative explanation is that the emission mechanism is
phase coherent and antenna-like. If this is’the case, the
emission would seem to come from a single point regardless
of the physical size of the aperture. We have unsuccessfully
attempted to detect small diameter sources on the sun, but
we would expect such sources to be heavily scattered by the
solar corona. Scattering associated with irregularities in the
solar wind has been observed on signals from sources outside
the solar system.

III. VLBI OBsERVATIONS OF GALACTIC OBJECTS

The most intensively studied object has been the small
angular diameter component of the Crab Nebula. It generally
provides the largest unresolved flux at the longer baselines
and it is of great intrinsic interest. The dispersion of the Crab
Nebula pulsar is so large that several pulses are in the pass-
band of the system simultaneously. For observing this pulsar,
a novel method of coherently dedispersing the pulses was de-
veloped [7]. The two data tapes are displaced in such a
fashion that the instrumental dispersion of the interferometer
compensates for the dispersion in the interstellar medium. In
this fashion both the steady and the pulsating components of
the small angular diameter source in the Crab Nebula have
been observed. Here we find that the steady and pulsating
components are identical in position to an accuracy of about
07.01. Therefore, the physical association of the low-frequency
compact source with the pulsar is confirmed. The apparent
angular size of the source is consistent with that to be ex-
pected for a point source that has undergone scattering in the
interstellar medium. In Table II our measurements of the



1232

TABLE II

THE APPARENT ANGULAR SIZE OF THE SMALL COMPONENT IN THE
CrAB NEBULA AS MEASURED BY VLBI TECHNIQUES

PROCEEDINGS OF THE IEEE, SEPTEMBER 1973

TABLE 1II1

EXAMPLES OF THE RESULTS OBTAINED ON
THE ARECIBO-NRAOQO BASELINE

Interstellar

Scattering
Frequency Apparent Angular Size  (seconds
Baseline (MHz) (seconds of arc) of arc)
Sugar Grove-NRAO 196.5 <0.04 0.03
Arecibo
Sugar Grove-VRO 144.5 0.055+0.01 0.05
OVKO
Sugar Grove-NRAO 111.5 0.07+0.01 0.08
Arecibo
Boulder—-Haswell 26.3 ~1-2 1.45

Ames

Note: A Gaussian brightness distribution is assumed. The interstellar
scattering sizes are those predicted by Harris et_al, [8 Jassuming a distance
of 2000 parsecs to the Crab Nebula.

apparent angular size are compared with the predictions based
on interstellar scattering by Harris, Zeissig, and Lovelace
[8]. The data in Table II are in good agreement with the
angular sizes expected from interstellar scattering and are at
least consistent with the expected wavelength-squared de-
pendence of the scattering.

More detailed observations lead to a number of intriguing
results [9]. The total flux from the small angular diameter
component appears to remain constant while the ratio be-
tween the pulsating and steady fluxes varies by factors of 2
over periods of 1 h. This would indicate that the power out-
put of the pulsar is constant while the multipath scattering
that produces the steady component is highly time variable.
The pulsating component displays strong linear polarization

while the steady component is unpolarized. If the depolariza-

tion of the steady component resulted from differential Fara-
day rotation around multiple paths through the interstellar
medium, impossible electron densities and magnetic fields
would be required. This indicates that the multipath scat-
tering that presumably smears out the pulsations and pro-
duces the steady component occurs near the pulsar, probably
well within the nebula. Finally, the pulse profiles under high
and low angular resolutions are remarkably similar. If multi-
path time delays in the interstellar medium smeared out the
pulses to produce the steady component, one would expect
the pulse profile to be resolution-dependent. Under high
resolution the scattered component should be partly elimi-
nated and the pulse profile should sharpen. These observa-
tions indicate that the source distribution is certainly time-
and polarization-dependent. The assumption of a Gaussian
brightness distribution in Table II is an oversimplification
and the agreement between our data and simple model of in-
terstellar scattering is probably quite fortuitous.

A number of other pulsars have been observed. They are
nearby and of low dispersion so they have undergone little
interstellar scattering. They all appear to be point sources to
the limit of our resolution. Small angular diameter compo-
nents in several supernova remnants, including Cas-A
(3C461) and Tycho (3C10), have been found at 26.3, 73.8,
and 111.5 MHz. We have not yet shown that any of these
are central sources like the small angular component in the
Crab Nebula. They seem to be an accumulation of sharp
edges and knots in a complex distribution quite similar to that
seen at centimeter wavelengths.

111.5 MHz 196.5 MHz
Approx- Approx-
imate imate
Unresolved Total Unresolved Total Optical

Source Flux Flux (fu) Flux Flux (fu) ID
0106401 2.4 5 Quasar
0C328 2.8 2 1.0 2.5
3C48 5.5 67 ~1 5.3 Quasar
3C49 4.5 13 .8 10
NRAO 91 3.0 6.5 2.4 6.0
CTA 21 2.5 6.3
3C120 1.7 8.5 Seyfert Galaxy
3C138 1.1 18 Quasar
0736+01 1.1 3 1.2 3 Quasar
1055401 2.8 3 2.7 4.7 Quasar
1148 —00 2.5 2 2.1 2.6 Quasar
3C2738B ~5 140 ~8 70 Quasar
3C274 0.8 1580 0.6 988 Elliptical Galaxy
3C287 17.8 20 8 16 Quasar
3C286 29.2 28 24.9 26 Quasar
1345+12 3.3 3 (19 6.7 4 (14) Spiral Galaxy
3C298 4.4 60 2.8 50 N Galaxy
3C459 1.4 35 1 20 N Galaxy

Note: The values of unresolved flux are based upon measured aperture
efficiencies, and the cases where the unresolved flux exceeds the estimated
total flux are simply caused by small measurement errors. The apparently
unresolved sources, 1148 — 00, 3C286, 3C287, and 1345412, are all above
55° galactic latitude.

IV. VLBI OBSERVATIONS OF EXTRAGALACTIC SOURCES

About 100 compact extragalactic sources have been ob-
served during the various meter-wavelength experiments and
about 25 have been detected at 26.3 MHz. One of the main
goals of these observations has been to use these sources as
probes of the interplanetary, interstellar, and possibly inter-
galactic ionized media by studying the variation of apparent
angular sizes with solar elongation, galactic latitude, fre-
quency, and distance. If the scattering effects can be sep-
arated, then we can also hope to gain additional data on the
variation of intrinsic source size and structure with frequency.
Although these analyses are still in progress, we find that
sources near the galactic pole appear smaller than those near
the galactic plane, and find evidence for the wavelength
squared dependence of the scattering.

The angular resolution obtained on even a single baseline
obviously varies with frequency. Therefore, each experiment
listed in Table I yields a different angular resolution, and at
the present time the intrinsic and scattering effects are still
being separated. In Table III we present some examples of
the data. One can see that most sources are heavily resolved,
but that fringe visibilities increase at the higher frequencies
as would be expected if the apparent angular size is mostly a
result of scattering.

Another major goal has been to utilize the shorter base-
lines, in particular the 50-km baseline between Green Bank
and Sugar Grove, to provide just enough angular resolution
to filter out the larger components (such as haloes) and per-
mit us to measure the fluxes of the nuclear components and
“jets” in these objects. If small diameter sources radiate by
the synchrotron process, we should observe a peak in their
power spectrum at a frequency which is a function of the
size of the source and physical properties within the source;
many sources are known to have such peaksin the 0.5-10-GHz
region. At frequencies below this synchrotron self-absorption
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cutoff, simple models would predict a power low spectrum
proportional to ft2% The shorter baseline experiments at
73.8, 111.5, and 196.5 MHz have made use of the excellent
sensitivity and suppression of large angular features to test
such models. These data are also still being analyzed but very
few, if any, of the sources fit the simple model. One possible
interpretation of this discrepancy is that the sources do not
consist of a single small diameter component, but rather of
a series of more-or-less concentric shell components showing
evidence of earlier nuclear activity and subsequent expansion

V. CoNCLUSION

VLBI techniques find a number of applications at meter
wavelengths. Since scattering in the interplanetary medium
is known to bias the data, we have planned most of our ob-
servations in the antisolar direction. Scattering in the inter-
stellar medium complicates the observation of intrinsic
source properties and vice-versa. In the immediate future we
will be concerned with analyzing and interpreting the data we
have acquired. Once we have a firm understanding of inter-
stellar scattering phenomena and intrinsic source structure in
this wavelength region, it will be interesting to turn our at-
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tention to interplanetary scattering and to study the phase
fluctuations impressed by the interplanetary medium at
various baseline lengths and solar elongation angles.
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The log-periodic array at the Clark Lake Radio Observatory
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A log-periodic array, three km in length, is operating at Clark Lake Radio Observatory. It
makes one-dimensional sweeps of the solar brightness distribution in the frequency range 20
to 65 MHz once per sec. The phasing of the array and the receiving system are described, as
well as how the dynamic spectra are analyzed for the positions of solar radio sources. Simul-
taneous measurements at many frequencies enable the observer to remove the effects of
fonospheric refraction and to obtain fundamental positions to an accuracy of about one arc
min at decametric wavelengths. Fundamental positions are given for Cassiopeia A.

INTRODUCTION

In order to obtain decametric wavelength observa-
tions, a swept frequency array [Sheridan, 1963;
Begovich, 1966] has been designed, constructed, and
is now in operation at the Clark Lake Radioc Ob-
servatory near Borrego Springs, California. In all
phases, this is a cooperative program between the
Laboratory for Extraterrestrial Physics at NASA
Goddard Space Flight Center and the Astronomy
Program at the University of Maryland. The array
was designed to be a useful solar instrument in its
own right, and also to provide decametric observa-
tions of the positions of solar emission regions to
complement hectometric observations made from
satellites.

The observing frequency of the array is swept from
20 to 60 MHz once per sec, This causes the array’s
response pattern to be swept many times across the
sun to determine one-dimensional brightness dis-
tributions and positions of solar emission regions.
The time evolution of solar bursis may thus be
studied in both angular and frequency coordinates.
Data concerning the brightness distributions and
positions of solar emission regions are being obtained
each day between 16 and 24 hr UT. The data are
being analyzed both at the University of Maryland
and at Goddard Space Flight Center [Kundu et al.,
1970; Kuiper and Pasachoff, 1973]. At the former
the analysis emphasizes the study of the radio sun at
decametric wavelengths and at the latter the analysis

Copyright © 1973 by the American Geophysical Union.

emphasizes the complementary aspects of decametric
and hectometric emission.

THE ANTENNAS

The antennas are equatorially-mounted log-peri-
odic elements identical to those built at Stanford
University by Howard [1965] (Figure 1). The pri-
mary beamwidth of each element is 60° in both the
E and H plancs, and each element gives a gain of 9
db with respect to an isotropic radiator. Each ele-
ment is fed at its apex and presents a 450-ohm
balanced impedance with a VSWR of less than 2 to
1 over the frequency range from 20 to 65 MHz. A
wide-band balun is placed at the apex to match this
impedance to a 50-ohm coaxial cable and a pair of
General Electric IN916 dicdes are soldered across
the balanced antenna terminals to protect the system
from excessive signal levels,

The equatorial mounts have polar axes which can
be driven electrically in increments of 4° under con-
trol from the observatory. Because of the large
amount of maintenance required for the tracking sys-
tem, it is not normally used with the wide beam-
width of the elements, This does not seriously detract
from the normal operation. For special observations,
however, tracking is accomplished by stepping in
rapid -succession. Declination adjustment is accom-
plished manually.

THE ARRAY

Sixteen antennas arc spaced at equal intervals of
220 m on an cast-west bascline (Figures 2, 3). Con-
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sequently the voltage pattern is given by the Fraun-
hofer diffraction pattern of a 16-slit grating [Kraus,
1966},

E() = sin (nf/2)/n sin (Y/2) 0
¥ = 2rl/N)sin 8 + 8
where
no= 16,
! = average antenna separation, 220.000 £ .003 m,

6 = complemént of the angle between the inter-
ferometer axis and the radius vector in the
direction of radiation (the “interferometer

angle”),
3300m .
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Fig. 2. Schematic of the log-periodic array and its feed
system,
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A = ¢ff, { = frequency at which the antenna is
being operated,
& = progressive phase difference between antennas.

The paitern has nulls when the numerator of equa-
tion 1 is zero, that is, when 16y = 2xk, except when
k is a multiple of sixteen. In that case, the denomina-~
tor is also zero, and E(y) achieves a maximum value
of unity.

In a conventional grating array the observing fre-
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quency, f, is fixed. Equation 1 then gives the voltage
pattern as a function of the angular coordinate, 6. If
we decrease the observing frequency (increase the
wavelength), the diffraction pattern will broaden; the
fringes will move away from the white-light fringe
and become correspondingly fatter. Thus, by smoothly
altering the observing frequency, we can sweep a
fringe (or several adjacent fringes) across a source
which we want to observe.

There is another way to look at the operation of
this array. Equation 1 achieves a maximum when-
ever

{I/X)sin 6 + (8/27) = k k=
In conventional arrays, A is kept fixed. The earth’s
rotation moves the antenna pattern across the celes-
tial sphere and the telescope shows a maximum re-
sponse whenever the interferometer angle of the
source, 6, is such that equation 2 js satisfied. This
scanning process is far too slow for the highly
transient solar events, so for rapid scanning we alter
A. By noting the wavelengths at which the response
of the array is maximized, we can deduce the posi-
tion, 6, of the source.
From (2) it is easily shown that the beamspacing
and beamwidth are given by

AB = N/lcos 6 3)
and

80 = X/161 cos 6 4)

respectively. Near transit, § ~ 0°, so that at 20 MHz
Af =~ 4° and 80 ~ 15 arc min; at 60 MHz, A ~ 1.3°
and 80 ~ 5 arc min. The spacing of the fringes is
such that the position of a solar radio burst can be
unambiguously identified.

ARRAY FEED SYSTEM

The array is fed from the western end of an east-
west, open-wire, {raveling-wave transmission line 3.3
km in length (Figure 2). The line is built of two
strands of 1/4-in. diameter copperweld wire at 6-in.
spacing, giving a characteristic impedance of 470
ohm. These wires are placed under approximately
1,000 b tension and arc fixed mechanically to the
earth at each end, thus minimizing the thermal varia-
tion of the length of the line since variations in
temperature cause only a change in tension, not
physical length. They are supported by 1/4-in.
phenolic hangers at random intervals of about 35 m.
After preamplification, the signals are lightly coupled

integer Q) -
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to this transmission line by means of directional
couplers [Oliver, 1954]. The attachment points for
the couplers were determined through SWR measure-
ments with the east end of the feed line short-circuited.
Two measurements, made independently several
months apart, agreed within 6 cm at each coup-
ling point. The velocity factor of the line is 0.99932
=+ 0.00003 with respect to free space. The spac-
ing of the coupling points, ;.. was found to be
0.999%415 = 0.000003 of the antenna separation, I.
Consequently the increment of phase introduced be-
tween antennas by the transmission line is

line = (0.9999415 -+ 0.000003)/
Arine = (0.99932 4 0.00003)A
and thus equation 2 takes the form

sin 6 - (1.00062 &4 0.00003) = &N/l &k =

5 = 27rllin¢/kline

intéger
&)
The effect of the velocity factor of the transmission
line is to shift the antenna pattern eastward by
(2.14" % 0.1) cos 6 with respect to the pattern ex-
pected for a velocity factor of unity and a coupler
spacing of exactly 220 m.
In order to find the frequency differcice between
fringes centered on the same angle, 6, we differentiate
(5) and find that for Ak = 1

Af = ¢/I(sin 6 4 1.00062) (6)

The ratio ¢/ = 1.362695.

One property of the transmission line which is not
understood is that the attenuation of the line is
proportional to frequency, rather than f*/?, in spite of
the fact that dielectric losses are negligible [King
et al., 1965]. The degree of coupling at each antenna
was adjusted so that each antenna delivers approxi-
mately equal power at the line amplifier (Figure 2)
in spite of the attenuation on the line. This cannot be
achieved exactly for all frequencies so the coupling
was designed to achieve uniform illumination at 35
MHz. The illumination deviates from uniform by less
than 25% at 20 or 60 MHz,

A serious problem in decametric observations at
our site are very strong shortwave broadcast signals
in the 19, 25, and 31 m bands. Intermodulation of
these signals in the preamplifiers must be avoided.
Accordingly, the preamplifiers were chosen for their
high linearity, and they incorporate filters to at-
tenuate signals outside the frequency range of 20 to
60 MHz. They have a measured noise temperature of
950 K. After preamplification, coupling losses, and
line losses, each antenna delivers 450 to 500 K of
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noise power at the west end of the transmission line.
Thus, a total noise power at 7000 to 8000 K from all
sixteen antennas is delivered to the amplifier at the
end of the line, This amplifier also has a noise tem-
perature of 950 K and thus contributes 13 to 14%
to the total noise. The gain in this amplifier exceeds
subsequent losses in the transmission to the observa-
tory by 8 to 13 db, depending on the frequency. The
signal level at this point is so high that no further
degradation of the noise figure occurs.

We should note that any deviation from uniform
aperture illumination does not affect the pointing of
the antenna, but only the resolution and side-lobe
level. If the phases have been accurately adjusted,
then the aperture illumination of the array is purely
real, except for the lincar phase gradient which
affects only the pointing of the beam. The voltage
pattern, the Fourier transform of the aperture illumi-
nation, is therefore Hermitian and the power pattern
is consequently symmetrical [Bracewell, 1965]. Any
variation in the illumination, which might be caused
by gain variations in the preamplifiers or changes in
the coupling coefficients, will affect the beam in a
symmetrical way and have no serious influence on
determinations of source positions.

ELECTRONICS SYSTEM

Figure 3 is a schematic diagram of the receiving
system. The galactic background temperature varies
approximately as /% across our operating band. In
addition, transmission line attenuation increases with
frequency. These effects result in a decreasc of nearly
20 db in output noise level from 20 to 60 MHz. This
is undesirable because it greatly reduces the dynamic
range of solar signals which can be accommodated
by the detectors and recording apparatus. There-
fore, a slope filter is introduced which attenuates the
low frequency portion of the band and results in an
approximately uniform noise level. It also weakens
the strong signals below 20 MHz which tend to cause
intermodulation. The slope filter overcompensates
slightly for the fact that the collecting area of the
constant gain log-periodic elements varies as f-2, Thus
a source of constant flux will result in an output
deflection which is slightly larger at 60 MHz than at
20 MHz.

One-MHz frequency calibration markers are in-
jected into the system for a brief period every six
min. The antenna is disconnected during the retrace
of the sweep receiver in order to separate the sweeps
clearly. This facilitates digital processing of the data.

In addition to the part of the system shown, a
variety of other systems is available. For a two-
year period ending September 1971, four additional
spectrum analyzers swept each 10-MHz segment of
the 20 to 60 MHz range four times.per sec. These
analyzers are now devoted to new arrays.

Signal path lengths through various elements of
the array differ by as much as 6600 m and these
differences depend upon the position of the source.
The coherence bandwidth of the array is therefore
narrow and dependent upon source position. In order
to insure coherence at all positions, a receiver band-

_width of 10 kHz is employed. This does result in

somewhat less than optimum sensitivity, but the
narrow bandwidth has the advantage of discriminat-
ing against terrestrial interference. The effective in-
tegration time can be computed from the frequency
sweep rate.

For the purpose of determining the total solar
flux without the angular resolution of the array, one
additional receiver records the signal received by a
single element.

RECORDING AND DISPLAY OF SIGNAL

‘The output trom the receiver is amplified, and the
baseline adjusted as required. The signal is then re-
corded on an FM analog tape recorder which has
a bandwidth of approximately 1-1/2 kHz at 1-7/8
in. sec™* recording speed. The Fourier transform of
such a frequency response is a function in the time
domain having a width of approximately 0.4 msec.
Since the receiver is sweeping at a rate of about 50
MHz sec™, this corresponds to an RF bandwidth of
20kHz. Only late in the afternoon when the co-
herence bandwidth is very narrow in frequency will
there be a broadening of the fringes due to the band-
width limitation of the tape recorder.

One channel of the tape records a 60-Hz refer-
ence signal from the observatory’s frequency stan-
dard. Tt also contains timing information. This chan-
nel is used to synchronize a facsimilc recorder (see
Figure 3).

The facsimile recorder is a fathometer recorder
adapted to this purpose because of its high resolu-
tion and wide dynamic range. The recording paper
is 19 in, wide and the effective resolution is <0.001
in, Its dynamic range is about 12 db. The dynamic
range of the receivers and the tape recorder is about
30 db. This dynamic range can only be utilized by
digital processing of the tape-recorded data or by
redisplaying the data on the facsimile recorder at’



different levels. Figure 4 shows a solar radio event
seen on the facsimile records. The pen of the re-
corder is drawn across the paper at the rate of once
per sweep. The pen is driven by the recorded 60-Hz
reference signal and synchronized to time marks on
the data channel (see Figure 3). The signal modu-
lates the intensity of the pen trace so that the in-
tensity as a function of frequency is displayed by
each trace. The paper moves continuously so that the
time evolution of the spectrum is recorded.

CALIBRATION

Proper calibration of the array would require that
coherent signals of known strength be injected at
each of the elements. This would require an inde-
pendent feed system. Instead, great care was taken
to insure the gain and phase stability of the feed sys-
tem and the electronics from the line amplifier on-
ward are calibrated daily. An underground coaxial
cable from the observatory couples signals to the
center of the transmission line (Figure 2). Noise
calibration signals are inserted on the transmission
line at the beginning of each observing day, resulting
in a series of gray shades on the facsimile record.
These can be compared to the density of the fringes
to provide a flux calibration to within 3 db for bursts
on the linear portion of the facsimile reccrd’s deusity
scale.

In order to establish the flux scale, the calibration
noise source was compared to Cassiopeia A at three
discrete frequencies using fixed frequency receivers.
The fringes and calibrations were recorded on a chart
recorder and compared. It was found that the cali-
bration noise source provided a signal equivalent to
about 3 == 1 X 10-2° Wbm Hz™, The flux densities
of Cassiopeia A were taken from a spectum compiled
by Parker [1968] and corrected for secular variation.
By calibrating the calibration noise source in terms
of antenna temperature, the collecting area is found.
The collecting area as a function of frequency is
given in Table 1, Pattern measurements of a single
log-periodic element yielded an estimated collecting
area of about one square wavelength.

It appears that the array performs as expected at
the higher frequencies where the sixteen elements
give a combined collecting area of about sixteen
square wavelengths, but that the collecting area fails
below the predicted area at lower frequencies. As the
wavelength increases, the radiating region moves
down the log-periodic antenna structure, The de-
crease in collecting area at longer wavelengths may
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Fig. 4. A typical fascimile record.

be caused by a partially reflected wave from the ends
of the antenna booms, or by radiation from the
booms themselves.

DATA REDUCTION

In Figure 4 we show a record of solar activity in
which the spectrum is modulated by a periodic pat-
tern E2(y) of the grating array (see equation 1).
Thus by measuring f at the maxima of the pattern,
the position of the source, 6, can be kuown. Any un-
certainty in the fringe order can usually be resolved.
Tt is our concern, at this point, to see how f and ¢
may be accurately determined.

Actual measurement of the facsimile record is
done on an x, y coordinate digital converter, This
has a table top surface on which a pointer can move
along two orthogonal axes, x and y. The facsimile
record is aligned as accurately as possible on this
surface. The axis paralle]l to the flow of time is the
x axis and the axis parallel to the frequency scale
the y axis. We are concerned, then, with converting
the coordinate (x, ¥) to the coordinate (¢, f). If ¢ is
linear with x and f is linear with y, the calibration
is easy and the conversion trivial.

It has been our experience that ¢ is a very linear
function of x. We find that we are generally able to
calibrate the time scale on our charts to one sec
(or 0.0G7 in.). There is a variety of effects which
complicates the calibration of the frequency scale. The

TABLE 1. The colleciing area as a function of frequency.

Frequency Collecting area
(MHz) (m?) O]
31 890 4 80 9.5+ 0.9
38 880 + 440 147
15.5 %3

43 610 + 110
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receiver is tuned over the frequency range, 20 to 60
MHz, in response to a sawtooth sweep voltage (see
Figure 3). Although this sweep is highly linear, our
criteria are extremely severe and the response of the
receiver to the sweep voltage is not perfectly linear.
Another effect which is important is phase jitter in
the synchronization between the pen drive and the
reference signal, which causes tiny displacements of
the frequency scale. We must be able to establish the
frequency of a fringe to about 15 kHz, which
amounts to an accuracy of 0.005 in.

To the first order, the frequency of a point on the
facsimile record is given by f = a1 -+ asy. The center
frequency to which the receiver is tuned affects a;.
The sweep range of the receiver affects both a; and
as. Drifts in the local oscillators, Iateral motion of the
paper during recording, and changes in the sawtooth
voltage will result in changes in a; and as. Con-
sequently, in calibrating the frequency scale of the
facsimile records, allowance must be made for varia-
tions of a, and a, with time.

The frequency versus voltage response of the
sweep circuit of the receiver is slightly nonlinear,
so that

i = a, 4+ a,y + voltage-dependent correction term

Since the frequency of the receiver has a one-to-one
correspondence with the voltage applied to the sweep
circuit, the correction term can also be expressed as
a function of frequency. We have found that the
calibration function can best be written as

f=a + ay -+ as cos [(f — a)/as]
+ as cos d — a7)/as] + a, cos [(f — alO)//aII] Q)

The coefficients ag to a;; are characteristic of the re-
ceiver and thus do not vary during the day. Since the
correction terms are small, we can approximate the
calibration function by

=~ a, 4+ ay + a; cos [(a, + a2y — as)/a;]
+ as cos [(a, + a, y— a;)/as)
-+ ag cos [(a; + a,y — axo)/an] (8)

The coefficients a; to a;; are determined once for the
day under reduction. Coefficients a; and a, are de-
termined periodically and interpolated as required.
Having established the frequency of a series of
fringes at some instant of time we can deduce the
position angle §. The antenna pattern (sce equation
6) has many lobes and so the position, 8, of radiation

observed at some frequency, f, will always be am-
biguous in the order of the lobe, n. There are, how-
ever, two possibilitics for removing this ambiguity.
Since we are concerned mostly with radiation from
sources whose position is known with sufficient ac-
curacy (i.e., in the immediate vicinity of the sun), we
can use this information to find the fringe order, %.
We compute, for a measurement of frequency f,

k* = (sin @ -+ 1.00062)//1.362695 )

where k* is, in general, nonintegral. The fringe order
is almost always the integer nearest to the value k*.
This is the approach we normally use. It is not pos-
sible to confuse radiation from the sun (or the source
being observed) with radiation from a source else-
where in the sky. Radiation associated with a given
source will always have approximately the same value
of 6, regardless of frequency. The fringe spacing in
frequency (equation 6) can therefore be used to
evaluate ¢ approximately as a check that the radia-
tion is coming from the solar vicinity.

If we wish to localize the position of unknown
radiation, we can use equation 6 to find the approxi-
mate value of 8. We would then use the procedure
outlined in the above paragraph to find the {ringe
orders.

We compute ¢ — 6 in solar radii for each fringe,
6 being the position of the center of the sun,

sin fs = cos 6g sin HAg

The position angle of the fringes with respect to
celestial north is also noted,

cos (90° — ¢s) = tan B tan &g

In order to improve the accuracy of position mea-
surements, we generally measure three points on
each fringe: the high frequency edge, the center, and
the low frequency edge. The edges are defined as the
points where the intensity gradient is steepest, and
for fringes which are not so intense as to saturate the
record, they might be expected to correspond to the
half-power points. All three measured points are con-
verted to positions (in solar radii) and plotted (see .
Figure 5). The center measurement is plotted as
a onc-digit number representing the nearest sec in
time.. The upper and lower edges are plotted as the
symbol A. The position of the source is then taken
to be the mean of these three positions. Analysis of
all the fringes at one time thus results in measure-
ments of position as a function of frequency.

It should be noted that this method of finding the
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MIDULE OF TYPE III BURST (THIS 1S CUT NUMBEe 23 IN GROUP NUMBER 7) MAY 22, 1370
POSITION OF RADIATION (IN SOLAR RADII) JO101
MEAN TYME OF THIS RECORDING IS 19,00:13. ERROR
INTERFFROMETER ANGLE 1S =9,7 DEGREES
MEAN POSITION ANGLE IS -4 DEGREES {soL,
. EAST wEST RAD. )
MHZ -6 -5, -4, -3, -2, ~“%. 0.0 +% +2. +3. e, +5, +6.
20 .+¢0;o4&444*+f+0+¢4044+o¢40040004*0#400+000{#*00¢¢¢ﬁ#04++++#0040¢00§+‘¢+¢060004++4+yooo&#o44¢++0¢94406&0,0t#0‘0+¢66+0+00&
21 o+ + + + + 1 + 1 + + + + +
22 + + + + + 1 + 1 + + + + +
23 + + + + + 1 > 1 + 4 + + +
24 * + + + + 1 * 1 + + + + +
25 + + + + + 1 +* 1 + + + + +
26 + + + + + 1 + 1 + + + + +
27 + + + + + 1 + 1 + + + + +
28 + + + + + 1 + 1 + + + + +
29 + + + + + 1 + 1 + + + + +
30 ¢¢’4,0++¢+&+¢’444+§¢¢¢++++4+¢+60;64+4*+000+044é0++++0940000»A+b+¢+¢f++++¢0#000¢400+¢o+0++§++4¢¢0++++0#0+¢¢&00§#¢¢¢40++#*+
3; + + + + + 1 + 1 + + + + +
3 + e 4 + + + 1 + 1 +4 + + + 7
33 ¢ + + + + 1 + i / + + + + :}7
3N+ + + + + } 4 + % 2 &'+ * + + + .17
32 + + + + + 1 + { /I N + . + +
3 + + + + + 1 + 3 a + + + + .16
37 4+ + + . + 1 . P S T O . + + .:5
38 + + + + + 1 + :/ / + / + + + +
39 4+ + + + + 1 + X + & + + + + 415
40 ¢0+¢;+40++00++*++04019oo¢+044++0440++*0+&+++6+6+4+4¢¢+¢{4++¢o+++tf’t++#{4tci\,;&9++}?A§++¢&+446§¢+44+40¢¢e+¢+#+¢9¢04++&4¢ W14
41+ + + + + 1 + /A 2+ /f + + + + .16
w2 o+ + + + + 1 + a1 PRI + + + PR
83 4+ + + + + 1 + l 1 | + i + + + +
uh o+ + + + + 1 + 1 2 + + + +* + <13
45+ + + + + 1 + \ Y 1 + + + + 13
46+ + - + + 1 + ™~ | 1 + + + + .13
47 + + + + + 1 + I a + + 4 + 413
u8 o+ + + + + 1 + i/ i J‘ + + + +
49 + + + + + 1 + q 3 +4 + 4 + + .12
S0 ;4*+4§¢++++++++*++0++4+&++406++440+++’#+#0*+00¢+{f*14+¢+404&+++60*¢4+00ﬂ¢6+3+4,#++Af+++#+#4+0++0+Gf+++++‘0‘64+040¢0b+0+++ 12
s1 + + + + 1 + I\ \ +/ + + +
62 ¢+ + + + + 1 + 1 a 3 42 + + + .12
53+ + + + + 1 + IO A A + + + 4+ .11
54  + + + + + 1 + 1 \ 3\ 4\ + + + + W11
55 + + + + 1 + 1 3+ A + + + + W11
56 + + + + + -1 + 1 / / Y/ + + + +
57 + + + + + I + 1 3 a + + + + .11
58 + + + + + 1 + 1\ 3 e + + + + .11
59 + + + + + 1 + 1 s % 4 + + + + .11
690 ;+.+‘+4»+¢+++44eo+¢&4+;o;a¢+;6oo++¢b+*AlAi!4ie¢é+++)1i;k+%.$+iia+f+é++'t¢91+02‘#ﬁ%01'#¢v+¢++9+¢r¢0~0+*++¢++¢¢ff¢++0++++0+ 1y
61 + + + + + 1 + I / / ;\‘ + + + +
&2 + + + 1 + 1 & 3 »&¢ + + + + .10
63 + + + + + 1 + I * + + + +
64 + + + + + 1 + 1 + + + + +
s + + + + + 1 + 1 + + + + +

Fig. 5.

Position of a type III burst as a function of frequency. Triangles give the positions corresponding to the high and low

frequency edges of the fringes. The numbers give the positions corresponding to the peaks or centers of the fringes, the number
representing the time to the nearest sec, On the right-hand side of the plot is given the uncertainty in position (in solar radii) if the
measurement error on the xy coordinate converter is .01 in.

position of a source generally assumes that both the
antenna beam and the source are symmetrical. Con-
sider a fringe which is saturated on the record. (Be-
cause of the limited dynamic range of the facsimile
record, this is often the case.) The sides of the
fringes are taken to be those frequencies at which
the density of the record appears to fall off most
sharply. These frequencies will not represent, then,
the half-power points but some lower, often sig-
nificantly lower, power level. The person scanning
the fringe will take the peak to be some frequency
which is an average of the two side frequencies.
When these frequencies are converted to positions
and averaged together to yield the position of the
fringe, we end up with a position which is defined by
some power level near the base of the fringe. If the
source or the beam is significantly asymmetrical the

position defined by the peak-power or half-power
points may be quite different.

RESULTS

A full-scale analysis of solar type III and IV
events is under way, the results of which will be
reported in later papers [e.g., Kuiper, 1973].

As a check on both the array and the data reduc-
tion program, observations were made of Cassiopeia
A for about two hours around transit on November
10 and 11, 1970, and on March 16, 1972. The
position lines of the source were measured at 45
MHz relative to an assumed right ascension of 23h
21m 10s and declination of +58°32730” (epoch
1950.0). Because of the rotation of the earth, the
position angle of the antenna fringes projected on
the source varied from about —20° to +30°. The
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best intersection of the position lines was found to be

November 10 and 11, 1970
23h 20m 58.7s == 1.9s

March 16, 1972:
23h 20m 41.4s 4= 1.9s +-58°24.3" + 0.8/

The effect of stellar aberration has been taken into
account, but no correction for jonospheric refraction
was made. Refractive effects cause most of the
discrepancy between these positions.

The position of Cassiopeia A was measured simul-
taneously at frequencies from 25 to 50 MHz. As-
suming that the centroid of the source’s intensity
distribution at these frequencies is the same, we can
correct for ionospheric refraction by fitting each set
of measurements at a given time to the function

+58°37.0' 4= 0.8/

p=A-+ B
DISPLACEMENT OF CAS A
+10°
20 MHz
~30 MHz
~-40 MHz
~50 MHz

Fig. 6. Observed position as a func-
tion of frequency of Cassiopeia A.
Measurements of the high frequency
edge, middle, and low frequency edge
(dots) are connected respectively with
solid lines. The dashed line represents
the function p = (100 +=09) +
(5.8 = 1.27) X 10* x F* where
frequency is given in MHz. The re-
fraction is thus determined io be 6.5
at 30 MHz,

Nov 10 & 11,1972
58" 36"}
58 33+
o, A

58° 307 .MAR 16,1972
58° 27}

. MAD 15,1972
58" 24"}

- 1 I o i . i X

232"0° 232"

Fig, 7. The positions of Cassiopeia A at decametric wave-
fengths, uncorrected for refraction ([J), and corrected for
refraction (), superimposed on a 1.4 GHz contour map
based on the resuits of Ryle et al. [1965], The contour in-
terval is 15,000 K. Unless all parts of Cassiopeia A have
identical spectra, the centroids of the brightness distributions
need not necessarily coincide at centimeter and decameter
wavelengths.

where A represents the position of the centroid in the
absence of ionospheric refraction (Figure 6). We
found that the uncertainty in determining A4 for any
given set of measurements was comparable to the
scatter in position at 45 MHz. Censequently, for the
measurements at any given time, the position repre-
sented by the parameter 4 is not any more reliable
than the measured position at 45 MHz. However,
when we solve for the best intersection of all the
position lines which have been corrected for refrac-
tion, we find that the data are much more consistent:

November 10 and 11, 1972:

23h 21m 3.7s &4 2.5 458°33.5" 4+ 1.V



March 16, 1972:
23h 20m 57.5s -+ 2.5s +58°31.1" + 1.1/

These positions, as well as the positions obtained
when the effect of refraction is neglected, are plotted
in Figure 7 on a contour map of Cassiopeia A based
on the Cambridge observations at 1.4 GHz [Ryle
et al., 1965]. These results demonstrate the potential
of simultaneous multifrequency observations to ob-
tain accurate fundamental positions at decametric
wavelengths. Our two position measurements agree
to 0.8 arc min iu right ascension, the direction in
which the array has high angular resolution. Better
agreement could not be expected because 0.8 arc
min is approximately one-tenth of a beamwidth.

CONCLUSION

We have described an instrument which has been
on solar patrol since March 1969. Dynamic spectra
are recorded daily from 1600 to 2400 UT. From the
fringe pattern on the dynamic spectra one can obtain
the position of radio sources as a function of fre-
quency in the range 20 to 65 MHz. The pointing of
the array is known to an accuracy of 0.1 arc min.
Positions can usuvally be measured to an accuracy
of abeut 1 arc min.

It has been suggested that ionospheric refraction
can be measured by simultaneous observations at two
or more frequencies [Lawrence et al., 1964], but that
refractive effects might not behave in the expected
way below 50 MHz. We have made observations of
Cassiopeia A in the range 25 to 55 MHz and find
that the inverse square dependence on frequency is
followed in this frequency range. We have used this
dependence to correct the observations and have
found that we are able to determine the position of
Cassiopeia A to within 1.0 arc min in right ascension.
More sensitive arrays, such as the one now being
built at Clark Lake, will be able to use this principle
to obtain accurate fundamental positions of radio
sources in the decametric wavelength range.
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The Clark Lake Array {jb

Abstract—A powerful new instrument for meter and dekameter
wavelength radio astronomy is described. It will soon be available
for both solar and sidereal studies.

FULLY STEERABLE array of 720 conical log spiral
antennas is near completion at the University of
Maryland’s Clark Lake Radio Observatory in south-

ern California. It is capable of operation at any frequency be-
tween 15 and 130 MHz with an instantaneous bandwidth of
3 MHz. The array is a pencil-beam instrument with a beam-
width proportional to the wavelength; it varies from 3’ to 27’
across the frequency range. Both the beam position and oper-
ating frequency will be computer controlled on a time scale of
much less than 1 ms. The array will be used for solar studies
and discrete radio source studies. For the radioheliograph
application, 49 simultaneous beams will be formed.

The array is described in more detail elsewhere [1], [2].
The antennas are arranged in a T with an east—west arm of
480 elements, 3000 m in length, and a north—south arm of 240
elements, 1800 m in length. The elements are fixed in a vertical
direction with a primary frequency-independent beamwidth
of 100°, This limits the sky coverage of the instrument to

Manuscript received February 2, 1973. This work was supported by
the National Science Foundation under Grant GP 19401 and by the
National Aeronautics and Space Administration under Grant NGR
21-002-367.

The author is with the Astronomy Program at the University of
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Fig. 1. This is a photograph of the east—west arm of the instrument.

It consists of 480 log spiral elements.

zenith distances of approximately 50°. Each element is a
teepee-shaped structure of 8 wires and is 7.8 m tall. (For this
reason the array has been called the TPT.) Fig. 1 is a photo of
the east—west arm of the instrument. This arm is now complete
and in operation.

Beam positioning is accomplished entirely by adjustment
of the relative phases between the elements. No physical mo-
tion is involved. The primary phasing scheme employs elec-
trical rotation of the left circularly polarized elements. Since
a properly designed log spiral antenna maintains circular
polarization well off axis, this scheme can be used at zenith
distances of 50° or greater. The excitation of each multifilar
spiral antenna is rotated by means of a diode switch installed
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Drift scans of Cyg A at two frequencies. To make these recordings, a 32-element grating array consisting of each fifteenth element was used.

This grating array was correlated with an element at the center of the array to form a sin 32x/32 sin x pattern for testing purposes. The spikes

which occur on the record each minute are noise calibrations.

Fig. 3. Radio spectrograms of solar continuum obtained shortly before
the great flares of August 1972. These recordings were taken with
swept frequency receivers attached to the output of north-south and
east-west grating arrays consisting of each fifteenth element. The re-
ceivers sweep the 20~120-MHz spectrum twice per second; as they
sweep, lobes of the grating array’s response cross the sun. Determina-
tion of time and frequency gives the position of the source. The rather
steady sloping bands of continuum originate 9’ east and 3’ south of the
sun's center. The Type 111 bursts at 1918-1920 UT are 10’ west and
20 south of the sun’s center. A second continuum region develops in
the 80-120-MHz range between 1918 and 1927 UT. Interference below
30 MHz and FM transmissions in the 88-108-MHz band are plainly
visible.

at its apex. The arms of the T are operated in banks which
consist of 15 elements each. Each bank of elements is phased
identically by means of 60 control wires which run down the
length of the arms. The signal from each bank of elements is
preamplified and brought back to the observatory on a sepa-

rate coaxial feed line. At the observatory the signals from the
banks are delayed and combined to form the pencil beams.

Fig. 2 illustrates some sample drift scans obtained with the
east—west arm of the instrument. Since the east—west arm can
track a source across the sky, it is being used in a supersynthe-
sis mode to synthesize a pencil-beam response on high declina-
tion sources. Fig. 3 illustrates sample fan beam scans of the
sun obtained with completed portions of the east—west and
north—south arrays.

When completed, the instrument will be used during the
day as a multifrequency radioheliograph and at night for
radio source studies. “Pictures” of the sun will be obtained at
several discrete frequencies every second. Swept frequency
fan beam records in the east—west and north—south directions
will be simultaneously obtained at intermediate frequencies.
These will allow interpolation between the frequencies at
which solar “pictures” are obtained.

-- The sensitivity limit and the resolution limit of the instru-
ment are approximately equal at about 1 flux unit at all fre-
quencies [2]. The instrument can be employed for radio source
survey work, detailed studies of radio source spectra, and
various other spectral studies. It can also be applied to pulsars,
planets, or other dynamic sources. Because of its rapid beam
positioning it can be used in a time-share mode between vari-
ous observers or between calibrators and unknown sources on
a 1-s time scale. Obviously, the data-acquisition capability of
the instrument far exceeds the analysis capability of our small
group. We will invite guest investigators to make use of the
instrument.
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