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ABSTRACT

This thesis explores two topics which are related to
the synthesis telescope at the Dominion Radio Astrophysical
Observatory (DRAO). The first topic is an iavestigation
into the antenna performance at 1420 MHz. It has shown how
to improve the sensitivity of the teléscope by reducing the
antenna temperature of the individual elements of the
array. Each antenna of the array has an antenna

temperature of about 26 K.

The power pattern cf one of the antennas was measured
to obtain a better understanding of the individual
contributors to antenna temperature. It has also enabled a
numerical calculation of antenna temperature to be
performed. The rasults of the calculation show that
spillover and feedleqg wmcatter are significant contributors
to antenna temperature. & reduction of antenna temperature
from these two sources was obtained by adding two
modifications to the antenna. The first modification was a
fence placed on the rim ¢f the antenna which lowered the
antenna temperature by about 8 K, by partially suppressing
the spillover lobe and feedleg scatter lobes. The second -
modification involved changing the shape of the feedlegs
from a circular to a triangular cross-section. This
lowered the antenna temperature by about 5 K, by directing

the scatter lobes from the feedlegs up off the ground and



into the sky. The results of these experiments have shown
that a significant reduction of antenna temperature can be

achieved with fairly simple modifications to the antennas.

The second topic of this thesis is an observation of
Sharpless 183 (S183), with the synthesis telescope at DRAO.
Previous radio observations of this object have failed to
show conclusively whether the object is an HII region or a
supernova remnant. The 408 MHz and 1420 MHz maps from the
synthesis telescope have better resolution than any of the
previous observatcions of this object. They have shown that
5183 has flux densities of €.33 # 0.40 and 6.92 + 0.50 Jy
at 1420 MHz and 408 MHz respectively. The spectral index
was found to be 0.07 + 0.05, implying that 5183 is
probably an HII region, contradicting earlier suggestions
in the literature that it is a supernova remnant. Modeling
indicates that ~ 67 Mg of jonized material is present with

- -3
Ng ~ 12.5 em™°.
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CHAPTER 1

INTRODUCTION

This thesis covers two topics related to the Synthesis
Telescope at the Dominion Radio Astrophysical Observatory
(DRAO) . The first is an investigatioh of antenna
performance which has shown how to improve the sensitivity
of the telescope substantially. The second is an
investigation of the nature of the galactic nebula,
Sharpless 183 (S183), based on observations with the

telescope.

1.1 THE BIRTH OF RADIO ASTRONOMY

The field of radio astronomy is guite young when
compared with its optical counterpart. It had its
beginnings in the early 1930's when Karl Jansky, a radio
engineer employed at Bell Telephone Laboratories, was
studying the direction of arrival of thunderstorm static.
It was hoped that the results of his work would enable the
design of antenna networks that would have minimal
responses in these directions, and hence, reduce the
effects of this interference on transoceanic radio-

telephone communications.

In January 1933 he reported the first results of his

investigation. Along with two types of radio interference



from thunderstorms, he identified a third, a steady hiss
type of interference of unknown origin. later in 1933, he
had identified the source of this interference as being
extraterrestial, and in 1935 he had isolated the Milky May
Galaxy as its source. This discovery marked the beginning
of radio astronomy, and since that time instruments of ever
increasing size and sophistication have been designed and

built to explore the radio sky.

Initially, single steerable antennas were constructs3
with a general emphasis on more collecting area with each
new instrument. The increasing size of the telescopes
enabled more power to be collected from a given direction
with higher resolution. The end result of this development
trend was the construction of the fully steerable, 100 m
diameter parabolic reflector at Effelsberg near Bonn in
1972. The largest single antenna ever qonstructed is the
305 m spherical reflector at Arecibo, Puerto Rico, which is
operated by Cornell University. The fixed antenna is built
into a bowel shaped depression in the ground and its beam
is partially steerable by moving the feed, which is

suspended over the spherical reflector.

Larger single antenna instruments have not been
constructed due to strength of materials limitations.

Earth-based instruments therefore would have been limited



to sizes of 100 m to 300 m, if new techniques had not been

developed to overcome these design limitationms.

1.2 THE METHOD OF APERTURE SYNTHESIS

The DRAO Synthesis Telescope is a member of a class of
instruments which has overcome the size limitation stated
above by a technique known as aperture synthesis. These
telescopes synthesize large aperture measurements using
arrays made up of much smaller and cheaper antennas.
Aperture synthesis uses the fact that a Fourier transform
relation exists between the sky radio brightness
distribution Tg(l,m), and the response of a radio
interferometer T(u,v) of variable baseline. The Fourier

transfcrm pair is given by equations 1.1 and 1.21,

T(u,v) =ﬁu(1,m)ej2“'(“1 + V) 31 dm 1.1a
where:
M(1,m) = | 2([A;(Ll,m)-A,(1,m) 1Y/ 2(1-12-n?)"/2p5(1,m) 1.1b

|
g

M(1,m) =‘”T(u,v)e"j2“'(u1 + Vm) gy av 1.2



The coordinate systems used in equations 1.1 and 1.2
are the sky coordinates (1,m) and the u-v plane coordinates
(u,v). The relationship between these is illustrated by
figures 1.1a and 1.1b. Figure l.la shows the u-v plane
with a unit hemisphere superimposed. Any direction in the
sky can be uniquely defined by two of the direction
cosines 1 = cos®, m = COsS @, and n = cos §. Using 1 and
m, an element of solid angle d , is defined by equation

1.3 belowz.

dw =4dl dn = dl_dm 1.3
coS 6 (1_12_m2)1/2

Figure 1.1b shows the baseline B, in wavelengths
between antennas 1 and 2 of an interferometer in the u-v
plane. Distances u and v are measured in wavelengths
toward the west and south respectively. If the antennas
point to a source in the direction (1,m) in the sky, the
source will see a projected baseline b. A phase delay Y ,
given by equation 1.4, represents the geometric path length
difference that an incoming signal sees as it is received

by antennas 1 and 2 of the interferometer pair.
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a)
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Figure 1.1
Detinition of Coordinate Systems

a) Unit sphere showing a vector pointing to a source at
the location (1,m,n) and its relationship to the angles
(on, @, ¥ ). (Adapted from Christiansen and Hoégbom®).

k) Sketch showing an interferometer baseline B observing a
source in the direction (l,m). The sketch also shows the
projected baseline b, and the phase difference
F = 27 (ul + vm) that a signal acquires as it encounters
the antennas of the interferometer.



Y =21 (ul + vm) 1.4

Figure 1.2 shows one of a number of interferometers
that are formed by correlating pairs of antennas in a
synthesis telescope. As the antennas of the interferometer
track the source, as they do in Earth rotation synthesis,
the projected baseline (b) as seen from the source, traces
out an ellipse in the u-v plane as shown in figure 1.3. The
ellipse traced in the u-v plane is a result of the earth
rotating with the baseline fixed to its surface, usually in
an east-west orientation. The points near the major axis
of the ellipse are measured when the interferometer
baseline is at right angles to the direction of the source.
Points near the minor axis of the ellipse are measured when
the array is in line with the direction to the source. The
width of the minor axis of the ellipse is determined by the
declination of the source. At the celestial pole, the

ellipse becomes a circle.

As is shown in figure 1.2, an interferometer of a
synthesis telescope has an output which is a complex
voltage whose amplitude and phase must be recorded. The
real and imaginary components of the output are referred to

as the cosine and sine, or in-phase and quadrature outputs
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Figure 1.2

A Radio Interferometer

A diagram of a radio interferometer of baseline B between
antennas 1 and 2, showing the cosine and sine correlator
temperatures T and Tg as outputs.
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Figure 1.3
The ellipse in the uv Plane

The ellipse traced out in the u-v plane by the projected
baseline B between antennas 1 and 2.



respectively. The output or correlation temperature of the
cosine and sine channels of the interferometer at any

location along the ellipse is given by4

Tc = L JTB(l,m) Ac(1l,m) dw l1.5a
>‘l
and 4w
4N
where: Tg(l,m) = the brightness temperature of the sky
in the direction (1,m), and
Ao and Ag = the cosine and sine effective areas of
the interferometer given by equations
1.6a and 1.6b respectively.
Ac = 2(A1-Ay) /2 cos ¥ - 1.6a
Ag = 2(Ay-A,)Y/2 sin¥ . A. 1.6b
The phase delay Y is held at a value close to zero by
the delay system of the telescope. Then cos ¥ =1, and

sin ¥ = 0, at the field center.



i0

In equation 1.6
\L = the phase delay, 2T (ul + vm) between the two
antennas at a given point in the u-v plane
(see figure 1l.1b) and
A, and A; = the effective areas of each of the individual

antennas given by

Al = AlmaxFl(l,m) 1.7a
and A, = A2maxF2(l'm) 1.7b
where F(l,m) = the normalized power pattern of each
antenna.

If the antennas are identical then

R
Ajmax = P2max = Bmax < 1.8
XS F(L,m) dw
4T
or Boay =02 - 1.9
Sl

As the projected baseline of the interferometer moves

around the elliptical track in the u-v plane, the outputs
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Tc and Tg are integrated, sampled, and scaled, and then
combined using equation 1.10 to form the complex

correlation temperature T(u,v) given by equation 1.1.

T(u,v) = Tp + j Tg 1.10

The calibration of T(u,v) involves observing bright
point sources, usually quasars, with the interferometer to
obtain the amplitude and phase response to sources of known
flux density. In this way, any amplitude or phase
variations artificially introduced by the system can be
measured and eliminated from the data, provided that

calibration is performed sufficiently often.

It is the values of T(u,v) (also called the complex
visibility function), that are used to fill the u-v plane
prior to performing the transform to obtain the radio

brightness distribution of the sky.

To show that equation 1.10 is equivalent to the
expression for half of the Fourier transform pair given in
eguation 1.1, the cosine and sine equivalent areas in
equations 1.6a and 1.6b can be rewritten in their complex

form
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A =2(a-a)Y2 3%, 1.11

Then using equation 1.11, the sine and cosine correlation
temperatures given by equations 1.5a and 1.5b may be

rewritten in complex form

T = # jXTB(l,m) 28y 32 3 Y aw 1.12

To express the result in 1.12 for any interferometer
spacing in the u-v plane, equation 1.3 is substituted for
dw, and the phase ¥ is replaced with equation 1.4. When
these expressions have been substituted in equation 1.12,

equation 1.1 is the result.

From equations 1l.la, 1.1b, and 1.2 it can be seen
that, by taking the Fourier transform of T(u,v), the sky

brightness Tg(l,m) is recovered, weighted by the factor

1 2[A1(1,m)-A2(1,m)]1/2(1-12-m2)'1/2 . 1.13
x).

For T(u,v) in equation 1.1 to be valid for a synthesis



telescope, two operations must be performed in the
interferometer shown in figure 1.2. First, a delay must be
added in one arm to equalize the signal path to the
correlator. As well, because of the rotation of the Earth,
the phase of one of the arms must be rotated in order to
keep the response pattern of the interferometer centered

on the observation field.

Equation 1.6 represents two sets of fringes displaced
90° from each other with a period 1/b radians on the sky,
where b is the projected baseline of the interferometer in
wavelengths. The output of the interferometer at any given
time is the corresponding Fourier component of tﬁe
brightness distribution of the sky in that particular
orientation. 1In the course of 12 hours, the baseline of
the interferometer has traced out half of the ellipse in
the u-v plane shown in figure 1.3, and the orientation of
the fringe pattern has rotated through 180°. Figure 1.4
shows the interferometer response pattern, and outputs Tc
and Tg if it were used to measure two point sources, a
strong one centered in the field, and a weaker source

displaced slightly to the side.

It is unnecessary to measure the visibilities on the
second half of the ellipse, since the values obtained would

be the complex conjugate of those acquired in the first 12

13
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Figure 1.4
Interferometer Output for a Strong and a Weak Radio Source

piagram showing the cosine and sine fringe patterns on the
sky, within the area covared by the primary beam of the
individual antennas that make up the interferometer pair.
The sine fringes are displaced 90% with respect to the
cosine fringaes. The outputs of the cosine and aine
channels are shown for a strong point source centerad in
the field, and a weaker one offset from the center. As the
earth rotates, the fringe pattern rotates about the field
center, which causes the WJeaker source to travel through
the fringes in a CCW direction.
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hours of observation. In 12 hours, the rotation of the
earth has effectively interchanged the two antennas because
it has rotated the interferometer through 180°. Therefore,
after an observing run of 12 hours, the spacing of the
antennas is changed, and the interferometer response from
another track in the u-v plane is measured and recorded.
An aperture synthesis telescope usually censists of several
antennas. If this is so, the time required to sample
T(u,v) over the u-v plane is minimized by being able to
form multiple, ncn-redundant baselines by correlating

different pairs of antennas simultanecusly.

After the u-v plane has been sampled adequately, the
data are gridded into an array suitable for the FFT (Fast
Fourier Transform) algorithm. The transform of the u-v
data is then calculated, which gives a map of the radio

brightness distribution of the sky.

The main advantage of aperture synthesis telescopes
compared with other types of radio telescopes is the
angular resolution that is obtainable. The resolution of a
synthesis telescope is comparable with that of a single
antenna whose diameter is the dimension of the 1longest
baseline used. In this way, the very narrow beam of a
large diameter antenna can be synthesized with only a
fraction of the collecting area being required. In the

case of the synthesis telescope at DRAO, an antenna ~ 600 m

15
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in diameter is synthesized in 35 days using four antennas
which have diameters of ~ 9 m. A fifth antenna is in the
process of being integrated into the system, with plans for

a sixth and seventh antenna expansion in the near future.

1.3 THE DRAO SYNTHESIS TELESCOPE

With the addition of the fifth antenna, the DRAO
Synthesis Telescope consists of an array of five antennas,
of which two are fixed, and three are movable on a 300 m
track. The five antennas are ~ 9 m paraboloids with an F/D
ratio of ~ 0.42, but each antenna varies slightly from
these values as a result of being purchased from different
sources. Table 1.1 lists the various parameters of each of

the five antennas in the synthesis array.

The maximum baseline of the array is 600 m (between
the fixed antennas) arranged in an east-west configuration.
The track on which the three movable antennas are located
occupies the west half of the array, and has seventy
observing stations located along its length at regular
spacings of 4.286 m. Using earth rotation and four
antennas each survey requires 35, 12 hour observing
sessions to complete. The telescope operates at 408 MHz

and 1420 MHz simultaneously producing maps 7.4° square and
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2.1° square with resolutions of 3.5' X 3.5' cosec © arnd
1.0' X 1.0' cosec § respectively, where § is the

declination of the field being surveyed.

1.3.1 SYNTHESIS TELESCOPE SENSITIVITY

A synthesis telescope is made up of pairs of antennas
which have their outputs correlated or multiplied to give
an output signal proportional to the average product of the
voltages from the two component antennas. A schematic of a
correlated pair of antennas is shown in figure 1.5. Each
pair of antennas has a minimum detectable sine or cosine

correlation temperature given bys.

7 7 1.14
J T Tlswsz

,[Z‘)t jiﬂks R&J

ATM\N = QM

where: M = 2 for a direct multiplying correlation
receiver,
Q = a factor, usually between 2 and 5, that

determines the level above the noise at
which one can begin to extract information,
T'sysl and T'sysz = noise temperatures of the

antenna-preamplifier combination referred
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Figure 1.5
Noise Contributions in an Interferometer Pair

Schematic of & correlation telescope or interferometer
pair, showing contributions to systenm noise. The primed
values denote contributions referred to the input of the
preamplifier, whereas the unprimed quantities refer to
contributions to system noise that occur after the
preamplifier (Adapted frou Christiansen and Hdgbom’).
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to the preamplifier inputs,

AV = receiver bandwidth in Hz.
t = integration time in seconds, and
r\'tl and r\'tz = power efficiencies of the
transmission lines which connect the

antennis to the preamplifiers.

Equation 1.14 assumes that the available powers (T,
and T, in figure 1.5) coming from each antenna-preamplifier
half of the system, have been adjusted to be equal, and
that the gain of the preamplifiers is high enough so that
any noise introduced into the system at a later point can

be ignored.

If these conditions are met,

T; ~ Toys1G'1 M t1 204 T2 ~ TeysaC'z N2 1.15

where: rltl and rltz = the transmission line efficiencies
that connect the preamplifiers to the
receiver,

G’ and G/, = the gain of each preamplifier, and



T'ays1 = Tar\'t1 * (1 = Nt1)T200 * T'ya  1-162
T'gysz = Taz We2 ¥ (1 = NWiealTago + T'n2 1160
where: TAland Taa = the antenna temperature of each
antenna,

Tyg0 = assumed physical temperature of the
transmission line between the antenna
and preamplifier, and

T’yy and T'y2a = the noise temperature of each of the

preamplifiers.

The system temperature of the two halves of the
interferometer, given by equation 1.16, is made up of 3
components: 1) the loss in the transmission line between
the antenna and the preamplifiers YL', 2) the noise
temperature of the amplifier (T’y)., and 3) the antenna
temperature (Tp). If any one of these components is

reduced, the sensitivity of the telescope will be improved.

Table 1.2 lists estimates of the contributions to
system temperature for the DRAO telescope at 1420 MHz. The
telescope operates at both 1420 MHz and 408 MHz, but in
this thesis only the performance of the telescope at 1420

MHz is discussed.
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TABLE 1.2 ESTIMATES OF THE CONTRIBUTIONS TO SYSTEM NOISE
FOR THE DRAO SYNTHESIS TELESCOPE AT 1420 MHz

Receiver Noise 50 K
Galactic Emission 2 K
Cosmic Microwave Background 3 K
Antenna Noise 18 K
Atmosphere 3 K

(2.2 K at zenith at 1420 MHz,
4.4 K at elevation 309)

Total 76 K



1.3.2 LOSS IN THE TRANSMISSION LINE

The amplifiers of the DRAO antennas are mounted
directly on the 1420 MHz probes which are located 8.7 cm
from the bottom of a 15 cm diameter circular wave guide
which clamps to the feed horn. The feed is clamped to the
wave guide with a sliding fit to enable focusing. The loss
in the waveguide and waveguide-amplifier connection is
likely very low, which would give a high wvalue to the
transmission 1line efficiencies r\'tl and Mgz in
equations 1.16a and 1.16Db, which in turn would result in
low contributions to system temperature (probably less than

2 K).

1.3.3 NOISE CONTRIBUTIONS FROM THE AMPLIFIERS

The present system temperature of each of the DRAO
antennas is about 80 K at 1420 MHz. The 3 stage low noise
amplifiers now in use have noise temperatures (Ty) ~ 50 K.
There are plans to replace the FET'’s (field effect
transistors) in the amplifiers in the future with HEMT'’s
(high electron mobility transistors) which will result in
amplifier noise temperatures of ~ 40 K, a 10 K improvement.

If Peltier cooling of the amplifiers is used, receiver

23



noise temperatures of about 20 K to 25 K may be possible.
An MSc project on this topic is currently underway at the
University of Alberta in the Department of Electrical
Engineering. Therefore, in the not so distant future, the
system noise due to the noise temperatures of the

amplifiers should be greatly reduced.

1.3.4 NOISE DUE TO ANTENNA TEMPERATURE (Tp)

In the radio astronomy situation, the output of an
antenna is measured in Kelvin or K, and is referred to as
antenna temperature (Tj)-. An-enna temperature is defined
as the temperature a fictitious resistor would have for its
thermal noise power per unit bandwidth to equal the power
delivered by an antenna, with the resistor replacing the
antenna at the input terminals of a noiseless amplifier.
The amplifier would be receiving power from the resistor

according to equation 1.17 given by Nyquist6

where: w = spectral power in watts Hz™1,

k = Boltzmann's constant, and
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T = absolute temperature K,

(antenna temperature Tp in this case).

The antenna temperature may be found for any single

ant2nna by evaluating

TA"‘_;l)_-SF((’:‘IS) T(P,$) dw 1.18

4T

where: F( e, ¢) = the normalized power response oOr
polar diagram of the antenna, with
F(0,0) = 1.0,
T( e, ¢) = the temperature of the source in *he
direction ( e, ¢) , and
SL

the antenna solid angle.

The solid angle of an antenna ( ). ) is a measure of its

ability to concentrate radiation and is defined as

o ={F(e,¢)'dm 1.19
47

Using equation 1.19, the gain G, of an antenna is given by
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which is a measure of how much better an antenna performs

than an isotropic radiator.

When equation 1.18 is evaluated for one of the 9 m
antennas at DRAO, the contributions to -antenna temperature

are from three separate regions, which are illustrated in

figure 1.6.

In region 1, the antenna receives radiation from the
sky (extraterrestial radio sources), and the atmosphere.
In the spillover region (region 2), energy from the ground
is radiated directly into the feed at the focus of the
antenna. This is undesirable, since it contaminates the
true signal which the antenna receives from the location in
the sky that it is pointed at. As well as direct radiation
from the ground, the antenna receives ground radiation
which is scattered off the feedlegs before entering the
feed. Mathematically, the antenna temperature due to

radiation coming from the spillover region is expressed by
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Figure 1.6
Regions that Contribute to Antenna Temperature

A drawing of an antenna showing the three separate regions
that contribute to the antenna temperature. In this
diagram, two coordinate systems are shown. Aangles in the
coosdinate system centered on the main beam of the antenna
have values of P . As well, the coordinate systenm
centered on the power pattern of the feed is given and has
angles represented by © .

Mountains
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fo
X F’(f) sin tie
TS = TG- ?"

pr(e) sin p dp

(o]

where: F(e ) = the power pattern of the antenna,

it

Tg = the ground temperature,

Co

(’H = the angle of the horizon.

the semi-angle of the antenna, and

circular symmetry is assumed for simplicity, and the ground

temperature is assumed to be independant of direction.

The integral in the denominator of equation 1.21 is
the total solid angle of the antenna, and is equivalent to
equation 1.19. When the antenna is pointed at the zenith,
the integral in the numerator of equation 1.21, sums the
solid angle of the antenna from its edge to the horizon.
At DRAO the horizon is formed by the mountains which

surround the site of the telescope.

Region 3 of figure 1.6 contributes to antenna
temperature by two mechanisms. The first is leakage of
ground radiation though the mesh of the antenna into the
feed, and secondly, the feed receives energy which is
diffracted around the rim of the antenna. As in the

spillover region, the antenna temperature resulting from

28



leakage and diffraction in region 3 is expressed as

b1
f‘:‘os"”fdf

o
To =Te& 1.22
i Ly
S F(p)sinp de
0
where: Tip = antenna temperature due to leakage through

the mesh and diffraction around the rim

of the antenna.

1.4 TOPICS OF THESIS

In any sophisticated instrument that is designed and
constructed, continual improvements are made by
modification and redesign of its various parts and
subsystens. The synthesis telescope at DRAO is no
exception to this process. The first three chapters of
this thesis focus on improving the sensitivity of the

telescope by reducing the antenna temperature of the
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individual elements that form the array.

Theoretical calculations for the antennas of the
synthesis telescope predicted that the antenna temperature
at the zenith should be about 19.8 + 2.5 K, while an
antenna temperature = 25.9 * 2.5 K was measured in 1980 for
the far east antenna. Prior to the work descriped in this
thesis ‘the discrepancy between these two values had not
been accounted for. Contributions to antenna temperature
from Vspillover and scatter from the feedlegs were thought

to make up most of this difference.

In an effort to characterize the effects of spillover
and feedleg scatter, and to account for the discrepancy
between the theoretical and measured values of antenna
temperature, the response pattern of the FE antenna was
measured in July and August of 1986. These measurements
furnish the values of F( e P ¢) which are needed in equation
1.18. By assuming values for the ground temperature
T( e, ¢), equation 1.18 can be used to calculate a direct

value of antenna temperature.

As well, the response pattern enables separate
estimates of antenna temperature to be calculated for
regions 2 and 3 shown in figure 1.6 by evaluating equations
1.21 and 1.22 between the appropriate limits. These

measurements and calculations have shown that the effects



of spillover and feedleg scatter are significant
contributors to antenna temperature for the DRAO synthesis

antennas.

Currently, the system noise temperature of the
antennas which make up the synthesis telescope is about
80 K. As amplifiers with lower noise become available,
contributions to system noise from sources such as
spillover and feedleg scatter become more significant. As
a result, effort should be expended to reduce these sources

as well.

With this in mind, an experiment was performed on the
fifth antenna to try to reduce its antenna temperature.
The antenna was modified by adding a cylindrical fence
around its rim, which had the effect of reducing antenna
temperature due to spillover. As well, wedges with
serrated leading edges were added to the feedlegs to alter
their shape in cross section, which reduced antenna
temperature due to feedleg scatter. Individual
measurements of antenna temperature were obtained with the
fence and the feedleg modifications added separately to the
antenna. Measurements of antenna temperature were also
obtained with both modifications on the antenna at the same
time. In each case a significant reduction of antenna
temperature was observed. Chapters 2 and 3 of the thesis

discuss the measurement of the response pattern of the FE
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antenna along with the experiments that were performed to
reduce the value of antenna temperature of the fifth

antenna.

Chapters 4 to 6 of the thesis discuss an observation
of S183 using the synthesis telescope at DRAO. It is an
extended radio source at 1 = 123.2°9, b = +2.99, which is
also visible as a faint optical nebula on the red print of
the Palomar Observatory Sky Survey (POSS). Previous radio
surveys of this object have not shown conclusively whether
this object is a supernova remnant or an HII region. For
this reason, a survey using the DRAO synthesis telescope
was undertaken. The 408 MHz and 1420 MHz continuum maps
from the synthesis telescope have better resolution than
any of the previous surveys of this object. The
information from these two maps has shown that S183 is an
HII region, and not a supernova remnant as has been

previously suggested in the literature.
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CHAPTER 2

DETERMINATION OF ANTENNA TEMPERATURE

2.1 INDIVIDUAL CONTRIBUTORS TO ANTENNA TEMPERATURE

Prior to 1986, attempts were made to account for the
measured value of antenna temperature = 25.9 + 2.5 K’ for
the far east antenna by considering the individual

contributors:

1. Atmosphere
2. Sky

3. Spillover

4. Mesh leakage

5. Diffraction.

It was hoped that by examining each of the
cuntributors in turn, a theoretical estimate of antenna
temperature would match the measured value. An agreement
between the theoretical and measured values of antenna
temperature would indicate that the response pattern of
the antenna was sufficiently understood to allow attempts
at selective reduction of one or more of the sources of
noise listed above. A discussion of each contribution to

the theoretical antenna temperature follows.
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1) Atmospheric Noise Contribution (2.2 K)

This source arises due to the atmosphere attenuating
and scattering extraterrestial radio signals. Its effect
becomes more significant as the zenith angle increases,
assuming a plane parallel slab of atmosphere, varying as
the secant of the zenith angle. Figure 2.1 shows the
antenna temperature as a function of antenna zenith anglea.
From the plot at 1.4 GHz, antenna temperature due to

atmospheric absorption is about 2.2 + 0.3 K.

2) Sky Contribution (5 K)

The sky contribution comes from radiation emitted
from the 3 X microwave background, jonized interstellar
gas, synchrotron radiation and other interstellar sources.
Figure 2.1 also shows the sky radiation minimum (0.5 K) and
maximum (11 K), occurring at the galactic poles and
galactic center respectivelys. A value for the sky
contribution to antenna temperature is assumed to be ~ 5 %

2.0 K, a level midway between these two limits.
3) Spillover contribution (6.1 K)

Of the five sources considered which contribute to the
theoretical antenna temperature, this source was thought to

be the largest, and may be explained as follows. If the
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Figure 2.1
sky and Atmospheric Noise Contributions
to Antenna Temperature

Plot showing antenna temperature T, due to atmosphere and
cosmic noise as 3 function of frequency (Adapted from
Jordan and Balmain®).
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receiver of an antenna is replaced by a transmitter that
radiates into the dish through the feed, not all of the
energy will fall on the antenna. The portion of radiation
that is not intercepted by the dish is called spillover,
and the receiver will receive radiation from these same
angles. Since radio telescopes point to the sky, much of
the spillover region of an antenna will fall on the ground,

which is a thermal noise source at ~ 300 K.

Mathematically, the spillover temperature is defined
by equation 1.21, where F( e, $ ) is the power pattern of
the antenna. Equation 1.21 may be modified by substituting
the power pattern of the feed9 G( 6 ., ¢ ) in place of
F( P, ¢). It then can be numerically evaluated, assuming
geometric o tice to obtain antenna temperature. Table 2.1
is a listing . this calculation from © =62° to 8 =
979, which are the angles to the edge of the antenna and to
the horizon, respectively, as seen from the feed. The high
horizon is the result of the mountains which surround the
site of the observatory. 6 = 0° is coincident with th~
maximum of the power pattern of the feed and falls at the

center of the parabolic reflector (see figure 1.6).

In table 2.1, the cumulative antenna temperature

(CuT,) was calculated using
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TABLE 2.1

<) G(9)
( X 1072
62~=63° 2.670
64 2.350
65 1.910
66 1.820
67 1.700
68 1.550
69 1.380
70 1.120
71 1.000
72 0.891
73 0.784
74 0.741
75 0.708
76 0.676
77 0.631
78 0.589
79 0.562
80 0.537
81 0.478
82 0.447
83 0.398
84 0.363
85 0.31a6
86 0.295
87 0.269
88 0.234
89 0.219
90 0.200
91 0.178
92 0.170
93 0.151
94 0.145
95 0.138
96 0.135
97 0.132

a W
27 sin(6la8

v.098
0.099
0.09¢9
0.100
0.101
0.102
0.102

0.103
0.104
0.104
0.105
0.105
0.106
0.106
0.107
0.107
0.108

0.108
0.108
0.109
0.109
0.109
0.109
0.109
0.110
0.110
0.110

0.110
0.110
0.110
0.110
0.109
0.109
0.109
0.109

A A
Fe)aw
( X 1073

2.609
2.316
1.898
1.823
1.716
1.576
1.413

1.154
1.037
0.929
0.822
0.781
0.750
0.719
C.674
0.632
0.605

0.580
0.518
0.485
0.433
0.396
0.345
0.323
0.285
0.256
0.240

0.219
0.195
0.186
0.165
0.159
0.151
0.147
0.144

cus @
£ F(B)aw
( % 1073

2.609
4,925
6.823
8.646
10.362
11.937
13.350

14.504
15.541
16.470
17.292
18.073
18.823
19.542
20.217
20.848
21.453

22.033
22.551
23.036
23.469
23.865
24.210
24.533
24.828
25.084
25.324

25.543
25.739
25.925
26.090
26.249
26.400
26.547
26.691

CALCULATION OF T, DUE TO SPILLOVER

cuTy

(°K)

0.60
1.13
1.56
1.98
2.37
2.73
3.06

3.32
3.56
3.77
3.96
4.14
4.31
4'48
4.63
4.77
4.91

5.05
5.16
5.28
5.37
5.47
5.54
5.62
5.69
5.74
5.80

5.85
5.89
5.94
5.97
6.01
6.05
6.08
6.11
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CuT, = CuAL: (300) 2.1
g

where: cuadl = the cumulative solid angle of the feed
starting at @ = 62°,

'n'F = the total solid angle of the feed (1.31
steradians obtained by integrating the
feed pattern given by Veidtg), and

300 K = the assumed ground temperature in the

spillover region.

The last column in the bottom line of table 2.1 shows
that the contribution to antenna temperature due to
spillover using the feed power pattern in equation 1.21 is
about 6.1 K. The error in this estimate is probably about

+ 1.0 K.
4) Mesh Leakage Contribution (5.9 K)

The antennas of the synthesis telescope are surfaced
with expanded aluminum sheeting. From table 1.1, the mesh
size of the far east antenna is 1.59 cm, with an
approximate diameter of 0.2 cm for the wire size in the
mesh. Using a nomogram for transmission through a grid of

10

wiresl?, a value of =17 dB was obtained for the power

leaking through the mesh from the ground. I the ground



temperature is assumed to be 300 K, the antenna temperature

due to mesh leakage is found from

- -17/10
Ta Mesh = -ﬂ-e (300) (10 ) 2.2

JLT
where: 2, = the solid angle of the feed pattern that
falls on the surface of the antenna (1.28
steradians), and
'O'T = the total solid angle of the feed (1.31

steradians).

Using equation 2.2, a value of 5.9 K is obtained for
the contribution to antenna temperature due to mesh
leakage, with an estimated error of + 1.0 K. This would
likely be an upper bound, since the support structure for
the surface of the antenna, and the steel tower located
under the antenna would tend to reduce the amount of

leakage.

5) Diffraction Contribution (0.6 K)

The last contribution to be considered is the
diffraction of energy around the rim of the antenna from

the region below the antenna. It may be approximated by
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assuming that the rim of the antenna acts like an infinite
semi~plane which is placed between a receiver (the feed)
and a transmitter (the ground at 300 K). Figure 2.2a shows
the geometry of an infinite semi-plane EPY (perpendicular
to the page). placed between the transmitter G and the
receiver F. The height of the plane above the direct line
of sight between the receiver and transmitter is EP or h.
Figure 5.2bl1l shows the amplitude of the field strength
caused by the infinite semi-plane as a function of the

variable v, which is given by

v = i(h)ﬂZ/ﬁ (1/dq + 1/dp) 2.3
where: h = the hzight of the infinite semi-plane above

(v is negative) or below (v is positive) the
direct line of sight between the transmitter
and receiver,

A = the wavelength of observation,

ol
[
]

the distance along the line of sight from
the receiver to the infinite semi-plane, and
d, = the distance along the lire of sight from

the transmitter to the infinite semi~plane.

If the geometry of figure 2.2a is superimposed on the
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Figure 2.2
piftraction Around the Rim of the Far East Antenna

a) Geometry of infinite semi-plane EPY inserted baetween a
transmitter G, and a receiver F.

b) Amplitude of field strength producad by an infinite
lcmiiglano EPY as a function of v (Adapted from David and
Voge~*).

¢) the FE antenna pointed at the zenith, with the geometry
of the infinite semi-plane (shown in fig. 2.2a)
superimposed, allowing the approximation of the field
strength as seen by the feed due to diffraction of the
ground radiation at G around the rim of the antenna E.

(edge of antenna)
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far east antenna, figure 2.2c is the result. In this
figure, the ground G at 300 K is the transmitter and the
receiver is at F, the focus of the antenna. The antenna is
approximated by the infinite semi-plane. At a given angle
© , an annulus of ground of radius © and width
A O will radiate energy which will diffract around the rim
of the antenna at E. The attenuation of the field by the
antenna can then be found by calculating the parameter Vv
for the angle O using equation 2.3. For the case of

the far east antenna, dp,dj, and h in equation 2.3 are

given by

d, = 5.18 cos(62° - @) 2.4

a, = 12.58 [tan?@ + 1 - d; 2.5

h = 5.18 sin(62° - ©) 2.6
where: & = the angle from the maximum power response of

the feed in degrees.

Taple 2.2 lists the results of a numerical calculation

of diffraction using equations 2.3 to 2.6.



TABLE 2.2 CALCULATION OF T, DUE TO DIFFRACTION

2] dy d, h v A cuT,
62-61 5.18 20.79 0.05 =-0.07 0.47 0.131

60 5.18 20.00 0.14 =~0.21 0.42 0.234
59 5.18 19.27 0.23 -0.34 0.37 0.315
58 5.17 18.59 0.32 -~0.48 0.33 0.377
57 5.16 17.95 0.41 -0.62 0.29 0.425
56 5.16 17.36 0.50 =~-0.77 0.25 0.461
55 .21 16.80 0.59 =-0.91 0.22 0.488
54 5.4 16.29 0.68 -1.05 0.19 0.509
53 5.12 15.80 0.77 -1.20 0.17 0.524
52 5.11 15.34 0.85 -1.34 0.15 0.536
51 5.09 14.91 0.94 -~1.49 0.13 0.546
50 5.08 14.51 1.03 -1.64 0.12 0.553
49 5.06 14.13 1.12 ~1.79 0.11 0.560
48 5.04 13.78 1.2 -1.94 0.11 0.566
47 5.01 13.45 1.30 -2.09 0.11 0.572
46 4.99 13.13 1.38 -2.24 0.0 0.576
45 4.97 12.84 1.47 -2.39 0.09 0.581
44 4.94 12.56 1.56 -2.55 0.09 0.584
43 4.91 12.30 1.64 -2.7C 0.08 0.587
42 4.88 12.06 1.73 -2.86 0.08 0.590
41 4.85 11.83 1.81 -3.01 0.07 0.593
40 4.82 11.62 1.90 =-3.17 0.07 6.595
39 4.79 11.42 1.98 -3.232 0.07 0.597
38 4.7 11.23 2.07 -3.48 0.06 0.599
37 4.71 11.05 2.15 -~3.64 0.06 0.600
36 4.68 10.89 2.23 -3.80 0.06 0.601
s 4.64 10.73 2.31 -3.95 0.06 0.603
34 4.59 10.59 2.39 -4.11 0.05 0.604
3 4.55 10.46 2.47 -4.27 0.05 0.605
32 4.51 10.34 2.55 -4.43 0.05 0.606
kDS 4.46 10.22 2.63 -4.59 0.05 0.607
30 4.42 10.12 2,71 -~4.75 0.05 0.607
29 4.37 10.03 2.78 -4.91 0.05 0.608
28 4.32 9.94 2.86 -5.07 0.04 0.609
27 4.27 9.86 2.93 <-5.23 0.04 0.609
26 4.22 9.79 3.01 -~5.39 0.04 0.610
25 4.16 9.73 3.08 ~5.56 0.04 0.610
24 4.11 9.67 3.15 -~5.72 0.04 0.611
23 4.05 9.62 3.22 -5.88 0.04 0.611
22 4.00 9.58 3.30 -~6.04 0.04 0.611
21 3.94 9.55 3.36 -6.20 0.04 0.612
20 3.88 9.52 3.43 -6.37 0.04 0.612
19 3.82 9.50 3.50 -6.53 0.03 0.612
18 3.76 9.48 3.57 -6.69 0.03 0.612
17 3.69 9.47 3.63 -6.86 0.03 0.613
16 3.63 9.47 3.69 =-7.02 0.03 0.613
15 3.57 9.47 .76 -7.19 0.03 0.613
14 3.50 9.48 3.82 ~7.36 0.03 0.613
13 3.43 9.49 3.88 -7.52 0.03 0.613
12 3.36 9.51 3.94 -7.69 0.03 0.613
11 3.29 9.53 4.00 -7.86 0.03 0.614
10 3.22 9.56 4.05 -8.04 0.03 0.814
9 3.15 9.59 4.11 -8.21 0.03 0.614
8 3.08 9.63 4.16 -8.39 0.03 0.614
7 3.01 9.68 4.22 -8.57 0.02 0.614
6 2.93 9.73 4.27 -8.75 0.03 0.614
5 2.86 9.78 4.32 ~8.94 0.03 0.614
4 2.78 9.84 4.37 -9.13 0.02 0.614
3 2.71 9.90 4.42 -9.133 0.02 0.614
2 2.63 9.57 4.46 -~9.53 0.02 0.614
1 2.55 10.04 4.51 -9.73 0.02 0.614
0 2.47 10.12 4.55 -9.94 0.02 0.614



For -2.0 < v < 0.0, the amplitude A of the field is given
by equation 2.7, which is a 3Td order polynomial fitted to

the c:rve in figure 2.2b between v = -2.0 to 0.0.

A = -4.17 X 1073v3 + 0.112v2 - 0.403v + 0.5 2.7

For values of v < -2.0, the amplitude is given byll

A

-1(0.225/V) 2.8

The incremental antenna temperature is given by

dT, = [2T sin 8 ][300][A( )12 F(62°) a6 2.9
1.31
where: 1.31 = the solid angle of the feed for far

east antenna,

300 = the assumed ground temperature in
Kelvin,
A( &) = the amplitude of the field

diffracted by the rim of the
antenna, and

F(62°) = the value for the power pattern of

44



the feed at the edge of the antenna
(2.67 X 1072 from table 2.1), and

ad® = 1° = 1/57.3 radian.

From table 2.2, using the method just described, a
value of ~ 0.6 K is found for the contribution to antenna
temperature (with a probable uncertainty of + 0.1 K) from
diffraction of energy around the rim of the antenna. It is

the smallest contribution of the five considered.

When the above contributions are totaled in table 2.3,
the theoretical estimate for antenna temperature for the
far east antenna is 19.8 * 2.5 K, which is 6 K lower than

the measured value of antenna temperature, 25.9 + 2.5 K.

2.2 DATA COLLECTION AND PRESENTATION

To explain the ~ 6 K discrepancy between the measured
and theoretically valculated values of antenna temperature,
the response pai:#i~. of the far east antenna was measured
ir. July 1986. The data obtained give values for F( P, §)
in equation 1.18, which is used to calculate antenna
temperature. The measured power pattern also allows a
separate caiculation of antenna temperature due to

spillover, mesh leakage and diffraction, as well as an
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TABLE 2.3 THEORETICAL VALUES FOR THE CONTRIBUTORS TO Tp
(In Kelvin)

1. Atmosphere 2.2 + 0.3
2. SKky 5.0 + 2.0
3. Spillover 6.1 + 1.0
4. Mesh leakage 5.9 + 1.0
5. Diffraction 0.6 + 0.1

Theoretical Tp = 19.8

+
N
o
=
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estimate of antenna temperature due to feedleg scatter.

2.2.1 THE EXPERIMENTAL MEASUREMENTS

The far east antenna was chosen for this measurement
because its location was relatively free of buildings,
fences, and other obstructions in comparison to the other
antennas of the array. The response pattern was measured
by placing a point source of radio waves in the far field
and scanning the antenna over the sky while recording the
received power. A very similar method was used by Higg512

to measure the antenna characteristics of the Dwin.eloo

Radio Telescope at 820 MHz.

In order for the method to work, the transmitter must
be at a distance greater than the minimum distance required

for far field conditions. This distance is given by13

d = 2(D%)/y 2.10

where: D = the diameter of the antenna (9.14 m for the
far east antenna, and

N = the wavelength of observation.



Using equation 2.10, far field conditions begin at 792 m

for the far east antenna operating at 1420 MHz.

A suitable hill top for the site of the transmitter
was chosen to the east and slightly south of the far east
antenna. The factors considered in choosing this location
were: 1) it must be in the far field of the antenna, 2)
the vertical angle as seen from the antenna should be as
large as possible, to minimize the ground reflection, and
3) it should be reasonably accessible. The chosen hill top
was a compromise among the above conditions, being at a
distance of 810 m (just into the far field), with a

vertical angle of ~ 12°, and having relatively easy

access.

To minimize the effect of the ground reflection,
vertical polarization was chosen for the transmitter. An
estimate of the reflection coefficient in this case is
about 0.1514, which would make the reflected power
approximately 16.5 dB pelow the power received from the
direct wave. thus wipimizing any distortion in the measured

antenna pattern caused by *he reflected wave.

mhe transmitter consisted of a stable oscillator
generating about 200 nW, which was fed through a 10 dB
attenuator tn a rectangular horn for transmissiori. The

osizillator, horn, and batteries which powered the
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transmitter, were mounted in a dead tree on the hill top
about 3.5 m above the ground. In order to avoid saturating
the electron  system of the telescope, the FET front end
amplifier haa to be disconnected. The signal from the
receiving feed hurn was fed directly into the bandpass
filter in front of the mixer (located in the focus box).
The far east antenna was configured to receive right hand

circular polarizatior - these measurements.

The signal was recorded using a spectrum analyzer with
a bandwidth of 300 KHz centered on the 30 MHz IF of the far
east antenna. A 300 KHz bandwidth was chosen to minimize
any effects of drift in the measuring system.
Periodically, the antenna was re-positioned on the
transmitter, to allow the spectrum analyzer to be
recentered on the I?, which eliminated any need to correct
the data for drift. A O tc 1 volt analog output on the
spectrum analyzer was connected to a chart recorder to make
a permanent record of the data for later analysis. Using
this system, a dynamic range of 60 dB was achieved. Figure
2.3 shows a schematic of the equipment cwnfiguration
used to measure the power pattern of the far east

antenna.

The antennas of the synthesis telescope are designed
with equatorial mounts which made it convenient to gather

the data by scanning in right ascension (RA) along lines of
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constant declination (DEC). The half-power beam width
(HPBW) of the antennas is 1.75°, which requires sampling
the power pattern at a spacing of 0.875° to fulfilil the
Nyquist criterion. For convenience, a spacing of 0.75° in
DEC was chosen for the scans along RA. The power response
of the antenna was recorded over the whole sky using this
spacing, with the horizon 1linmit switches determining the
east and west end points of each scan. The north pole
limit switch was set to DEC = +84.25°, preventing any data
collection within a radius of ~ 6° of the north pole. The
scans were obtained in alternate directions, from west to
east, then east to west, which minimized the time required
to collect the data. A sensor, which was capable of
discerning the scanning direction, was attached to the RA
reéd-out selsyn connected to the far east antenna. It was
used to activate an event marker which fixed the location
of each hour of RA on the chart. Figure 2.4 shows a
section of chart paper which contains a scan through the
transmitter, located at RA = 19D 13.7M, DEC = +1.47°, with

ol on the meridian.

After the sky was scanned completely, a process
requiring three days to complete, the strip charts were
digitized, with the resulting data stored in a separate
file for each scan. Each point in the digitization process

was stored as a separate record consisting of 3 elements,
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RA, DEC, and received power in dB. About 20 % of the strip
charts were digitized at DRAO on the VAX system; the
remainder were done on the University of Alberta MTS
system. The software for digitizing charts at DRAO was
written by Dr. L.A. Higgs. The software used at the

University of Alberte is part of the MTS system.

The portion cf data which was digitized on the MTS
system, was written to a tape and transferred to a VAX
computer located in the Department of Applied Science in
Medicine, at the University of Alberta. It was then
combined with the data which were digitized at DRAO, with
the help of Robert Morse, to form a single file consisting
of approximately 69,000 data points. The complete file was
then taken back to the VAX system at DRAO on a magnetic
tape for further processing. Figure 2.5 shows a summary of
the data reduction process from the raw data on the strip
charts, to a single file containing the power pattern of

the far east antenna in the RA-DEC coordinate system.

2.2.2 ACCURACY OF THE MEASUREMENTS

When estimating the accuracy of the data in the
measured power pattern, several potential sources of error
should be considered. Inaccuracies in the data are the

result of the combined effects of the transmitter, spectrum
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Figure 2.5

Flow Chart of Data Reduction Process.
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analyzer, and chart recorder which wer= used in the

measuring and recording process.

a) The Transmitter

The transmitter on the hill consisted of an oscillator
powered by a 12 volt automotive battery. The voltage was
requlated before it was applied to the oscillator to
stabilize the power output. The frequency was governed by
a tuned cavity which resulted in a very stable operating
point at 1420 MHz. The power output, however, was likely
not as stable as the frequency, due to drift of the
regqulation point with temperature changes throughout the

day.
b) The Spectrum Analyzer

The signal was received by a spectrum analyzer
centered on the 30 MHz IF, and operated with a 300 KHz
bandwidth. The wide bandwidth was selected to minimize
the effects of any drift in the center frequency of the
spectrum analyzer, but errors occur if the passband is not

flat over the frequency range of the drift.
c) The Chart Recorder

A servo chart recorder with an accuracy of + 0.5

percent of full scale was used to make a permanent record
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of the data. This imposed a + 0.5 dB accuracy limit on the

data, since full scale on the chart corresponded to 100 dB.

To minimize the effects of any drift in the equipment,
the antenna was periodically redirected to the transmitter
so that the center frequency of the spectrum analyzer could
be reset to 30 MHz. At the same time the chart recorder
was rezeroed to compensate for any drift in the power
levels. The system was readjusted on average every 5.6
scans, and the offsets in both the frequency and power
levels were recorded. The 1 < levels for the frequency
and power offsets were 26 KHz and 0.26 dB respectively. It
should be noted that any error caused by the frequency
drift would be included in the * 0.26 dB error found for

the power levels.

The above shows that the readjustment process was
performed often enough to limit the drift errors to less

than half of the accuracy specification of the chart

recorder.
d) Polarization and Ground Reflection

As stated previously, vertical polarization was used
to minimize the ground reflection. However, the antenna
received circular polarization, which has given the scatter

lobes from the feedlegs a polarization dependence. The



implications of this are discussed in section 3.3.1. For
the rest of the antenna pattern any effect dua to random
polarization, resulting from reflections, should average

out over the numerous lobes measured.

The reflection ccefficient of the ground has been
estimated to be about 0.15, putting levels of any reflected
power ~ 16.5 dB below the direct wave. The result recorded
for a given orientation of the antenna is a vector sum of
the direct and reflected waves at the receiver. Any effects

should average out over the measured antenna pattern.
e) Miscellaneous Sources of Errors

Adjacent scans were performed in alternate directions
which has resulted in a slight offset due to backlash in
the system. This was found to be ~ 0.45° by measuring the
offset of the lobes in a scan which was taken in both
directions. The offset corresponds to about 0.9 pixel in
the east-west direction of the RA-DEC map. Since a 1°
Gaussian was used in the gridding process, the effect has

had little influence on the final map.

The Sun added 1.5 dB to the data whenever the main
beam of the antenna passed over it. But since this

condition occurred infrequently, it has been ignored.

A check on the time constant of the receiver was
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performed while obtaining the Gata. This was accomplished
by pointing the antenna at the transmitter and recording
the response of the system as the transmitter was turned
off. It was found that the system could respond to a 60 dB
change in power level in about 0.15 pixel in the RA-DEC map
given the scanning rate. The response was fast enough to
eliminate any concerns that fine structure in the antenna

pattern was being lost because of the scanning speed.

Finally, the digitization process could be a source of
some errors. However, care was taken to sample each scan
adequately to limit any errors to small values, and any
that did occur should average out o.vr the many scans that

were digitized.

2.2.3 DATA PRESENTATION

The power pattern of an antenna can be displayed in
three different ways, each of which has an advantage,

dependi..g on how one wishes to view the results.

1) The RA-DEC Coordinate System

Since the data were taken in this coordinate systen,
the initial maps of the power pattern were constructed in
these coordinates. The data file containing the power
pattern was gridded into a 721 X 251 array using the

program MDATACHK written by Dr. L.A. Higgs. A 1.0°
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gaussian was chosen to smooth the data during the gridding
process. The gridded array covered the full 24 hours in RA

and from -35° to +90° in DEC, in 0.5° increments.

Figure 2.6 shows the power patfern of the far east
antenna in the RA-DEC cocordinate system. The site of the
transmitter is plainly visible at RA = 19.23h, DEC =
+1.47°. The horizon limit switches allowed the antenna to
be pointed below the transmitter by a few degrees, which
made it possible to completely sample the area around the
main beam. The 6° strip at the top of the plot is
ursampled due to the north pele limit switch. The large
blank areas in the lower left and lower right hand regions
o# the plot are unsampled as well, since they fall below
the horizon. The spillover lobe in this plot is the broad
curved structure seen in the region 2h < RA < 120, The
narrow curved features which extend from the main beam are

caused by scatter from the feedlegs.

The data displayed in the RA-DEC format shown in
figure 2.6, gives a good picture of the power received by
the antenna when it is pointed at a given location in the
sky, but it does not 1lend itself to the numerical

calculation required to give antenna temperature.
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2) The RHO-PHI Coordinate System in Rectangular Form

The RHO-PHI (@, $ ) coordinate system is ideally
suited for numerical calculatiocus. In this systemn, f = 0°
is coincident with. the main r-~am on the axis of the
antenna. ¢ = 0° is oriented in the direction of the north
facing feed leg, when the antenna is pointed at the zenith,
and increases in the CCW direction as seen from behind.
Integrations of antenna temperature may be performed by
summing up contributions in a strip of ¢ at constant f .
Figure 2.7 shows the ( (o' ¢) coordinate system
superimposed on an antenna and a transmitter, with the

antenna receiving power from = 40°, § = 160°.

A spherical coordinate transformation was performed on
the RA-DEC array using the program GRIDHAD written by Dr.
L.A. Higgs, which mapped the data to the ( g, @) plane.
Figqure 2.8 shows the data mapped into a ( () ’ ¢) array with
dimensions of 180 X 360 degrees in 1° increments. In this
map, the main beam of the antenna is a horizontal line at

P = 0°, The linear features, which begin at the base of
the plot and extend to the middle region, are the lobes
resulting from feed leg scatter. The spillover region
forms a horizontal band in the range 83° < ‘0 < 118°, the
limits being horizon and antenna rim respectively, as seen

from the feed.
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Radio Point
source

Figure 2.7
Tllustration of the RHO-PHI Coordinate System
coordinate system showing an antenna
source at

The RHO-PHI ( f, ©)
power from a radio point

receliving
(p.¢) = (40°,160°) .
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The mapping process which converts the RA-DEC data to
the ( P, ¢) coordinate system is graphically illustrated by
figqure 2.9. The top plot is the full RA-DEC array, shaded
black from ~35° to -85° in DEC. Strips 5° wide in DEC are
also shown at the top and bottom of the array. The lower
plot is the RA-DEC data transformed into the (€,¢)
coordinate system with several locations labeled. The
cross hatched area represents the area sampled, which may
be compared with figure 2.8. Slightly less than 50 % of
the power pattern of the antenna is measurable, due to a
combination of the horizon and north pole limit switches on

the antenna.
3) The RHO-PHI Coordinate System in Polar Form

For disp;ay purposes, the rectangular array of qa,¢»
data may be re-mapped into a polar form. This operation
was done using a program called POLAR written by the
author. Figures 2.10 and 2.11 show the front and rear
halves of the antenna pattern in polar coordinates. The
front half is the part which contains the main bean,
(0° < P < 90°), and the rear half is the opposite
hemisphere (90° < (’ < 180°) . ¢ increases in the CCW
direction in the front half, and in the opposite direction
in the rear half. The polar plots have the advantage of
presenting the antenna pattern in a form which is easier to

visualize than the (f,¢) rectangular plots, which are used
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diagonal cross hatching indicates the sampled areas of the
antenna pattern in each plot.
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for numerical calculations.

2.3 CALCULATION OF ANTENNA TEMPERATURE USING THE POWER

PATTERN OF THE FAR EAST ANTENNA

The power pattern of the far east antenna shown in
figure 2.8, allows a numerical calculation of antenna
temperature using equation 2.1l. The contributions from the
sky and atmosphere have been excluded from this calculation
for now. Equation 2.11 is the result of integrating
equation 1.18 between the appropriate limits of (D Horizon

and 180°, (an integration over regions 2 and 3 of figure

1.6).
r I%Oo
Ta = 3"\,_ F( P, ®) T(P.P) dW 2.11
Pﬂo&\‘z.o!\
where: F( (’, qS) = the measured power pattern shown in
figure 2.3,

T( P, ¢) the temperature of the ground in the
direction ( P , ¢ ), and

L.

the antenna solid angle (1.23 X 1073

steradians), obtained from



Z
0 =_ A 2.12
Ae
where: A, = the effective area of the antenna ( the product
of the physical area with  the aperture
efficiency which has been found to be ~ 0.35
for the DRAO antennas).
2.3.1 CONSIDERATIONS REQUIRED BEF -° 'F .0 UTNING

ANTENNA TEMPERATURE

In order to use equation 2.11, along with the
measured power pattern of the far east antenna, to
calculate antenna temperature, three things must be

considered.

1) The first consideration .is the fact that there is
incomplete coverage in the measured power pattern shown in
figure 2.8. This condition exists along the ¢ direction
for all values of f excapt arcund the region of the main

> 0°). The problem is illustrated by

beam (~10° > e
figure 2.12 which is the number of pixels which contain
data values plotted as a function of (’ , the angle from
the main beam of the antenna. From the plot it can be seen

that for f > 9°, there is a sharp decline in the number of
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pixels that contain power pattern data. There is quite a
deficiency of data in the region 83° < p< 93° as well, and
a complete absence of data in the region p > 162°.
These features are the result of not being able to sample
the power pattern of the antenna in these areas due to
limit switch .ca.;':trictions (the antennas cannot be pointed

below the he¢ .. to any great extent).

To use the ¢ f, ¢) data in equation 2.11 to calculate
antenna temperature at a given (’ . the average povwer
(Ppyp) in a strip of Ae .»ust be determ: v from the
pixels which contain data and then applied to the whole
strip. Figure 2.13 is a plot of Ppyg as 2a function
of (’ for the far east antenna. This is another way of
looking at the antenna pattern. In this represencation the
power pattern of the antenna is assumed to be symmetrical
in ¢ and to have the value of Ppyg at the value of f of
interest. Ppyg for a given f‘ is calculated by summing the
power levels in each of the pixels that contain data and
then dividing by the number of pixels. Fill values of Ppyg
= =47.5 dB have been inserted into the area of € > 1629,
which represent an approximation of +he average power
levels in this region. One cut was made through the back

lobe, which gave -45 dB for the power level at f = 180°.

2) Secondly, to obtain antenna temperature from

equation 2.11, values of ground temperature Te must be
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known to supply values for the term T( (J ’ ¢ ). Table 2.4
contains measurements of T obtained by pointing the fifth
antenna at the ground at a variety of lccations around the
observatory. A theodolite was used to find the elevation
.angle and the bearing to each of the sites. This
information along with the elevation of the antenna enabled
each of the sites to be located on a topographic map, which
in turn made it possible to find the angle of incidence
that the main beam had with the ground at each location.
The equivalent (’ can be found by subtracting the angle of
incidence from 90°. This assumes that the ground
conditions in the hills surrounding the observatory are the
same as those in the vicinity of the antenna. The
resulting curve for ground temperature as a functior
of e is found in figure 2.14. The data point at f =
180° was obtained by connecting the receiver to a horn
which was pointed at the ground, and making an allowance
for the loss in the cable. Figure 2.14 assumes that Tg is

symmetrical in the ¢ direction.

3) The last point to consider in applying equation
2.11 to calculate antenna temperature, is the upper limit
of integration (the angle of the horizon as seen from the
feed of the far east antenna). To answer this question the
elevation of the horizon, as seen from the far east

antenna, was obtained using a theodolite. The results were



TABLE 2.4

No. Bearing Elevation

(Deg)
1 124.0
2 156.7
3 244.3
4 290.7
5 301.7
6 312.3
7 306.7
Note: g

(Deq)

3.57
4.67

5.67

¢

(Deg)

26.5
12.0
10.0

6.5
18.0
17.8

16.7

MEASUREMENTS OF Tg

¢

(Deg)

116.5
102.0

100.0

'96.5

108.0

107.8

106.7

the angle of incidence.
the equivalent e calculated from
incidence.

(&)

250
245
232
200
212
234

223
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Ground
Conditions
cliff
trees
trees
bare ground
bare ground
bare ground

trees

the angle of
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Effective Ground Temperature Tg

280 T T T ¥ LI
Tg = =0.2143fP + 273.6
260 F (110° ¢ P < 180°) "
240 |
220 F
200 +
——— TG = 4.975? ~ 296
180 I h (83° < p < 1109 7
!
]
II
160 o I -4
!
!
!
!
140 - | -
!
[
I
!
120 ! -
d
100 . . d : .
80 100 120 140 160 180
RHO (Degrees)
Figure 2.14

Effective Grsund Temperature Tg as a Function of RHO

The effective ground temperature as a furiction of the angle
of incidence was measured by using the fact that the
observatory is in a bowel. This information was then
applied to the intengration process assuming flat ground.
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then plotted on the ( (3, @) array giving figure 2.15. In
this figure any lobes of the antenna pattern that occur at
values of f 2 (Dhorizon will fall on the ground, whereas
any that fall at {’ < f’horizon will project into the
sky when the antenna is pointed at the zenith. The lobes
that fall on the ground will contribute to antenna

temperature.

The average value of f’ for the horizon in figure 2.15
is ~ 83° as seen from the feed of the far east antenna,
which is equivalent to an average elevation angle of 7°.
Therefore 83° is used in equation 2.11 for the upper limit

of integration.

2.3.2 NUMERICAL CALCULATION OF ANTENNA TEMPERATURE

USING THE ANTENNA PATTERN

with the above points taken into consideration, the
artenna temperature for the far east antenna Wwas
calculated, excluding contributions from the sky and the
atmosphere. The antenna pattern shown in figure 2.8 was
numerically integrated using a program called SPILLOVER,
written by the author, with the results plotted in figure
Ledd.

iregration begins at f = 83° and proceeds to P =
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(K)

Ccumvlative Anienna Temperature Ta

25 1 ] T L)

T ™ 20.44 K—\

20

SF

Tp = 13.96 K—\

80 100 120 140 160 180

RHO (Degrees)

Figure 2.16
cumulative Antenna Temperature as a Function of RHO

Plot of cumulative antenna temperatura as a function of RHO
calculated from figure 2.8d showing T at RHO = 90° (total
due to mountains), 1189 (total due to spillover and
feedleg scatter), and at 1809, to give total T,.
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90°, giving antenna temperature = 1.14 K. This represents
the contribution to antenna temperature from the
surrounding mountains. At e = 118° (the edge of the
antenna), the spillover region has been completely
integrated to give antenna temperature = 13.96 K. This
region (region 2 in figure i.6) alsc includes contributions

to antenna temperature from feedleg scatter.

The remaining region is region 3 of figure 1.6, the
area behind the antenna. From figure 2.16 it can be seen
that an additional 6.48 K is added to antenna temperature
from integrating the antenna pattern from g= 118° to 180°.
The antenna temperature resulting from integrating the
complete pattern of the far east antenna is 20.44 K. The
contribution from the sky (5.0 K), and atmosphere (2.2 K)
must bs acdded to give the value of 27.6 K for the total

antenna temgerature.

The determination of antenna temperature from selected
areas éf the antenna pattern is of interest. Three such
areas which are shown in figure 2.17, have had their
contributions to antenna temperature summed only if the
power levels of the pixels in question fall above ~45 dB.
This windowing of the power levels has had the effect of
selectively integrating the features which stand out above

the background in figure 2.17.
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Area 1 is a horizontal strip of the antenna pattern
located in the range 85° < P < 106°. The main features
selected for integration in this case are the scatter lobes
from the feedlegs. Antenna temperature for this strip is
1.40 K. The upper limit of integration was restricted
to e = 106° to avoid including significant contributions
from the spillover lobe of the antenna, seen as the darker

areas in ~106° < e < 118°.

The integration of antenna temperature in the strip
106° < e < 118° suggests that antenna temperature due to
feedleg scatter could be much higher than 1.40 K. First,
the scatter lobes from the feedlegs extend iﬁto the upper
regions of the spillover area in 106° g_e;g 118°. This
contribution was not included in the integration of area 1.
Secondly, from figure 2.17 it can be seen that much of area
1 falls in an unsampled area of the antenna pattern. If
the scatter lobes from the feedlegs are extended through
this area, it can be seen that only a small fraction of the
lobes have been integrated to obtain 1.40 K. Therefore,
the contribution from feedleg scatter likely forms a
significant portion of the total antenna temperature for

this antenna.

Areas 2 and 3, shown in figure 2.17, have been

integrated to give 1.33 K and 0.34 K respectively. These



two areas are located in the sampled portion of the

spillover lobe of the antenna.

From figure 2.17, it can be seen that a large portion
of the spillover region falls into the unsampled area of
the antenna pattern. Since the determination of antenna
temperature relies on calculating the average power in a
strip of f from the available data, and then applying it
to the unsampled region, a possible problem exists. If the
antenna pattern is asymmetrical in the ¢ direction, and
if the sampled region of the pattern is not representative
of the whole pattern , an error in the determination of
antenna temperature will be the result. Areas 2 and 3 of
figure 2.17 are equal in all respects except for their
location in ¢> . yet the antenna temperature due to these
two areas differs by a factor of ~ 4. This indicates that
the antenna pattern may be asymmetrical in ¢ , wWwhich casts
some doubt on the integration of antenna temperature for

the spillover region.

The same applies for the leakage and diffraction
region (region 3 in figure 1.6), shown in figure 2.17.
However, the saripled portion of the antenna pattern in this
region appears to be fairly symmetrical in
the ¢ direction, which would indicate that the determined
antenna temperature due to leakage and diffraction is

likely more reliable than that of the spillover region.
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An important check on the accuracy of the antenna
pattern can be performed by integrating it and comparing
the result to the known solid angle of the antenna. This
was done, but the total solid angle was found to be only
0.659 X 102 sr, about half of the actual value
(1.23 X 1073 sr). The integration failed to give the
correct result due to sampling the data on a 1° grid (too
coarse for this purpose) around the main beam area, where

most of the solid angle resides.

However, the check can be performed in a medified way.
The pattern can be integrated for the region outside the

main beam to find L S’ which can be used to calculate a

beam efficiency given by

rlB= Lp-Ls 2.13

2,

where: oL A = the solid angle of the antenna (1.23 X 1073

sr),

L 5

the solid angle in the region outside the
main beam (0.323 X 1073 sr from integrating

the antenna pattern shown in figure 2.8).
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Evaluating equation 2.13 gives rkB = 0,74, based on the

measured power pattern of the an%tenna.

The beam efficiency may also be obtained using the

expression15
QB= qupJLM 2.14
)\‘2.
where: Y(a = the aperture efficiency of the antenna
(~ 0.55),
&, = the physical area of the antenna

(65.61 m?),

A = the wavelength of observation (0.211 m),

and

L,
oot
i

the solid argle in the main bg¢am, which
can be estimated from equation 2.15

assuming a Gaussian beam.

Sy = 1.133(HPBW) < 2.15

In the case of the far east antenna, for a HPBW =

103, () M = 1.017 X 1073 sr. Evaluating equation 2.14

with this result gives I’(B = 0.82, which compares
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reasonably well with f( p = 0.74 based on the measured
power pattern. This result demonstrates that the antenna
pattern shown in figure 2.8 is an accurate representation
of the power pattern for the far east antenna. It also
shows that the results of any calculations using the power
pattern should be valid as long as the region of the main

beam is avoided ( E'S 29).

2.3.3 SUMMARY OF RESULTS

The results obtained from the numerical integration of
the antenna'pattern can now be compared with those obtained
using the tireoretical methods detailed in section 2.1.
Table 2.5 lists the theoretical calculations for the
various components of antenna temperature, along with those
deteruined from the integration of the power pattern of the

far east antenna.

Antenna temperature due to the atmosphere and sky has
been assumed to be the same in both cases. The mesh
leakage and diffraction contribution determined from the
antenna pattern is 6.48 K which agrees extremely well with
the theoretical value of 6.5 K. This result indicates that
figure 2.14 gives reasonably accurate values for ground

temperature in the region 118° < e < 180°.



TABLE 2.5 SUMMARY OF RESULTS OF ANTENNA TEMPERATURE
FOR THE FAR EAST ANTENNA

Value from integrating
Antenna Power Pattern

(plus atmosphere and sky)

Contributing Theoretical

Source Value
Atmosphere 2.2

Sky 5.0
Spillover 6.1
Feedleg Scatter -
Mesh Leakage 5.9
Diffraction 0.6

Totals 19.8 + 2.5 K

(Tp measured in 1980 = 25.9 + 2.5 K)

27.6 + 3.0 K

* includes contribution from feed.eg scatter lcbes
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A larger discrepancy exists in the estimate for
spillover and feedleg scatter. Integration of the antenna
pattern yields 13.96 K, whereas the theoretical estimate
(which does not include feedleg scatter) is only 6.1 K. A
possible explanation of the discrepancy is that the feedleg
scatter could account for up to 4 or 5 K, which would bring
the theoretical value up to 24 or 25 K. The remaining
difference could be the result of sampling regions of
higher power in an asymmetrical antenna pattern. If this
is the case, during the integration of the pattern, the
average power for the strips of F would be assigned
artificially high wvalues, which would in turn boost the
calculated wvalue of antenna temperature for that region.
This expianation is supported by the difference in antenna
temperature (by a factor of ~ 4) that haz been obtained by

integrating areas 2 and 3 shown in figure 2.17.

Oone of the main results of estimating antenna
temperature directly by integration of the power pattern of
the far east antenna, is that it indicates that there is
likely a significant =ontribution to antenna temperature
from the scatter lobes of the feedlegs. Unfortunately,
gaps in the sampling of the power pattern prevent a
determination of their magnitude. However, the experiments
performed on the fifth antenna, which are described in

chapter 3, give some indication of how significant these



contributions are,

temperature.
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CHAPTER 3

TWO METHODS OF R:DUCING ANTENNA TEMPERATURE

This chapter describes two experiments to reduce the
antenna temperature «’ . antenna. The fifth antenna of
the synthesis telesc «33 chosen for these experiments
over the Far East antennz, since it was in the process of
being integrated into the existing array, and not yet
involved in gathering data. In addition to the description
of the experiments, some discussion is devoted to the
effects of the size, configuration, and material of the

feedlegs on antenna temperature.

The first method used to reduce antenna temperature is
that of placing a fence or shroud on the rim of the antenna
parallel to its axis. The fence has the effect of reducing
the amount of ground radiation that finds its way over the

rim of the antenna and into the feed.

The second method used to reduce antenna temperature
involves changing the shape of the feedlegs to limit the
amount of ground radiation that is scattered off the
feedlegs and into the antenna. The narrow curved features
seen in figures 2.6 and 2.8, are the scatter lobes caused
by the feedlegs. When these lobes strike the ground, noise
is added to the system. The shape of the feedlegs was

changed from a circular to a triangular cross-section with



a rough leading edge, which had the effect of lifting the
feedleg scatter lobes off the ground and placing them
closer to the main beam, thus reducing the antenna
temperature.' Both of these experiments were performed at

1420 MHz on the fifth antenna.

3.1 THE METHOD USED TO MEASURE ANTENNA TEMPERATURE

In order to determine how effective each of the
modifications was at reducing system noise, the antenna
temperature was measured for each change in the

configuration of the antenna.

3.1.1 THE RECEIVER

Figure 3.l1a shows a block diagram of the Dicke
receiver which was used on the fifth antenna for the
antenna temperature measurements. The receiver was
installed and tested by Phillip Phu, a DRAO summer student,

who also assisted in making the measurements.

The linearity of the receiver was checked by adding a
calibration noise somras: to the various signal levels
measured throughout the range. The results of this test

appear in figure 3.1b, and demonstrate that the receiver
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Block Diagram of the Dicke Recsiver, and Results
of the Linsarity Test

a) Block diagram of the Dicke receiver ussd {in the antasnna

tenperature measurements,
b) The results of the linearity test, with error bars shown

at tha 1 ¢ lavel.
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output can be assumed to be linear as a function of antenna

temperature over the range of measurements taken.

This type of receiver works by switching between the
antenna and a comparison load at a rate high encugh that
the effects of any gain variations in that time are
minimized. The output of the receiver is proportional to
the difference between the input from the antenna and the
reference load. The output was recorded on a digital
voltmeter and a chart recorder was used to provide a

vermanent record of the measurements.

[

.2 THE MEASUREMENT METHOD

To measure the antenna temperature, the antenna was
disconnected from the receiver and replaced with high
quality hot and cold 50 ohm loads held at 373 K and 80 K
espectively. The instrument (Ailteck Model 70 reference
1tad) which suprlied these two references used liquid
nitrogen, and electrical heating to accurately maintain the
cold and hot load temperatures. The output of the receiver
was recorded using a digital voltmeter for both the hot and
cold loads. From equation 3.1 it can be be seen that the
power output of the 'oad is linear with temperature,

therefore the ratio oz X/volt can be calculated:
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P = KTB 3.1

where k = Boltzmann's constant,

T = absolute temperature, and

w
]

the bandwidth.

After the outputs for the hot and cold loads were
recorded, the antenna was reconnected and the receiver
output was measured with the antenna pointed at the zenith.
From these measurements, the absolute antenna temperature
is found. Several readings were averaged for each
measurement of the zenith, and the hot and cold loads to
mininize the effects of drift in the system. However, the
individual readings used in the averages had variations
that would cause the antenna temperature to vary by + 3.0 K
if the extremes were used in the calculations. Figure 3.2
shows a plot of one determination of antenna temperature
for the fifth antenna using averaged values of 0.5541,
0.9553 and 0.4740 volts for the cold, hot, and zenith

measurements respectively.

The antenna temperature given for each configuration

of the antenna is the average of two or more measurements,
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Figure 3.2
A Determination of Antenna Temperature

A plot showing the details of one determination of antenna
temperature for the fifth antenna made on August 20, 1987.
An antenna temperature at the zenith of 21.5 K is found
using a straight line extrapolation through the calibration
points obtained from the hot and cold loads.
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and is given with a + error estimate. The error listed is

standard error (&), which is defined by

A o/ 3.2

the number of measurements, and

where: n

I = the standard deviation of the measurements

given by
0 211/2
T =1 (/1)) 8 (x5 - DY 3.3
i=i
where: x; = the ijth peasurement, and
¥ = the mean of the measurements.

Using a cold load with liquid helium in place of
liquid nitrogen would increase the accuracy of these
measurements. Since the helium load would be at ~ 4.3 K,
the antenna temperature would be between the calibration
points and the extrapolation shown in figure 3.2 would be

avoided.



3.2 EXPERIMENTAL REDUCTION OF ANTENNA TEMPERATURE

USING A FENCE

One effective and low cost method of reducing the
antenna temperature of an antenna is to ialace a fence or
shroud around its rim to block ground radiation from
entering the feed. An analysis of shrouds has shown that a
paraboloid with a shroud shows better suppression of the
far sidelobe levels than a paraboloid without onel®. 1t is
in this range of ~90° < (-‘_<_ 180° that a reduction of the
power levels of the antenna will reduce the antenna
temperature, since lcbes in this range of f strike the

ground when the antenna points at the zenith.

Figure 2.13, which plots the average power in the
antenna pattern as a function of f , shows the spillover
lobe in 83° < (’5 118°. If a 0.91 m fence was added to
the far east antenna, it would subtend about 10°
(108° < e < 118°) as seen from the feed. The amount of
ground radiation entering the antenna from this region
would then be reduced, which would result in a lower
antenna temperature. Figure 3.3 shows an antenna with a
fence, and the area which is shielded from ground radiation

as a result.

To assess the effectiveness of this method a 0.91 m
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Feedleg

Figure 3.3
An Antenna with a Fence

A drawing of an antenna with a fance showing the area from
which ground radiation is suppressed. Values of f are
shown for the far east antenna.
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high fence was placed on the fifth antenna. The fence
material was a screen with mesh size of 1.27 cm made from
0.1 cm diameter galvanized wire. The screen dimensions
allow only ~ 2.5 percent of the incident power to 1leak
through, an estimate obtained by using a nomogram for
transmission through a grid of wiresl?. The screen was
held in place on the rim of the antenna with 2.54 X 2.54 cm
aluminum angles which were in turn attached to the backing
structure of the antenna with metal hose clamps. The
addition of the fence did not affect the driving operations
of the antenna, since its %*otal weight was only ~ 27 Kkg.

As well, because of the mesh nature of the material, the

fence offered little resistance to the wind.

Several measurements of antenna temperature with and
without the addition of the fence were made. These are
listed in table 3.1. From the data in table 3.1 it can be
seen that five measurements of the antenna without the
fence were made, two of which average to 30.1 + 0.3 K, the
remaining three averaging to 26.3 + 0.3 K. The only
apparent difference in these two sets of measurements is
the ambient temperature on the days on which the
measurements were done. The measurements made on July
14/87 had an ambient temperature of 32.4 9c, 10 © C warmer
than those made on August 20/87. The higher antenna

temperature measured on July 14/87 probably resulted partly
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TABLE 3.1
ANTENNA TEMPERATURE MEASUREMENTS FOR THE FIFTH ANTENNA
AT THE ZENITH WITH AND WITHOUT A FENCE

Date Ambient Antenn Antenna
Temperature Config. Temperature
(1987) (°c) (K)
July 14 32.4 1 30.3
1 29.8

Ave: 30.1 £ 0.3 K

Aug. 20 22.4

e
[ &)
o
[
(€]

Ave: 26.3 + 0.3 K

July 28 23.2

NN
[
~
L)

)]

Ave: 17.7 £ 1.0 K

July 30 23.0

[Vl SRV
=
~
.

0

Ave: 18.4

+
Q
o
=

Average for antenna with fence : 18.0 + 0.6 K

*# 1: Bare antenna, (no modifications)
2: Fence added to antenna

Note: The + errors listed are standard errors (&) given by
equation 3.2.
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from the ground being warmer than it was on the cooler day

in August.

Six measurements of antenna temperature were made with
the fence in place, three each on July 28 and July 30,
1987. 'I;he averages for each day were 17.7 + 1.0 K and 18.8
+ 0.6 K respectively, with an overall average of 18.0 + 0.6
K. The ambient temperature on both these days was

about 23 ©c.

Since the ambient temperature of August 20 is nearly
the same as it was on July 28 and 30, the antenna
temperature oktained on August 20 has been used as the
reference for the antenna without modifications.
Therefore, using 26.3 + 0.3 K as the reference, an
8.3 * 0.7 K improvement is obtained with the addition of
the fence. This represents a 31.6 % reduction of the
antenna temperature for the fifth antenna of the array.
This is slightly higher than the total predicted spillover
value of 6.1 K from table 2.1, obtained by integrating the
feed pattern. The value of 8.3 K includes some of the
contribution from feedleg scatter, which the fence has
suppressed. From table 2.1 one would expect the fence to

reduce the antenna temperature by about 4 K.
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3.3 REDUCTION OF ANTENNA TEMPERATURE USING FEEDLEGS

WITH A TRIANGULAR CROSS-SECTION

In section 2.1 the values of the individual
contributors to antenna temperature were discussed which
resulted in an estimated total of 19.8 + 2.5 K for the
antennas of the DRAO synthesis telescope. From the
measured power pattern of the far east antenna shown in
figure 2.8, it is evi“ent that the scatter lobes from the
feedlegs could form a significant cbntribution to antenna

temperature, and therefore should not be ignored.

3.3.1 CHARACTERIZATION OF THE FEEDLEG LOBES

IN THE ( - ¢PLANE

If the location, width, and power levels of the
scatter lobes from the feedlegs are known, an estimate of
their contribution to antenna temperature is possible.
This would be useful in deciding if it is worth trying to
reduce the contribution to antenna temperature from this

source.

1) LOCATION OF THE SCATTER CONES IN THE ( @, ¢) SYSTEM

The scatter lobes from a feedleg take the shape of a
cone with a half-vertex angle P , Where p is the angle

between the feedleg and the boresite direction of the
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antennal8®. The geometry of the resulting cone is shown in
figure 3.4. Knowing the shape of the cones, a theoretical
calculation of their location may be performed. This was
done using a program called FLCONES.BAS (written by the
author), which calculates the locus of the scatter cones

caused by the feedlegs in the ( (0, ¢) coordinate system.

To calculate the location of the feedleg scatter cones
one must louvk at the spherical triangle (shown in figure
3.5) formed between points (A) the main beam, (B) any point
cn the scatter cone, and (C) the ( & ¢) location of the
axis of the feedleg. The ( ‘0, ¢) coordinates of any point

B on the locus of the scatter cone are given by

(f'¢)point B=(c, Pac - &) 3.4

where: X the angle that is formed between sides b and
c of the triangle ABC as point B is moved
along the locus of the cone (positive in the
direction indicated in figqure 3.5), and

¢ = the length of the side joining the main beam

(A) to any point on the scatter cone.

In equation 3.4, side c is given by
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Fiqure 3.4

The Geometry of a Scatter Cone from one of the Feedlegs
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Main Beam

Sphere of (¢, g)
Coordinates

B N

JICUS of scatter cone

Figure 3.5
Determining the Location of the Scatter Cones
in the RHO-PHI Systen

Diagram showing the spherical triangle used to calculate

the locations =f the scatter cones in the RHO-PHI
coordinate syster..
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c = cos-l(cos acos b + sin a sin b cosX) 3.5

where: a and b = the length of the two remaining sides of
the spherical triangle ABC shown in
figure 3.5 (both equal to 57.3° in the
case of the far east antenna), and

¥ - “:e angle between sides a and b.

The expression for X in equation 3.4 is given by

X = sin™1[ sin ¥ (sin a / sin ¢)] 3.6

Both equations 3.5 and 3.6 have been derived from

expressions given for spherical triangleslg.

The prcgram FLCONES.BAS steps the angle K' in

increme of 10° and evaluates equations 3.5 and 3.6 to
obtain t. monding ((’,¢) coordinates of the scatter
cone in . e Table 3.2 lists the results of the

calculations ror the four feedlegs of the far east antenna.

Figure 3.6 is a plot of the theoretical locations of the



10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180
190

200
210
220
230
240
250
260
270
280
290

300
310
320
330
340
350

TABLE 3.2

LOCATION OF THE FEELLEG LOBES FOR THE FE ANTENNA

&

87.3
84.6
8l1.8
78.9
75.9
72.7
69.3
65.6
61.6

57.2
52.3
46.9
40.8
34.0
26.4
18.1

9.2

0.0
-9.2

-18.1
-26.4
=34.0
-40.8
-46.9
=-52.3
=-57.2
-6l1.6
-65.6
-69.3

=-72.7
=75.9
-78.9
-81.8
-84.6
-87.3

Note: Units for each column above are degrees.

Rho

8.4
16.8
25.2
33.5
41.7
49.8
57.7
65.5
73.0

80.3
8§7.2
93.6
99.4
104.5
108.7
111.9
113.9
114.6
113.9

111.9
108.7
104.5
99.4
93.6
87.2
80.3
73.0
65.5
57.7

49.85
41.7
33.5
25.2
16.8

8.4

N

ez2.7
9.4
98.2
101.1
104.1
107.3
110.7
114.4
118.4

122.8
127.7
133.1
139.2
146.0
153.6
161.9
170.8
180.0
189.2

198.1
206.4
214.0
220.8
226.9
232.3
237.2
241.6
245.6
249.3

252.7
255.9
258.9
261.8
264.6
267.3

Phi
Feedleg
E S
182.7 272.7
185.4 275.4
188.2 278.2
191.1 281.1
194.1 284.1
197.3 287.3
200.7 290.7
204.4 294.4
208.4 298.4
212.8 302.8
217.7 307.7
223.1 313.1
229.2 319.2
23€.0 326.0
243.6 333.6
251.9 341.9
260.8 350.8
270.0 360.0
279.2 9.2
288.1 18.1
296.4 26.4
304.0 34.0
310.8 40.8
316.9 46.9
322.3 52.3
327.2 57.2
331.6 61.6
335.6 65.6
339.3 69.3
342.7 72.7
345.9 75.9
348.9 78.9
351.8 81.8
354.6 84.6
357.3 87.3
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feedleg scatter cones, superimposed on the power pattern
for the far east antenna. Excellent agreement exists
between the measured and theoretical positions of the

scatter cones.

2) WIDTH OF THE SCATTER CONES

The width of the scatter cone lobe is governed by the
projected length of the feedleg. The expression for the

approximate first-null to first-null width is given byzo

AO -~ 2 /(Lsin(b) 3.7
= 2\ / projected length

2\ / radius of the antenna

where: e = the angle between the main beam and the
axis of the feedleg,
L = the length of the feedleg (5.07 m for
the far east antenna), and
A = the wavelength of observation (.211 m)
( A © is approximately equal to twice the width

of the main beam)



109

Equation 3.7 predicts a first-null to first-null width
of 5.7°. The measured widths for the scatter cones can be
obtained from the power pattern of the far east antenna
shown in figure 2.8. A section of the scatter cone from
the east feedleg was used for these measurenents with
cross-sections taken at (’ = 70, 75, and 80° between
@ values of 200 and 220°. The cross-sections are plotted
in figure 3.7. Table 3.3 is a summary of the measured
widths of the scatter cones at both the -3 ab points, and
at the first null points. The average of the first-null to
first-null widths in table 3.3 closely matches the

theoretical value of 5.7° predicted by equation 3.7.

3) AVERAGE POWER LEVELS IN THE SCATTER CONES

Assuning that the cross-sections plotted in figure 3.7
are representative of the scatter cones in the spillover
region, one way of estimating the power levels is to assume
that the average power in the cone is equal to the -3 dB
level, which is =42 dB in this case. This appears to be a
reasonable estimate, since most of the scatter cone lobes
seen in fiqure 2.8 appear to fall in the range of

-40 to - 45 dB.

A second method which may be used to estimate the



(dB)

Power Level Below Main Beam

-30
8 Rho = 70°
35 A Rho = 80°
© Rho = 75°

i ] 1

200 205 210 215

PHI ( @)  (Degrees)

Pigure 3.7
Cross~-Saections Through the Feedleg Scatter Lobes

Cross-gections through the scatter cones from the east
feedleg in the range 200° g @ < 220°.
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TABLE 3.3
MEASURED WIDTHS OF SCATTER CONE LOBES FROM FAR EAST
ANTENNA

(Measured from cross-sections through cone from east
feedleg in 200° < @ < 220°)

CROSS-SECTION HPBW 15T yurr To 15T nULL
LOCATION
(Degrees) (Degrees)
(Degrees)
70 2.1 4.2
75 2.7 5.4
80 3.0 6.0
Averages: 2.6 5.2

Note: 1St null to ISt null widths assumed to be twice the
HPBW.
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power levels in the scatter cones is the Induced Field
Ratio (IFR) method. In this method the feedleg is
considered to be an infinite cylinder immersed in a plane
wave, and the scattering from the cylinder is calculated
theoretically. The term IFR i% defined from "“When an
infinite cylinder is immersed in an incident plane wave,
its induced field ratio (IFR) is defined as the ratio of
the forward-scattered field to the hypothetical field
radiated in the forward direction by the plane wave in the
reference aperture of width equal to the shadow of the
geometrical cross section of the cylinder on the incident

wavefront".21

Estimates of the power levels in the feedleg scatter
lobes may be obtained by using the IFR design curves for
circular shaped feedlegs shown in figures 3.8 and 3.9.22
Figure 3.8 shows a plot of |IFR| values for circular
metallic feedlegs as a function of the normalized width of

the feedleg w' which is given by23

w' = w cos(7)/x 3.8

where:

£
]

the width of the feedleg,

-
i

the angle that the feedleg makes with the
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Pigure 3.8
IFR Values tor Metallic Cylinders

Plot of IFR valuas tor metallic cylinders of width w,
showing values of |IFRg| FRy|., and |IFRy| for 9}0 far
east antenna. (Adapted !rom Ki dal, Olsen, and Ass.,
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Sidelobe lLevels as a Function of the Parameter Aqq

Plot of asymptotic side lobe levels due to feedlegs for 0
dB, =15 dB and =20 dB tapers as a function gs the parameter
Agcgs (Adapted from Kildal, Olsen, and Aas.<*)
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aperture plane, and

N = the wavelength of observation.

In the case of the far east antenna, w = 8.89 cm and
¥ = 90° - 57.3° = 32.7° (table 1.1), giving w'= 0.355 from
equation 3.8. Then using figure 3.8, values of |IFRy| =
1.0, |IFRg| = 1.64, and |IFRy| = 0.72 are found. The next
step in using the design curves is to calculate thLe

copolar side lobe level parameter Aoy, which is given by24

= |IFR;| (fractional blockage)

where: Np = 1 when considering the effect of a single
feedleg
w = the width of the feedlegs,

the radius of the antenna, and

)
o]
I

| IFR; |

| IFRy| for circular polarization,
M
= |IFRp| for linear polarization parallel to
E

the projection of the feedleg,

|IFRy| for linear polarization orthogonal to
the projection of the feedleg,

= |IFRy| for linear polarization at 45° to the

projection of the feedleg, identical to

the value for circular polarization.



116

For the far east antenna, with circular polarization

Agg = 1.0 [ (1)(8.89)/T (457) ] = 0.0062.

The sidelobe levels in the scatter cones are then obtained
using figure 3.9, with the above value of Ago- From the
plot, a wvalue of =-42.7 dB is found, which nearly agrees
with the measured value of -42 dB based on the cross

sections shown in figure 3.7.

The above estimate using the IFR method 1s for
circular polarization. However, 1linear (vertical)
rolarization was used for the measurement of the antenna
pattern shown in figure 3.6, which has had the effect of
giving the scatter cones a2 polarization dependence. For
linear polarization, the values of |IFR;| in equation 3.9
become a function of the angle between the polarization and
the projection of the feedley. Polarization effects are
clearly seen in the antenna pattern shown in figure 3.6,
where the brightness of the feedleg scatter lobes is a

function of the position along the cones.

The power levels in the scatter cones for linear

polarization can be estimated by using values of |IFRg| and
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|IFRy| found in figure 3.8 and following the procedure
detailed above. When this is done, values of -38.4 dB and
-45.5 dB are found for the power levels in the scatter
cones for parallel and orthogonal projections of the
feedleg to the polarization. As one moves the observation
point along the locus of a scatter cone, the polarization
becomes parallel and orthogonal to the projection of the
feedleg two times, separated by 180°. Therefore for linear
polarization, the IFR method predicts that the power levels
in the cones should vary between ~ -38.4 dB and -45.5 dB,
with two maxima and two minima along the length, with 90°
separating the maximum and minimum. As well, the power
level should be ~ =42.7 db, the same as the estimate for
circular polarization at the point at which the projection
of the feedleg is at 45° to the poiarization. From figure
3.6, the power levels of the scatter cones appear to have
maximum values just over -40 dB, and minima that blend in
with the lower levels of the background radiation in the
antenna pa¥.cern. The prediction therefore appears to be
fairly accurate, and the scatter cones appear to go through

the predicted alternate maxima and minima along their

lengths.

For purposes of obtaining an estimate of the power
levels in the feedleg scatter cones, the IFR estimate of

~42,7 dB for circular polarization should kz used, since
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the antennas receive circular as opposed to 1linear
polarization. If circular polarization had been used in
the measurement of the antenna pattern, the feedleg lobes
would have had a much more uniform response along their
loci, which would have enabled a more accurate

determination of their power levels by direct measurement.

From the discussion above, estimates of ~ -42 dB aad ~
-42.7 dB have been obtained for the power levels in the
scatter cones using the cross-sections shown in figure 3.7,
and the IFR method for circular polarization. Since the
estimate of -42 dB has been complicated by the use of
linear polarization, the estimate of -42.7 dB for the power
levels in the scatter cories is perhaps closer to the actual
values present in the pattern, although both are in close
agreement with each other. The error in this estimate is

probably about + 1 dB.

3.3.2 AN ESTIMATE OF ANTENNA TEMPERATURE DUE TO

FEEDLEG SCATTER

With the location, width, and strength of the scatter
cones characterized, an estimate can be made of their
contribution to antenna temperature. From table 3.2, it is

seen that the maximum value of f that the cones reach is
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114.6°, which means that they clear the edge of the far
east antenna at 118° by about 3.4°. Since the horizon is
located at P ~ 83° one can determine the portion of the
cone that intersects the ground. This value works out to
be 0.45%. Using a HPBW of 2.6°, and the value of -42.7 dB
estimated from above for the power level in the cone, the

solid angle of each of the four cones is approximately

L, ~ 0.423(AW)Pg 3.10

where: 0.423

the portion of the feedleg cone which

strikes the ground,

AW = 2(T) sin((a)Ae , where A © is the
width of the scatter cone (2.6°), and
Po = the average power in the cone

(-42.7 dB).

Evaluation of equation 3.10 using P, = -42.7 dB gives

). ~ 0.423(2T)sin(57.3%) (2.6/57.3)10742-7/10),

~ 5.45 X 10”% sr for each cone, or
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‘rL'Tc ~ 2.18 X 1072 Sr in total for the four cones.

An estimate of antenna temperature due to the feedleg

scatter lobes can then be found using equation 3.11 below.

oA
TA cones ~ ___33;( Tg) 3.11
A
where: AL T7c = total solid angle in the cones which

strike the ground,
-, = solid angle of the antenna
(~ 1.23 X 10~3 sr for the DRAO
antennas), and

the effective ground temperature seen

=
(7]
i

by the cones.

Using 213 K as the average value of effective ground
temperature (determined from figure 2.14), evaluation of
equation 3.11 gives 3.8 + 1 K for the antenna temperature

due to feedleg scatter.

If the estimate of -42.7 dB is representative of the
lobes in the spillover region, the value of 3.8 + 1 K is a
significant addition that needs to be included in the

estimate of antenna temperature shown in table 2.3. When
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added to the total in the table, the new estimate for
antenna temperature is 23.6 + 2.7 K, bringing it within the
error estimates of the value of 25.9 = 2.5 K which was

measured in 1980.

For purposes of comparison, table 3.4 shows estimates
of antenna temperature due to feedleg scatter for two
effective ground temperatures, 300 K and 213 K. The table
was generated for a range of average power levels using

equation 3.10 and 3.11.

From the above discussion, it seems that the previous
discrepancy between the theoretical and measured values of
antenna temperature was ithe result of not considering the
contribution to antenna temperature from feedleg scatter.
Since it appears to be significant (~ 3.8 K) efforts should

be made to try to reduce it.

3.3.3 REDUCTION OF ANTENNA TEMPERATURE BY MODIFYING

THE SHAPE OF THE FEEDLEGS

In order to lower the contribution to antenna
temperature caused by the feedleg scatter cones, it is
necessary to prevernt them from striking the ground when the

antenna is pointed at the sky. Feedlegs with triangular
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ANTENNA TEMPERATURE FOR THE FAR EAST ANTENNA DUE TO THE

FEEDLEG LOBES FOR A RANGE OF AVERAGE POWER LEVELS

(Given for ground temperatures of 300 K and 213 K)

Power
Level
(dB)

=50.00
=49.00
-48.00
-47.00
-46.00
-45.00

~-44.00
~43.00
-42.00
-41.00
-40.00

=39.00
-38.00
-37.00
-36.00
-35.00

Antenna
Temperature
(K)
(300) (213)

0.99 0.70
1.24 0.88
1.57 1.11
1.97 1.40
2.48 1.76
3.13 2.22
3.94 2.79
4.95 3.52
6.24 4.43
7.85 5.58
9.89 7.02
12.45 8.84
15.67 11.13
19.73 14.01
24.84 17.63

31.27 22.20
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shaped cross-sections have been employed on large earth
station antennas *o suppress the far sidelobe responses
from feedleg scatter with good resu1t525 . To assess how
effective this method would be when applied to the DRAO
antennas, the cross-section of the feedlegs on the fifth

antenna was changed from a circular to a triangular shape.

The method works by taking the power that was
distributed in the cone, and concentrating it into two
areas iocated along the locus of the original cone. The
new locations of the scatter lobes are governed by the
angle of incidence that the wave makes with the feedleg,
and the half-vertex angle of the triangle which forms the

feedleg. The direction of the scattered wave is given by26

&d = tan~1l[1/(cos O tan §)] 3.12
and @ = 2 sin"1l[sin O sin § ] 3.13
where: O = the angle between the direction of the

incident wave and the long axis of the
feedleg, and
8 = the half-vertex angle of the triangular

shaped feedleg.
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The coordinates @' and @® , which are defined in
figure 3.10, can be converted to the (@, @) system by the
following relationships to determine the new locations of

the scatter lobes.

o - Peiq+180°+ & 3.14
g = @ 3.15
where: ¢fiq = ¢for the feedleg in question, (ie. 90°

for the east feedleg with the

antenna pointed at the zenith).

Table 3.5 lists the direction of the scatter lobes for
triangular shaped feedlegs which have an angle of incidence
equal to 57.3°9 (the same as the far east antenna), as @
function of various half-vertex angles. The table
demonstrates that as the half-vertex angle decreases, the
scatter lobes move closer to the main beam direction. It
is desirable to have the lobes close enough to the main
beam so that they remain off the ground for a large portion
of the zenith angles that the antennas can assume. For
this reason a half-vertex angle of 15° was chosen for the

shape of the wedges which were added to the feedlegs of the
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Figure 3.10
The Direction of the Scattered Wave
from a Triangular Feedleg

Diagram showing a triarrmular shaped feedleg the XZ plane
and the direction of the scatterea wave. is the angle
from the the X axis (in the XY plane) to the scattered
wave, and @ is the angle to the direction of the
siaggﬁred wave from the 2 axis. (Adapted from Satoch et
a *
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TRIANGULAR SHAPED FEEDLEGS FOR VARIOUS HALF-VERTEX ANGLES

Note:

TABLE 3.5
THE DIRECTION OF THE SCATTERED

WAVE

(Angle of incidence: @ = 57.3°9)

Half
Vertex
Angle

§

5.0
10.0
15.0
20.0
25.0

30.0
35.0
40.0
45.0
50.0

55.0
60.0
65.0
70.0
75.0

80.0
85.0
90.0

All the above values are given in degrees.

Direction of

Scatte
Wave

®

8.4
l16.8
25.2
33.5
41.7

49.8
57.7
65.5
73.0
80.3

87.2
93.6
99.4
104.5
108.7

111.9
113.9
114.6

red

¢

87.3
84.6
81.8
78.9
75.9

72.7
69.3
65.6
61.6
57.2

52.3
46.9
40.8
34.0
26.4

18.
9.
0.

O N

FROM
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fifth antenna. This angle along with the fixed angle of
incidence of 57.3°, places the scatter lobes at (@, $) =
(25.29,81.8°), the values in the third row of table 3.5.
For these values, the zenith angle would have to approach -~
60° before the centers of the scatter lobes began to

intersect the ground.

If the directions of the scatter lobes listed in table
3.5 are plotted (shown in figure 3.11), it is seen that
their locations are along the locus of the cone which is
scattered from a circular shaped feedleg, given the same
angle of incidence. The circular shaped feedleg is
equivalent to having the half-vertex angle ¢ continuously
varied from 0° to 180°, which results in the radiation
being scattered along the cone, rather than being
concentrated in two areas as it is for a fixed half-vertex

angle.

A further improvement to the triangular shaped
feedlegs can be made. It has been found that a feedleg
with a saw-tooth plate attached to the pointed triangular
edge facing the reflector is more effective at suppressing
the far sidelobes than is the triangular shape by itself?’,
The triangular feedleg still has a linear edge along its
vertex which will cause some energy to be scattered into
the original cone. With the saw-tooth plate added, the

incident wave now sees a half-vertex angle of ~ 0° along
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the axis of the feedleg, so the scattered wave should have
its peaks in the vicinity of the main beam. But the energy
will now be scattered in rings with radii determined by the
new angle ©' that the edges of the teeth make with the
incoming wave. For the reasons discussed above, it was
decided to add teeth to the feedlegs of the fifth antenna
as well. They were designed so that the incident wave
would strike the sides of the teeth at an angle of 17.3°,
which would result in scatter cones which would intersect
the main beam and have a maximum distance from the main
beam of ~34.6°. Figure 3.12 shows the details of the
triangular cross section and the teeth which were added to
the feedlegs of the fifth antenna. To be effective, the
dimensions were chosen to be greater than the wavelength of

observation, 21.1 «r.

The modifications to the feedlegs were added to the
antenna, and measurements of anterna temperature were taken
to judge their effectiveness. The first set of
measurements was done with koth the fence and the feedleg
modifications in place, then a second set was obtained
after the fence had been removed, giving results for the
feedleg modifications alone. The two sets of measurements

are listed in table 3.6.
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Triangular Roof Modification te 15.24 cz
Diamater Fesdlegs of Pifth Antenna

Triangular roof

Feedleg
(side view)

Incident
wave

3 - 116.8 cm sections
per fesdley

Dish V | "\

1 R=17.62 ¢cn
L}
%
‘@
22.8 cm
L4 §
159
. A
Mounting point
for teeth
£ Triangular Roof
Tooth Design (side view) D..i?grgll-loctggn)

Pigure 3.12

The Hodifications Added to the Feadlegs
of the Fifth Antenna.



131

TABLE 3.6
ANTENNA TEMPERATURE MEASUREMENTS FOR THE FIFTH ANTENNA
AT THE ZENITH WITH FEEDLEG AND FENCE MODIFICATIONS

Date Ambient Antenna Antenna
Temperature Config. Temperature
(1987) (°c) (K)
Aug. 18 26.0 3 14.0
3 19.8
3 17.7
3 16.2

Ave: 16.9 + 1.2 K

Aug. 20 20.4 4 21.5
4 20.7
4 24.3
4 18.2

Ave: 21.2

I+
-
w
=

* 3: Antenna with fence and the feedleg modifications.
4: Antenna with the feedleg modifications only.

Note: The + errors listed are standard errors () given by
equation 3.2.
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3.3.4 RESULTS

The measurements listed for August 18, 1987 in table
3.6 give an antenna temperature of 16.9 * 1.2 K for the
fifth antenna wiim both the fence and the feedleg
modifications in place. This represents a 1.1 * 1.2 K
improrement over the antenna temperature with the fence
alone (table 3.1). The relatively small improvement using
the feedleg modifications in conjunction with the fence is
due to the fence acting to keep a large portion of the
feedleg lobes from striking the ground. The measuren.ents
were performed on the fifth antenna , but the same fence
placed on the far east antenna should have a similar
effect. The fence would subtend an angle of about 10°,
putting its top edge at e ~ 108°, which would reduce the
portion of the feedleg lobes that strike the ground to ~
0.25 Sr from 0.42 Sr. The portion that remains would
strike the ground at a shallow angle of incidence, and
would therefore cause a smaller contribution to antenna

temperature due to the lower effective ground temperature.

To assess the effect that the feedleg modifications
had by themselves, a group of four measurements was
obtained on August 20, 1987, after the fence had been
remncved. These are listed in table 3.6, and have an
average of 21.2 + 1.3 K, which represents a 5.1 + 1.3 K

improvement on the antenna with no modifications (see
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section 3.2). The results in table 3.6 show that changing
the shape of the feedlegs has a significant effect on
lowering the antenna temperature of the antennas that make

up the synthesis telescope at DRAO.

3.4 FEEDLEG SCATTER AS A FUNCTION OF SIZE, CONFIGURATION,

AND MATERIAL OF THE FEEDLEGS

™ 1e ¢ stimate of antenna temperature in section 3.3.2
obtain. ° .y using the IFR method was made for the far east
antenna which has a quadrupod arrangement of feedlegs, with
widths of 8.89 cm. The same method can be used to predict
what effect a change in feedleg diameter will have, for
both a tripod and gquadrupod arrangement. As well, the
effect of changing the feedleg material from a metal to a
dielectric can be found for the same range of diameters,
for both support structures. The IFR method described
above has been used to generate three sets of tables which
predict antenna temperature due to feedleg scatter for the
above variations. It should be noted that the IFR design
curve method used here, and in section 3.3.2, can be used

to describe scattering from a feedleg when approximately28
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sin e < N/ 2w 3.16

where: e =. the angle from the main bean,
N = the wavelength of cbservation, and

w = the width of the feedleg.

Therefore in the tables, as the width of the feedlegs
increases, the range of angles from the main beam for which
accurate predictions cai be obtained decreases. The tables
'1ist antenna temperatures for feedleg diameters up to 20 cm
which allows estimates for the DRAO antennas which have
feedlegs in a tripod arrangement (diameters of 15.2 cm).
However, predictions for the larger feedleg diameters
probably become increasingly unreliable, since the power
estimates obtained have been applied to areas outside those
given by equation 3.16. But the results for feedleg
diameters of ~ 10 cm and 1less should be accurate, which
makes it possible to do comparisons between the tables for

these sizes.

The first column of each table lists the width of the
feedleg. The second gives the normalized width obtained
from equation 3.8. The column headed with F has the values
of the multiplier of IFR from equation 3.9. The product of

IFR (from figure 3.8) and F gives Apg, which then is used



135

with figure 3.9 to give the sidelobe levels in the cones.
Then the solid angle of the cones striking the ground
Q. cgr was calculated and used in equation 3.11 to obtain

the estimate «f antenna temperature due to feedleg scatter.

Tables 3.7 and 3.8 give estimates of antenna
temperature for an antenna with metallic feedlegs in a
tripod and quadrupod arrangement for antenna diameters of
8.53 and 9.14 m respectively. The estimates of antenna
temperature for the tripod predict a lower value than that
of a quadrupod, for a given diameter of feedleg. For
instance, table 3.7 and 3.8 predict a 16 percent reduction
of antenna temperature for the far east antenna if the same
size feedlegs were used in a tripod configuration on the
8.53 m antennas. This would give about 3.3 K, if feedleg
scatter contributes 3.8 K to antenna temperature on the
9.14 m antenna with a quadrupod arrangement of feedlegs.
currently, the antennas with the tripods have feedleg
diameters of 15.2 cm. If narrower feedlegs are able to
support the focus box of the quadrupod antennas in a tripod
arrangement, a lowering of antenna temperature should be
the result. Table 3.7 predicts that the antennas with the
tripods should have contributions to antenna temperature of
~ 9.6 K for feedleg diameters of 15.2 cm. But this
estimate is probably in error since the conditions given in

equation 3.16 have been violated.



w
(cm)

VbW

OWVWWONO

(cm)

0.040
0.C¢80
0.120
0.160
0.200

0.239
0.279
0.319
0.359
0.399

0.439
0.479
0.519
0.559
0.599

0.638
0.678
0.718
0.758
0.798

0.0007
0.0015
0.0022
0.0030
0.0037

0.0045
0.0052
0.0060
0.0067
0.0075

0.0082
0.0090
0.0097
0.0104
0.0112

0.0119
0.0127
0.01234
0.0142
0.0149

TABLE 3.7
ESTIMATES OF ANTENNA TEMPERATURE DUE TO TRIPOD FEEDLEG
ARRANGEMENT USING IFR METHOD (angle of incidence = 57.3°9,
average ground temperature = 213 K, antenna dia. = 8.53 m.)

IFR

2.33
1.50
1.23
1.12
1.05

1.02
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00

Power
level
(dB)

-53.68
=-51.51
-49.66
-48.05
-46.61

-45.33
-44.17
-42.97
-41.95
-41.03

-40.21
=39.45
-38.76
-38.11
=-37.51

~-36.95
-36.43
-35.93
-35.46
=35.01

0 N

0.130E-05
0.215E-05
0.328E-05
0.477E-05
0.663E-05

0.891E-05
0.116E-04
0.153E-04
0.194E-04
0.240E~-04

0.290E-04
0.345E-04
0.405E-04
0.470E-04
0.539E-04

0.613E-04
0.692E-04
0.776E-04
0.865E-04
0.958E-04

136

(K)

0.23
0.37
0.57
0.83
1.15

1.54
2.01
2.66
3.36
4.15

5.02
5.97
7.01
8.13
9.34

10.62
11.99
13.44
14.98
l6.60
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TABLE 3.8
ESTIMATES OF ANTENNA TEMPERATURE DUE TC QUADRUPCD FEEDLEG
ARRANGEMENT USING IFR METHOD (angle of incidence = 57.39,

average ground temperature = 213 K, antenna dia. = 9.14 m.)
W wt F IFR Power T
(cm) (cm) level - CG (ﬁ)
(dB)
1 0.040 0.0007 2.33 -54.28 0.151E-05 0.26
2 0.080 0.0014 1.50 -52.11 0.249E-05 0.43
3 0.120 0.0021 1.23 -50.26 0.381E-05 0.66
4 0.160 0.0028 1.12 -48.65 0.553E-05 0.96
5 0.200 0.0035 1.05 -47.21 0.770E-05 1.33
6 0.239 0.0042 1.02 -45.93 0.103E-04 1.79
7 0.279 0.0049 1.00 -44.77 0.135E-04 2.34
8 0.319 0.0056 1.00 -43.57 Nn.178E-04 3.G8
9 0.359 0.0063 1.00 -42.55 0.225E-04 3.90
10 0.399 0.0070 1.00 ~41.63 0.278E-04 4.82
11 0.439 0.0077 1.00 ~40.81 0.337E-04 5.83
12 0.479 0.0084 1.00 -40,05 0.401E~04 6.94
13 0.519 0.0091 1.00 -39.36 0.470E~04 8.14
14 0.559 0.0098 1.00 -38.71 0.545E-04 9.44
15 0.599 0.0104 i.00 -38.11 0.626E~04 10.84
16 0.638 0.0111 1.00 -37.55 0.712E~04 12.33
17 0.678 0.0118 1.00 -37.03 0.804E-04 13.92
18 0.718 0.0125 1.00 -36.53 0.901E-04 15.61
19 0.758 0.0132 1.00 -36.06 ¢.l00E-03 17.39

20 0.798 0.0139 1.00 -35.61 $.111E-03 19.27
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Tables 3.9 and 3.10 give the predictions for feedlegs
made from glass-fiber =z aforced polyester (70 percent by
weight glass content) 't . a relative dielectric constant
of 5.2. Tables 3.11 and 3.12 give the same information for
polystyrene with a relative dielectric constant of 2.5. The
dielectric feedlegs are hollow tubes with a thickness equal
to 0.15 of their width. Again, the same percentage
improvement is seen when going from the quadrupod to tripod
arrangement for feedlegs of a given diameter. The IFR
values for the dielectric were obtained by fitting fourth
ordes polynomials to the design curves published by Kildal

et al.29

The information contained in tables 3.7 to 3.12 is
summarized in figure 3.13. It is a plot of the antenna
temperature produced by the dielectric feedlegs divided by
the antenna temperature which results from metallic
feedlegs of the same diameter. The plot shows that the
feedlegs made from polystyrene (€, = 2.5) are superior to
those made from fiberglass { €, = 5.2). The plot also
shows that fiberglass feedlegs are preferable to metallic
ones for sizes up to about 6.2 cm, and that polystyrene is
better than metal for sizes up to about 16 cm. The
strength of dielectric feedlegs would have to be determined
and compared to aluminum ones, to see if a switch to a

dielectric material would be possible.
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ESTIMATES OF ANTENKNA TEMPERATURE DUE TO TRIPOD OF

DIELECTRIC FEEDLEGS USING IFR METHOD

(angle of incidence = 57.3°9, average ground temp. = 213 K,

relative epsilon = 5.2, antenna diameter = 8.%3 m.)

W
(cm)

Yol e JLN o)) U WN

wl
(cm)

¢.040
0,080
0.120
0.160
0.200

0.239
0.279
0.319
0.359
6.399

0.439
0.479
0.519
0.559
0.599

0.638
0.678
0.718
0.758
0.798

0.0007
€.0015
0.0022
0.0030
0.0037

0.0045
0.0052
0.0060
0.0067
0.0075

0.0082
0.0090
0.0097
0.0104
0.0112

0.0119
0.0127
0.0134
0.0142
0.0149

IFR

0.16
0.32
0.49
0.67
0.84

0.99
1.13
1.25
1.36
1.44

1.51
1.56
1.59
1.62
1.62

1.62
1.61
1.59
1.57
1.53

Power
level
(dB)

=-77.02
~-64.87
-57.60
~-52.48
-48.60

-45.54
-43.06
=-41.01
=-39.30
-37.86

~36.64
-35.60
=-34.71
-33.95
=33.30

-32.75
-32.28
-31.89
-31.56
=31.29

~% e

0.603E-08
0.989E-07
0.528E-06
0.172E-05
0.420£-05

0.849E-05
0.150E-04
0.241E-04
0.357E-04
0.497E-04

0.659E-04
0.838E-04
0.103E-03
0.123E-03
0.142E-03

0.162E-03
0.180E~03
0.197E-03
0.212E-03
0.226E-03

T
)

0.00
0.02
0.09
0.30
0.73

1.47
2.60
4.17
6.18
8.61

11.42
14.51
17.81
21.21
24.63

27.97
31.14
34.09
36.75
39.09



(angle of incidence
relative epsilon = 5.2, antenna diameter

w
(cm)

O VWWOIN Ul WA

w!
(cm)

0.040
0.080
0.120
0.160
0.200

0.239
0.279
0.319
0.359
0.399

0.439
0.479
0.519
0.559
0.599

0.638
0.678
0.718
$.758
0.798

F

0.0007
0.0014
0.0021
0.0028
0.0035

0.0042
0.0049
0.0056
0.0063
0.0070

0.0077
0.0084
0.0091
0.0098
0.0104

0.0111
0.0118
0.0125
0.0132
0.0139

TABLE 3.10
ESTIMATES OF ANTENNA TEMPERATURE DUE TO QUADRUPOD OF

IFR

0.16
0.32
0.49
0.67
0.84

0.99
1.13
1.25
1.36
1.44

1.51
1.56
1.59
1.62
1.62

l1.62
1.61
1.59
1.57
1.53

Power
level
(dB)

-77.62
-65.47
-58.20
-53.08
-49.20

~46.14
~-43.66
-41.61
=-39.90
-38.46

-37.24
-36.20
-35.31
-34.55
-33.90

=-33.35
-32.88
=-32.49
-32.16
-31.89

DIELECTRIC FEEDLEGS USING IFR METHOD

2L e

0.700E-08
0.115E-06
0.613E-06
0.199E-05
0.487E-05

0.986E-05
0.175E-04
0.280E-04
i 4)15E-04
7 .578E~04

0.766E-04
0.973E-04
0.119E-03
0.142E-03
0.165E-03

0.188E-03
0.209E-03
0.229E-03
0.246E-03
0.262E~-03

T
&)

0.00
0.02
0.11
0.35
0.84

1.71
3.02
4.84
7.18
10.00

13.26
16.85
20.68
24.64
28.60

32.48
36.17
39.59
42.68
45.40

140

57.39, average ground temp. = 213 K,
= 9,14 m.)



TABLE 3.11
ESTIMATES OF ANTENNA TEMPERATURE DUE TO TRIPOD OF
DIELECTRIC FEEDLEGS USING IFR METHOD

141

(angle of incidence = 57.3°, average ground temp. = 213 K,

relative epsilon = 2.5, antenna diameter = 8.53 m.)

(cm)

WAONGO WP

(cm)

0.040
0.080
0.120
0.160
0.200

0.239
0.279
0.319
0.359
0.399

0.439
0.479
0.519
0.559
0.599

0.638
0.678
0.718
0.758
0.798

0.0007
0.0015
0.0022
0.0030
0.0037

0.0045
0.0052
0.0060
0.0067
0.0075

0.0082
0.0090
0.0097
0.0104
0.0112

0.0119
0.0127
0.0134
0.0142
0.0149

IFR

0.06
0.12
0.19
0.26
0.33

0.40
0.47
0.54
0.61
0.67

0.73
0.79
0.85
0.9¢
0.95

1.00
1.04
1.07
1.11
1.14

Power
level
(dB)

~-84.85
-73.08
-65.94
-60.77
~-56.74

~-53.45
=50.69
~48.33
~46.28
-44.48

~42.88
-41.46
-40.17
-39.01
-37.96

-37.00
-36.12
-35.31
=34.57
-33.89

_O.CG

0.994E-09
0.149E-07
0.773E-07
0.254E-06
0.644E-06

0.137E-05
0.259E-05
0.446E-05
0.715E-05
0.108E~-04

0.156E-04
0.217E-04
0.292E-04
0.382E-04
0.487E-04

0.607E-04
0.743E-04
0.895E-04
0.106E-03
0.124E-03

T
)

0.00
0.00
0.01
0.04
0.11

0.24
0.45
0.77
1.24
1.88

2.71
3.77
5.06
6.61
d.43

106.52
12.87
15.50
18.37
21.49
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ESTIMATES OF ANTENNA TEMPERATURE DUE TO QUADRUPOD OF

DIELECTRIC FEEDLEGS USING IFR METHOD

(angle of incidence = 57.3°, average ground temp.

relative epsilon = 2.5, antenna diameter = 9.14 m.)

W
(cm)

U W N

O WO JO

w'
(cm)

0.040
0.080
0.120
0.160
0.200

0.239
0.279
0.319
0.359
0.399

0.439
0.479
0.519
0.559
0.599

0.638
0.678
0.71¢
0.756
0.72%

F

0.0007
0.0014
0.0021
0.0028
0.0035

0.0042
0.0049
0.0056
0.0063
0.0070

2.0077
2.6491

3798
0.0104

o

0.0111
0.0118
0.0125
0.0132
0.0139

IFR

0.06
0.12
0.19
0.26
0.33

0.40
0.47
0.54
0.61
0.67

0.73
0.79
0.85
0.90
0.95

1.00
1.04
1.07
1.11
1.14

Power
level
(dB)

-85.45
-73.68
-66.54
-61.37
-57.34

=54.05
-51.29
-48.93
-46.88
-45.08

-43.48
-42.06
-40.77
=39.61
~38.56

-37.59
-36.72
-35.91
~-35.17
=-34.49

'Ji‘CG

0.115E-08
G.173E-07
0.898E-07
0.295E~-06
0.747E-06

0.159E-05
0.301E-05
0.518E-05
0.830E-05
0.126E-04

0.182E-04
0.252E-04
0.339E-04
0.443E-04
0.565E-04

0.705E~-04
0.863E-04
0.104E-03
0.123E-03
0.144E-03

T
&)

0.00
0.00
0.02
0.05
0.13

0.28
0.52
0.90
1.44
2.18

3.15
4.37
5.88
7.68
9.79

12.21
14.95
18.00
21.34
24.96

213 K,
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Feedleg Diameter (cm)

Figure 3.13
Comparison of Metallic and Dislectric Feedlegs

Plot of (T )/ (T, ) as a function of feedleg
diameter térdgﬁlggéfzcot 1%c?8§ﬂé. - 57,39,
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3.5 SUMMARY OF THE ANTENNA WORK

The experiments performed on the far east antenna have
given results that fall into two main areas. The first is
the satisfactory explanation of the measurements of antenna
temperature (~ 25K to 26 K) for the antennas of the
synthesis telescope. The second is in the area of lowering
the antenna temperature of the antennas. The experiments
with the fence and the feedleg modifications have
demonstrated that the antenna temperature can be lowered
significantly with fairly simple modifications to the

antennas.

3.5.1 ANTENNA MEASUREMENT DISCREPANCY EXPLAINED

At the beginning of this work, estimates of antenna
temperature were made by adding up the contributions made
from the various sources listed in table 2.3. The total
for these estimates was about 20 K, approximately 5 or 6 K
lower than the valu¢ of ~ 26 K which had been previously

measured.

The experiments performed on the fifth antenna have

shown that the difference between the two values of antenna
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temperature can bhe explained by the scatter lobes from the
feedlegs hitting the ground. The contribution from this

scurce accounts for most of the missing 5 or 6 K.

Table 3.13 is a summary of estimates and measurements
of antenna temperature for the synthesis telescope. The
first entry of 19.8 + 2.5 K is the estimate from table 2.3
which does not include feedleg scatter. If the estimate
for feedleg scatter (section 3.3.2) is included, the
antenna temperature becomes 23.6 + 2.7 K, as shown by item
two in the table. This value agrees reasonably well with
the two measured values of 25.9 + 2.5 K and 26.3 % 2.5 K,

items five and six respectively of table 3.13.

Item three in the table shows an antenna temperature
of 24.6 + 2.5 K. It was arrived at by a method which uses
the measurement of the antenna temperature of the fifth
antenna with Lie feedleg modifications (21.2 + 1.3 K), and
without them (26.3 + 0.3 K). The two measurements show
that a minimum of 19.4 percent of the total antenna
temperature can be attributed to feedleg scatter. Using
this and assuming that the contributions listed in table
2.3 form 80.6 percert »>f the total, the additional 19.4
sercent due to feedlec scatter gives 24.6 * 2.5 K for the
antenna temperature of the antennas similar in design to
the fifth antennd. The estimate is based on the assumption

that the feedleg modifications have completely eliminated



TABLE 3.1

COMPARISON OF ESTIMATES AND MEASUREMENTS
OF ANTENNA TEMPERATURE FOR THE ANTENNAS
OF THE SYNTHESIS TELESCOPE

Details

Estimate from table 2.3
(Without feedleg scatter)

Estimate from table 2.3
(Including feedleg scatter)

Estimate from table 2.3
including
19.4 % for feedleg scatter

Integration of far east
antenna pattern

Measured in 1980
{Far east antenna)

Measured in 1¢37
(Fifth antenna)

Antenna Temperature

19.8

23.6

24.6

27.6

25.9

26.3

+

2.5 K
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the contribution to antenna temperature by the feedleq
lobes. The estimate of 24.6 K is slightly below but still
within the error bars of the two values which were measured

in 1980 and 1987.

The fourth item of the table is an estimate of antenna
temperature based on integrating the antenna pattern of the
far east antenna (figure 2.8). It gives 27.6 * 3.0 K which
is slightly above the measured values but again still
within the uncertainty. The value of 27.6 K is made up of
13.96 K for spillover and feedleg scatter, 6.48 K for
leakage and diffraction (both from figure 2.16), and
estimates of 5.0 K and 2.2 K for the contributions from the
sky and atmosphere respectively. These are in fairly good
agreement with the estimates of the individual contributors
listed in table 2.3, if the addition of 3.8 + 1 K for the

feedley scatter is included i the table.

The first two estimates o takle 3.13 apply to both
the far east and fifth antennas, whereas the third estimate
would apply more to the fifth antenna. Also, the error of
+ 2.5 K given for item number 6 is larger than the error
listed in table 3.1 (+ 0.3 K), to account for possible
systematic errors in the measurement. The values listed in
tables 3.1 and 3.6 are used to find differences in antenna

temperature, and therefore the systematic errors should
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The general agreement of items two to six in table
3.13 indicates that the effects of the individual
contributors to antenna temperature are known fairly
accurately. It also shows that the antenna temperatures of
the far east and the fifth antennas are essentially the
same. Figure 3.14 shows a summary of the individual
components of antenna temperatures based on table 2.3, the
measurements obtained from the fifth antenna, and the
measurement of the power pattern of the far east antenna.
It gives the best estimate of the breakdown of the antenna
temperature for the antennas of the synthesis telescope at

DRAO, assuming an antenna temperature = 26.0 K.

3.5.2 RESULTS OF THE ANTENNA MODIFICATIONS

The second area that has been explored is the
reduction of antenna temperature due to spillover and
feedleg scatter. The experiments with the fence and
feedleg modifications have shown that significant gains in
sensitivity can be achieved by implementing the fence or

the feedleg modifications.

Table 3.14 gives a summary of the antenna temperature

measurements performed on the fifth antenna. From the
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TABLE 3.14 SUMMARY OF ANTENNA TEMPERATURE MEASUREMENTS
(fifth antenna)
Improvement
Antenna Tp Tp %
Configuration

Note: 1:

2. é 18.0 + 0.6 8.3 + 0.7 31.6

(K) (K)

26.3 + 0.3 / 0.0

16.9 + 1.2 9.4 + 1.2 35.7

21.2 + 1.3 5.1 £ 1.3 19.4

I+

Bare antenna (no modifications).

Fence added to antenna.

Fence and feedleg modifications added to antenna.
Feedleg modifications only added to antenna.
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t»kie, it can be seen that the most effective individual
modification is the fence. The feedleg modifications
have a smaller benefit, giving ~ 61 % of the reduction that
the fence does. Only a marginal improvement results from
having both modifications added to the antenna at the same

time.

The improvements in antenna temperature that have been
achieved can now be looked at in relation to the
interferometer pair, which is the basis of the synthesis
telescope. The system temperature of each of the two
halves of the interferometer pair is given by equation 1.16
and has a value of about 80 K. If the very small loss that
occurs in the waveguide which connects the antenna to the

preamplifier is assumed to be zero, then equation 1.16

simplifies to

T.sys = TA + T'N 3.17

where: Tp = the antenna temperature of an antenna that

forms half of the interferometer, and

T'y

the noise temperature of the preamplifier of

the antenna.

Using equations 3.17 and 1.14, the percentage improvement
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in the minimum detectable correlation temperature can be
calculated for an interferometer pair having the various
modifications implemented which are listed in table 3.14.
They are 10.4 %, 11.8 % and 6.4 % for antenna

configurations 2,3,and 4 respectively.

3.5.3 RECOMMENDATIONS

From the measurements listed in table 3.14, two
options for improving antenna temperature present
themselves. Either the fence or the feedleg modifications
could be added to the antenna. Since there is only a
slight improvement in the antenna temperature (1.1 * 1.3 K)
when the feedleg modifications are added to the antenna
with the fence in place, it is probably not siguificant
enough to warrant both modifications at <the same time.
This is especially so given the fact that the improvement
is 1less than the estimated errors (1.3 K) of the

measurements.

The fence appears to be the most attractive
modification, since it reduces the antenna temperature by
8.3 + 0.7 K, as opposed to 5.1 + 1.3 K gained with the
feedleg modifications. However, the telescope operates at
both 1420 MHz, the frequency at which all the measurements

and experiments were performed, and at 408 MHz. Since the
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height of the fence is greater than the wavelength at 408
MHz, it will have a significant effect at that frequency as
well. Preliminary measurements of the power pattern of one
of the antennas at 408 MHz indicate the presence of high
sidelobe levels in the front half of the pa“tern. With the
fence added to enhance the performance at 1429 MHz, some of
the energy that would have been spillover at 408 MHz would
be redirected into the front area of the antenna pattern,
further raising the sidelobe levels. This could cause a
degradation of the performance of the telescope at 408 MHz,
since presently, without any modifications, interference
from strong sources that are outside the 408 MHz field has
been a problem. An MSc. project currently underway is
investigating the performance of the DRAQ antennas at 408
MHz. The results of this project should enahle the effect
of the fence at 408 MHz to be determined, and therefore

help decide if the modification should be implemented.

However, the feedleg modifications have dimensions
significantly smaller than the wavelength at 408 MHz (0.735
m), and therefore they should have little effect at that
frequency. Because of this, and the unknown effect that
the fence would have at 408 MHz, modifying the feedlegs
seems to be the best choice to implement to reduce the
antenna temperature at this time. It is an easy

modification to the existing feedlegs of the antennas now



154

in use, and should be easy to implement on the new antennas
being added to the array. As well, the modified feedlegs
would have little effect on the mechanical performance of
the antennas. The fence could present a problem by
catching large amounts of snow in a heavy, wet snowfall,
which would result in weight being temporarily added to the

antennas.

The half-vertex angle S of the triangular cross-
section of the feedleg modification should be kept small.
The value of 15° chosen for the experiments on the fifth
antenna worked well, although the power levels in the
scattered sidelobes increase as the half-vertex angle is
decreased. From the measurements it would appear that most
of the feedleg lobes were redirected away from the ground.
As well, by using 15° the centers of the scatter lobes are
placed close to the main beam ( P = 25.29), which allows
the antennas to assume large zenith angles (~ 60°9) before
the centers of the lobes begin to intersect the ground.
This has the effect of helping to keep the antenna
temperature constant throughout an observation run, as the

telescope tracks from east to west.

The half-vertex angle of 15° as opposed to a larger
angle has the effect of increasing the height of the

triangular modification placed on a circular feedleg of a
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given diameter. It is advantageous to deo this since the
effectiveness of the modification depends on the dimension
being greater than the wavelength of observation. 1In the
case of the far east and far west antennas which have a
quadrupod arrangement of smaller diameter feedlegs (table
1.1), a i5° half-vertex angle would give a height of only ~
1/2 wavelength for the roof at 1420 MHz. For these
antennas, a smaller half-vertex angle for the modifications
could be used with the existing feedlegs to lengthen the

height of the triangular sections.

The calculations from secticn 3.4 predict that
changing the feed support system from a gquadrupod to a
tripod arrangement would reduce the antenna temperature
somewhat. However, if the triangular shaped feadlegs have
been implemented such a change should have a minimal effect
on antenna temperature, since the feedleg lobes would all
be directed away from the ground into the region close to

the main beam.

Finally, the information contained in figure 3.14
indicates that after spillover and feedleg scatter, leakage
contributes a significant portion of the total antenna
temperature. An effort could be made to reduce this source
in the future, possibly by lining the existing surface of
the antennas with a metal foil. Such a modification should

lower the antenna temperature by about 5 or 6 K.
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CHAPTER 4

INTRODUCTION TO SHARPLESS 183

The second topic oi this thesis is an investigation of
the nature of the galactic nebula, Sharpless 183 (S5183),
based on observations with the DRAO synthesis telescope.
It is a 60' X 40°' region of radio emission at
RA = 00" 51.5™, pec = 65.5°. A number of observations have
been made of this object in the past which have resulted in
it being classified both as an HII region and a supernova

remnant (SNR).

An HII region 1is an arez of space where the
interstellar medium has become ionized due to the
absorption of ultraviolet radiation from one or more nearby
young O and B type stars. The areas have sizes that can
range up to several parsecs across, and shapes which vary
from circular to irregular depending on the distribution of
the material in and around the cloud. The thermal
radiation given off by an HII region is the result of the

ions and electrons colliding within the cloud.

A supernova vemnant is a blast wave propagatiag
through the interstellar medium following the explosion of
a star. The radiation is non-thermal, and results from
electrons, which have been accelerated by the supernova or

by the supernova remnant blastwave, interacting with



157

magnetic fields.

Supernova remnants and HIX regions can be
distinguished from each other by using a number of their
observable differences. Two of the main differences are:
1) radiation brightness from a SNR decreases with
increasing radio frequency while it remains flat or
increases for an HII region, and 2) a SNR does not show
recombination line emission, whereas the opposite is true in

an HII region.

4.1 PREVIOUS OBSERVATIONS OF S183

The above differences have been used to try to
classify S183, but uncertainty remains mainly due to the
low resolution of the previous observations. Details of

these surveys are given below.

Sharpless classified the object as an HII region on
the basis of its appearance on the Palomar prints, and

included it in his catalog "A Catalog of HII Regions"3°.

S183 alsc appears in the Effelsberg 21 cm Galactic
Plane Survey31, a section of which appears in figure 4.1.
S183 appears in the upper right hand corner at 1 = 123.2°
and b = +2.9°.

In 1968 Galt and Kennedy32 observed this source with

the DRAO 26 m telescope at 1400 MHz with HPBW = 36', and
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Figure 4.1
A 1420 MHz Map which Includes S183

A section of the Effelsberg 21 cm Galactic Planf Survey
containing S183 (Adapted from Kallas and Reich l) Two

boundaries of the 408 MHz DRAO field are shown by dotted
lines. .
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found its flux density to be 4.8 + 1 Jy. It appears as

source No. 24 in the DA catalog.

The object was mapped in 1972 at 1400 MHz by Felli
and Churchwell33 with HPBW = 10' (shown in figu:= 4.2).
In their map the emission from S183 appears to be centrally
peaked with no obvious edge brightening. The flux density

for S183 from this observation is 7.1 + 2.5 Jy.

churchwell and Walmsley34 observed S183 at 2695 MHz
with 18' resoliution in 1973, but were unable to state
whether it had a the mal or nonthermal spectrum. Assuming
that S183 was an HI1 region, they searched for an exciting

O or B star, but fou 4 none. fTheir 2695 MHz flux density

is 5.0 + 1.5 Jy.

In 1979 Bonsignori-Facondi and Tomasi3? mapped S183 at
408 MHz with the EW (east-west) arm of the Bologna Cross.
Drift scans through “he source were made at 0.5° intervals
in declination with a beam shape of 4.2' EW X 110' NS.
Figure 4.3 shows their map of S183, with the shaded
portion indicating the scan through the source. They found
a "shell-like structure”™ and a flux density of 11.5 + 1.7
Jy. From this measurement and those of Felli and
Churchwell (1972) and Churchwell and Walmsley (1973), a
spectral index of X = 0.48 was obtained (see section 6.1.1

for the definition of spectral index). From its "shell-
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Figure 4.2
A 1400 MHz Map of S183

A 1400 MHz map of S183 with angular resolution of
10’ (Adapted from Felli and Churchwe1133).
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Map of Fan Beam Scans in the Region of 5183
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408 MHz fan beam scans at constant declination from the BGE
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5
N

map of S183 (Adapted from Bonsignori-Facondi and
The resolution is 4.2’ EW X 110’ NS.
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like structure" and steep spectral index Bonsignori-Facondi
and Tomasi considered S183 to be a supernova remnant.
Using the surface brightness =~ diameter ( § - D) relation
from Clark and Caéwell36, they estimated the distance of

S183 to be about 3.6 kpc.

The $ - D relation is 1 method of obtaining the
distance to a supernova remnant. The relation (surface
brightness as a function of diameter) has been obtained
statistically from a number of remnants whose distances,
and hence diameters are independently known. The relation
is used to find the physical diameter of an SNR using the
measured surface brightiiess obtained from a radio map of
the object. Then, with the diameter and the measured

apparent size, the distance to the object is calculated.

More recently in 1984, Fich and Blitz37 have detected
CO emission from the direction of S183. This observation
is an indication that S183 may not be a supernova remnant;
despite its steep spectral index, but may instead be an HII
region. This is because HII regions are ionized regions
aroqnd young stars, and new stars form in dense regions..
CO is a tracer or indicator of high density. However, O
and B stars are short-lived, due to their high mass, and
eventually become supernovas. The CO velocity was found to

be -10.3 km s™1, giving a kinematic distance of 0.74 + 0.51
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kpc to S183. This distance is based on a rotation curve of
the Galaxy, and the assumption that all objects are

undergoing only circular motion in the Galaxy.

The uncertainty concerning $183 at the start of this
investigation was the main motive for obtaining better
data. Therefore, a survey using the DRAO synthesis
telescope was undertaken in February and March of 1987.
The resolution of the synthesis telescope at both 408 MHz
and 1420 MHz is better than any of the previous maps of
this object, and has enabled a reliable classification of
S183 as an HII region as opposed to a supernova remnant. As
well, modeling has resulted in estimates of some of the

physical parameters of S183.
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CHAPTER 5

THE S183 SURVEY

5.1 OBSERVATIONS AND DATA REDUCTION

S183 was observed with the synthesis telescope at DRAO
during February and March of 1987. The observations took
about 33 days to complete using 66 different locations for
the two movable antennas of the array. Details of the
survey are listed in table 5.1 along with some of the

parameters of the telescope.

5.1.1 PRELIMINARY DATA REDUCTION

Before an observer arrives at the observatory, the
staff have performed the initial steps of data reduction to
produce preliminary maps. First, the visibility records
which result from the correlation of pairs of antennas of
the telescope are calibrated and edited. Any sections that
have obvious interference from satellites or radio noise

produced by other sources on the ground are removed.

Next, the visibility records which 1lie along
elliptical tracks in the uv-plane are gridded ontc an array
suitable for the Fast Fourier Transform (FFT) algorithm. A

convolution is performed to fill in the visibility function
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TELESCOPE PARAMETERS AND SURVEY DETAILS FOR S183

Field Center

Date of Survey

Calibrators

uv Plane Coverage
(0 - 604 m)

Field of View

Angrlar Resolution

Sensitivicy (rms)
(per beamn)

Polarization

Short Spacings

408 MH2z

RA = o' 51 30.0S

1420 MHz

DEC = 65° 30' 0.0"

February - March 1987

3C 147 (48.0 Jy)
3C 295 (54.0 Jy)

0 - 820 A

7.4° to 26% point

3.5' X 2.8
(EW X NS)

3 mJy

Right Circular

Haslam et al.38
(Jodrell Bank)

(0 = 30 N )

3C 147 (21.29 JYy)
3C 309.1 (7.73 Jy)

0 - 2860 A

2.1° to 34% point

1,0' X 1.1°
(EW X NS)
0.8 mJy

Left Circular

Kallas & Reich3?
(Effelsberq)
(0 - 152 AN)
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at the defined grid points in the uv-plane.

The preliminary maps have dimensions of 1024 X 1024
pixels and are prcduced by using the inverse FFT on the
array of gridded visibilities. Figure 5.1 shows the 1024 X
1024 preliminary map of the S183 field at 408 MHz. Each
pixel in the map represents 105" making the map about 30°
on each side. It is at this point that the observer
arrives at the observatory to continue the data reduction

process.

5.1.2 CLEANING THE MAPS

The preliminary maps produced by a synthesis telescope
have several defects that are not inherent tc the map. The
most obvious features in figure 5.1 are the large
elliptical ring-~like structures which are centered on the
strong point sources in the field. T.ey are called grating
rings, and are a result of the way in which the data are
obtained. The DRAQ antennas are repositioned on a daily
basis to create new bzselines for correlation, with a
reqular spacing interval D of 4.286 meters. The spacing
jinterval results in large grating ring responses at angles
of n N /D from the beam center, where n is an integer
and XN\ 1is the wavelength of observation. At 408 MHz the

first grating ring is at a radius of 9.83° from the



Figure 5.1
The Preliminary 1024 X 1024 408 M4z Map

Contours are shown from -40.0 to 3%20.0 mJy/ba in steps of
140.0 mJy/ba. Each pixel represants 105" making the
map 9.99 square. The fiaeld <center is at

RA = 07 51® 30.0%, DEC = 65° 30' 0.0". North is &t the top
of the map.
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synthesized main beam, and in the 1420 MHz case it liss at
a radius of 2.82°. The spacing interval has been selected
to place the first grating ring well away from the area of

interest zt the center of the field.

Figure ..1 also shows the effects of aliasing from the
replicated . ..~ that are adjacent to this map. This is
caused by the aridding or sampling of the data in the uv
plane at tkh2 regular intervals reguired for the FFT
algorithm. The choice of the gvidding interv:.. .5 kept
the aliased features away from the central pc::ion of the

1024 X 1224 map.

Figures 5.2 and 5.3 show the central 512 X 52" region
of the 408 MHz and 1420 MHz preliminary maps respectively.
In these maps, alcng with the grating ring responses, there
are numerous smaller diameter ring-like features
surrounding the str:.iger point sources. These ares caused
by the sidelobe structure of the synthesized beam and are
superimposed on the weak underlying features in the field.
In addition to the ring-like features, there are several
prominent linear defects attached to the stronger point
sources in the field. They are oriented in & N-S direction
and result from a 59 strip of data missing at 12 hours.
S183 was observed through lower culmination and the 1limit
switches prevented a small segment of the sky from being

observed.
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Figure 5.2
The Preliminary 512 X 512 408 MHz Map

The central 512 X 512 area of the 408 MHz preliminary map.
Contours are shown from =-40.0 to 660.0 mJy/ba in intervals
of 140 mJy/ba. Each pixel represents 105" mag}ng the map
14.99 scquare. The field canter ir 1t RA = 0 51® 30.08,
DEC = 65° 30' 0.0". North is at the .op of the map.



FPigure 5.3
The Preliminary 512 X 512 1420 MHz Map

The central 512 X 512 section is shown with contours
from -4.0 to 23.0 mJy/ba in steps of 3.0 mJy/ba. Each
pixel represents 30" making the map 4.3° square. The field
center is at RA = 0P 51® 30.0%, DEC = 65° 30’ 0.0".
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If the point sources are strong, the sidelobe features
often will distort the map to the point where the real
features are hard to identify. In the case of the 408 MHz
map shown in figure 5.2, this is somewhat the case. For
this reason the preliminary map is often referr:l to as the

"dirty map".

Iterative procedures (first developed by Hogbom4°)
have been implemented to remove distortions due to sidelobe
responses and are generally referred to as "cleaning" a
map. A version of the CLEAN algorithm which was developed

by Steer et al.4l is used at DRAO.

Briefly, a map is cleaned in the follcowing manner.
First, the maximum brightness of the map is found. Usually
this will be a point source with the unwanted sidelobe
structure surrounding it. The synthesized "dirty beam" is
normalized to the maximum value of the source and
superimposed on it. The dirty beam is the Fourier
transform of the aperture plane sampiing function ( = 1
where an observation has been made and egquals 0 where an
observation is missing). Some fraction of the dirty beam,
usually 1/2, is then subtracted from the map. The
procedure is repeated until that point source becomes lower

than the next brightest source in the field. The operation
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is then applied to that source, and subsequent sources
until one of the following conditions is met: 1) the value
of the maximum intensity of the map is reduced below a
specific value, 2) the number of iterations rerformed
exceeds a sot limit, or 3) the value of maximum brightness

in the map stups decreasing.

At this point, the dirty map has been decomposed into
a sum of beam functions whose locations and amplitudes are
stored in a computer file. The clean map is then created
by adding together a sum of clean beams whose amplitudes
and positions have been specified in the file. The clean
beam has no side lobes and is usually a Gaussian equal in
size to the main lobe of the dirty bean. The residuals
left over after the decomposition are added back. If the
conditions used toc terminate the process are well chosen,
the sidelcbe features will have been reduced to values
comparable to the noise on the map. Full details of the
DRAO procedure to clean a map may be obtained by referring

to CLEAN in the DRAO help file documentation.

during the <cleaning process, beam functions are
subtracted from the inner 512 X 512 region only. If a
strong source falls outside the central 512 X 512 section
but inside the 1024 X 1024 region, its sidelobes are not
removed by cleaning. The reason for this is illustrated by

figure 5.4. If a strong source is located at A, the corner
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1024 X 1024 Map
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Figure 5.4
The Beam Function Superimposed on the Map for Cleaning

The 1024 X 1024 beam function superimposed on point A in
the 1024 X 1024 mnap, demonstrating that only the
inner 512 X 512 area can be cleanad.
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of the 512 X 512 box, the beam function extends only as far
as B. Therefore, with a 1024 X 1024 beam, only the central

512 X 512 section can be cleaned.

Figures 5.5 and 5.6 show the cleaned 408 MHz and 1420
MHz map respectively. The improvewent over the dirty maps
is evident by comparing them with {ne maps shown in figures
5.2 and 5.3. However, several defects are still visible in

these maps.

In the 408 MHz map (figure 5.5) the narrow curved
features are grating rings which belong to point sourcex
located outside the inner 512 X 512 region, and as a result
they are not cleaned off. As well, there are several
broader curved features of low intensity that have the
north celestial pole as their center. These are caused by
408 MHz interference which was not removed from the
visibility data in the editing process. There is still
some sidelobe structure surrounding the bright point
sources but its level is comparable to the noise on the
map. Finally, several thin horizontal areas are visible in
the map which do not c<¢ontain contour information. These
features have been caused by the electrostatic printing

process which was used to make the map.

The 1420 MHz map (figure 5.6) 1is free of any

interference bands and grating rings, but still some weak
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Pigurs 5.5
The Clean 408 MHz Map

The central 512 X 512 section is shown with contours
from =-10.0 to 170.0 wy’/ba in steps of 20. % mJy/ba, Each

pixel represents 105" ut):‘ the map 14.9" squara. The
field center is at RA = 51 30.0%, DEC = 65° 30’ 0.0".
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Figure 5.6
The Clean 1420 MHzZ Map

The central 512 X 512 section is shown with contours
from ~4.0 to 23.0 mJy/ba in steps of 3.0 mJy/ba. Each
pixel represents 30" making the map 4.3Y square. The tleld
canter is at RA = ol 51® 30.0%, DEC = 65° 30’ 0.0%.
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sidelobe structure surrounds the strong point sources, and
is probably due to instrumental phase and amplitude errors.
In addition, some faint ringing is evident resulting from
the primary response pattern of the antennas which are used

to make up the array.

The above features should not influence the
interpretation of the data, =ince they: 1) are fairly
faint, 2) have not been superimposed on S183, or 3) will be
removed when the background is subtracted prior to the

determination of the flux dansities.

5.1.3 ADDING THE LOW ORDER SPACINGS

After cleaning, the next step in producing final maps
is to add in the low order spacinys. The response from an
interfercmeter pair is a set of fringes that are
superimposed on the sky (figure 1.i) with a period of 1/b
radians, where b is the projected leng*h of the baseline in
wavelengths. The fringe pattern measures the Fourier
component of the sky brightness distribution for that
particular orientation of the baseline. ¥easurement of the
broad or d.c. component with an interferometer would
require shorter spacings between the antennas than are
physically possible. This makes it impossible to measure
components of sky brightness whose angular freguencies are

lower than some value set by the minimum spacing D of the
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interferometer pair. The spacings in this category are
called the low order spacings. Since spacings from 0 to D
meters are sampled with an antenna of D meters in diameter,
the missing spacings can be obtained from observations made
with an antenna whose diameter is greater than or equal to

this wvalue.

The low order spacings for the 408 MHz map were taken
from a survey done by Haslam et a1.3% in 1982. The 1420
MHz low order spacings were obtained from the Effelsberg 21
cm Galactic Plane Survey by Kallas and Reich3?, Both

surveys are available in digitized form on disk at DRAO.

The process of adding the low order spacings to the
interferometer data requires several gteps. For the 408
MHz case a low order map of the field was extracted from
the digitized Haslam data using SURVEY, an interpolation
and gridding program. This map was then corrected for the
primary beam of the telescope which was used to acquire the
data. The correction is necessary because the low order
data is the sky filtered through the transfer function
shown in figure 5.7a (the higher spatial frequencies have
been attenuated). The correction to obtain the flat
transfer function shown in figure 5.7b is accomplished by
dividing the low order data in the uv plane by the Fourier

transform of a Gaussian of the same size as the beam of the
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Telescope Transfer Functions
a) The uncorrected transfer function of an antenna D meters
in diameter, which attenuates the higher spatial

frequencies,
b) The corrected transfer function.
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primary element of the telescope (HPBW = 51' in the case of
the Haslam survey). The visibilities in the uv plane were
then transformed back to obtain the corrected low der

map. Figure 5.8 shows the 408 MHz low order map.

The higr order map requires the same correction since
it has been multiplied by the transfer function of the
primary element in the interferometer. The transfer
function is a gaussian with the value 1.0 at the center and
having low values near the edge of the map. Its effect can
be seen in figures 5.5 and 5.6. Numerous point sources and
fine detail are visible near the center of the map.
However toward the edges the number of point sources drops

to zero and the detail is lost in the noise.

The correction was made by dividing the map data by
the primary pattern of the interferometer element. This
operation increases the noise away from the map center
since one is dividing by a function which drops to a small
value at the edges of the field. Therefora, outside a
certain radius, where the noise begins to dominate the map,
the pixels have been set to zero. The 408 MHz map has been
zeroed bevond a radius = 380'. For comparison, the FWHM of

the 408 ifHz polar diagram is 31&°.

At this peint, the uv data for both the low and high

order maps require a filtering operation which regulates



Figure 5.8
The Low Order 408 MHzZ Hup

The lovw orxder 512 X 512 408 MHz Jap extracted from the
survey published by Haslanm et al.3%," contours are shown
from 30.0 to 120.0 K (Tb) in steps of 10.0 K (Tb). The
resolutisn is 51.0’. Each pixel represents 105" making the
map 14.9° squars. The field center is at RA = 0" 51¥ 30.0%,
DEC = 65° 30/ 0.0".
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the amount of overlap in the uv data for the combined map.
The visibilities of the low order map are clustered around
tha center of the plane and fall to zero at a radius of D
meters. The high order visibilities £ill the plane out to
the maximum size of the array, but avoid the central
region. As mentioned above, the central hole is caused by
not being able to correlate antenna pairs at spacings less
than an antenna diameter. At DRAO this happens at about 9
m. The low order spacings are used to supply the missing

visibilities in the center of the high order map.

Since the ranges of the 1low and high order
visibilities overlap in the uv-plane, careful filtering
must be done on both sets of visibilities, so that when
they are transformed back to the map plane and added, an
accurate map will be produced. The radius at which the low
and high order information are added with equal weight must
be decided on, as well as the range over which they will be
blended. Figure 5.9 shows the type of filtering applied to
the low and high order visibility data. 1In the case of the
408 MHz data, A, B, and C of figure 5.9 were chosen to be
12.9, 22.2, and 31.5 m respectively in the uv-plane. . B =
22.2 m was chosen because an antenna with a resolution
equal to 51’ (the resolution of the Haslam survey) has a
response that drops to 50% at 22.2 m in the uv-plane. The

blending range was chosen to ensure a smooth transition



Magnitude

A [o]
1.0 r
[ |
filter for 1 | filter for
low order [ high order
visibilities i ] vigibilities
l {
| !
| |
B
] |
! |
’ |
0.0 1 -
408 MHZz 12.9 22.2 31.5
( Meters)
1420 MH2 13.0 32.0 $2.0

Radius in the uv Plane

rigure 5.9
The Filters Applied to the uv Visibility Data

The uv-plans filtering of the visibility data.

A - Point at wvhich the low order data are given a
veight of 1.0, and the high order data given
weight 0.0.

B = Point at which the lov and high order data are
given equal weight.

¢ = Point at which the high order data are given a
weight of 1.0, and the low order data given
weight 0.0.
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from one data set to the other.

Applying the filter (figure 5.9) to the high order
data attenuates the lower spatial frequencies, whereas the
filter that is applied to the low order data has the
opposite effect, and is equivalent to smoothing the map.
Figure 5.10 shows the result of filtering the higher
spatial frequencies out of the low order map which is shown
in figure 5.8. After filtering, both the low and high
order visibilities were transformed back to the map plane.
The FFT program used to do the transfo:wation back and

forth between the map and uv planes is called MAP2UV.

Before being added together, the Ilow and high order
maps must be converted to the same units. The low order
map was convertad from mK to K (Tb). The high order map
was convertess from mJy/ba to K (Tb) by multiplying it by

the conversion factor F, given by the expression belowd?,

F = 0.385(E)/(1.13 F2 R?) 5.1

where: E = the minor/major axis ratio for the resolution,
F = the frequency of observation in GHz, and

R = the minor axis of the resolution in arcmin.
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Figure 5.0
The Flltered 408 MHz Low Order Map

Contours are shown from 30.0 to 120.0 X (Tb) in steps of
10.0_K (Tb). Back pixel represents 105" malg.ng the map
14.9Y square. The field center is at RA = 518 39,08,
DEC = 65~ 30’ 0,.0%,
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In the case of the 408 MHz map, one final ccrrection
must be applied to produce an accurate map. It is the AGC
(Automatic Gain Control) correction. The 408 MHz system
has an AGC to keep the receiver output power constant. The
effect of this is to keep the sum of the antenna
temperature and the systes  perature multiplied by a gain
fz ~tor constant. Whe.. .« visibility data are being
gathered, the antennas are periodically pointed toward
point sources for calibration. There will usually be a
difference in flux density between the field being
observed and the one which contains the calibration source.
This resulfs in a different antenna temperature for the two
fields, which will cause the gain to be changed to keep the
power output the same. Therefore, a correction to account
for the change in gain must be applied to the survey

data. Full details of this calculation are given by

Landecker43.

The main step in the determination of the correction
fact.'r involves a calculation of the antenna temperature
for both fields. The antenna temperature is obtained
numerically by superimposing a Gaussian beam, matching the
beam of the primary element of the synthesis telescope at
408 MHz (HPBW = 318'), on the Haslam survey data at each

location. After obtaining the two antenna temperatures the
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correction factor can be calculated. For the field

containing $183 the AGC correction works out to be 1.159.

The correction was applied to the high order map and
then the low and high order maps were added together using
the Manipulator feature of MADR, a program which
facilitates the modification of data sets. This produced
the complete 408 MHz map shown in figure 5.11. $S183 can be
seen at the center of the field. The zeroing of the high
order map at a rudius of 318' is evident. The area outside
the radius of 318' contains only the brightness values of
the low order map. The central portion of figure 5.11 was
then extracted tc form figure 5.12, a more detailed view of
$183 and its surroundings. The 408 MHz map is now

complete.

The 1420 MHz data were handled in a similar way. The
low order spacings were obtained from the Effelsberg 21 cm
Galactic Plane Survey by Kallas and Reich32. The survey
has an upper limit of b = +3.75°., The northern boundary
of the 1420 MHz field extends beyond this value by about a
degree, which necessitated the insertion of a 1 K f£ill
value into this area to provide the missing low order
values. Figure £.13 shows the low order map with the 1 K
fill values added to the north section of the map. It also
shows a cross-section through the center of the map from

south to north, which dema:etrates that the added 1 K
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Pigure 5.11
The Complete 408 MHz Map

The 512 X 512 408 MHZ map showing the sum of the low and
high order naps. Galactic and Ecuatorial coordinate
gystems are shown. Contours are shown from 58.0 to 82.0 K
in steps of 8.0 K. The AGC correction has been added.
Pixel size is 105%.
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Declination (1950)

Right Ascension (1950)

Figure 5.12
The final 408 MHZ Map

The central area of the 408 MHz map. The map is 512 X 512
pixels with each pixel = 30,0". Contours are shown from
58.0 tn 78.0 K in steps of 2.0 K.
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Figqure 5.13
The Lovw Order 1420 MHZ Map

The low orgsr 64 X 64 1420 MHz map from the Effelsberg 21
cm survey with the 1.0 K fill values in the upper
portion. Contours are shown from 1.0 to 2.0 K in steps 08
0.2 K. Each pixel represents 240" making ,the map 4.3

square. The field center is at RA = ol 518 30.08,
DEC = 65° 30' 0.0". North is at the top of the map.

A cross-section is shown from scuth to north through the
map. The £1ill1 values show up as the straight line portion
of the plot.

190



191

values are a reasonable estimate of the background

brightness in that direction.

As in the 408 MHz case, the visibilities of the 1low
order map were corrected for the gaussian taper of the beam
used in the Effelsberg survey (9'), and the high order mrap
was polar corrected for the primary pattern at 1420 MHz.
Both the low and high order maps were then filtered in the
uv~plane with the filters shown in figure 5.9, with poinis
A, B, and € of the filter set to 13.0, 32.0, and 52.7 1
respectively. Figure 5.14 shows the effect of filtering

the low order 1420 MHz map in figure 5.13.

The low and high o¢rder maps were converted to K (Tp)
and added together using MADR, giving the map shown in
figure 5.15. 1In the map, zeroing was applied to the high
order dat: beyond a radius = 90'. Outside this radius the
low order map values can be seen. Figure 5.16 shows the
final 1420 MHz map which was constructed from the central

section of figure 5.15.

5.2 RESULTS

Figures 5.12 and 5.16 show the 403 MHz and 1420 MHz
fields containing S183. More detailed maps which have

included shading are shown in figures 5.17 and 5.18, for



Figure 5.14
The Filtered Low Order 1420 MHz Map

The filtered 1420 MHz low order map. Contours are shown
from 1.0 to 3.2 K in steps of 0.3 K. The map is 512 X 512
pixsll with sach pixel representing 105", naﬁ!.ﬂg the map
4.3Y square. The field center is at RA = O 518 30.08,
DEC = 65° 30’ 0.0%.
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Figure 5.16
The Final 1420 MHz Map

The central 256 X 256 area of the 1420 MHz map shown in
figure 7.13. Contours are shown from 1.6 to 4.0 K in steps
of 0.4 K. Galactic and esquatorial coordinate systems ares
shown. Pixel size = 30.0%,
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Pigure 5.17
The 1420 MHz Map with Shading

Contours of brightness temperature are shown from 1.6 K to
4.0 K in steps of 0.4 K. Beanwidth is 1.0’ X 1.1’ EW X NS.
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Figure 5.18
The 408 MHz Map with Shading

Contours of brightness temperature are shown from 583.0 K to
78.0 K in steps of 2.0 K. Beamwidth is 3.5’ X 3.8’ EW X NsS.
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1420 MHz and 408 MHz respectively. The shading removes any

ambiguity in the contour values of figures 5.12 and 5.16.

At 1420 MHz, S183 appears as a region of emission
that contains several areas of higher brightness. The most
prominent of these is a compact ridge on the west side of
s183. It is oriented in the SE-NW direction and has a
peak brightness temperature of about 4.7 K. The ridge lies
on the W side of a shell-like structure that forms the
center of S5183. The shell is slightly brighter on the E
side as well, which gives it an edge brightened appearance.
A slightly fainter region of emission forms the SE side of
s1e23, and has the appearance of a plateau whose peak
brightness is patchy and is oriented in the NE-SW
direction. The south and east edges of S183 are diffuse
and patchy, whereas the north and west edges are generally
sharper and more defined. S183 has a similar appearance at
408 MHz. Each of the 1420 MHz features described above can

be seen in the lower resolution 408 MHz map.

S183 is also visible on the red print of the Palomar
Sky Survey44, a portion of which is shown on plate 5.1. It
appears as an area of obscuration surrounded by faint
regions of emission. The ridge-like feature on the W
side of S183 is visible, and has the same general shape as

it does in the 1420 MHz map.



Plate 5.1
A Section of the Palomar Sky Survey Showing S183

The Palomar Sky Survey Red print44 showing the field of
sS183. ITn the top print the 1420 MHz contours are
superimposed along with the equatorial and galactic
coordinate systemns. For comparison purposes, the bottom
print shows only the S183 field.
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A small region of emission is visible to the SW of
$183 on both the radio maps. It also appears on the red
print of the Palomar SKy Survey and is designated as LBN

0611.
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CHAPTER 6

INTERPRETATION OF OBSERVATIONS OF S183

6.1 408 MHz AND 1420 MHz DATA

6.1.1 DETERMINATION OF SPECTRAL INDEX

T e primary reason for surveying S183 with the DRAO
synthesis telescope was to reliably classify it either as a
supernova remnant or an HII region. The most common tool
used to decide which of these categories an object fits
into is its spectral index. Spectral index (o4 , 1s a
measure ¢f how the object radiates its energy as a function

of frequency, and is defined by

'§£ = (FQL h 6.1
SI ‘oz

whexre: S, and S = the flux densities at the low and high

frequencies 4 , and '\)1 respectively.

Supernova remnants radiate their energy by synchrotron
emission, which has ranges of x from 0.0 to about 0.8.
Shell remnants typically have X = 0.45 + 0.2, and

centrally concentrated remnants have X < 0.25.

An HII region can have a spectral index from -2.0 to
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0.1, depending on the optical depth T of the object. If
the optical depth is large ( ¥ >>1 ) then X = -2.0,
however if it is small ( P << 1 ) then & = 0.1. The
following discussion illustrates these points.
The brightness temperature T), of an HII region is?>
Tb=Te(1-e'T) 6.2
where: T, = the elc ¥ ron temperature, and
T = the optical depth.
brightness

If the optical depth is large ( T >> 1 ), the

temperature becomes the electron temperature

Tb = Te-

If the cloud has uniform brightness over its area,

and ¥ >> 1, its flux density S is given by

T Zth;\z—Q-s 6.4
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where: Jﬂ.s = the solid ancgl: of the source,
Te = the electron temperature,
™ = the waveleng:h <f cbservation, and

k = Boltzmann's constant.

From equation 6.4, it can be se2n that the flux density of
an optically thick region varies as A~2, and that a

spectral index K = -2.0 is the result.

If the optical depth is small ( T << 1), then

equation 6.2 can be accurately approximated by

Ty, = Te | 6.5

and the brightness temperature T}, becomes proportional
to T . Altenhoff et al.46 state that Qf can be expressed

as the approximation

T = 8.235 x 10727,71-35 4 2.1 |y 2 a1 6.6

for 1)<< 10 GHz, and T < 9 X 10°% K

where: Tg the electron temperature in K

3

Ne the electron density in cm™°, and
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'0 = the frequency in GKz.

The integral term in equation 6.6 is the emission measure

in parsec cm~®, where 1 parsec = 3.086 X 1018 cm.

From equation 6.4, and using equations 6.5 and 6.6 the

flux density in an optically thin region is

2.k (Te IE) 0

S.‘-l
A

or S [~ 4 -32- = I

>\?. 1)2.1 )‘2.
2.1 :
or S « -—%iz = ')P j 6.7

Therefore, in the optically thin case, the flux
density is proportional to the wavelength raised to 0.1.
This means that the spectrum is essentially flat, or that

the spectral index is very close to zero.

To obtain the spectral index, values of flux densities
were obtained at 408 MHz and 1420 MHz from the maps shown
in figures 5.18 and 5.17 respectively, using the program
AIM(INTEGRATE) . The program sums pixel values above a

background level inside polygons drawn on a CRT display
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using a trackball. The background for each pixel is
determined by fitting a twisted plane through the data
values at the corners of the polygon. The pixel values are
summed inside the polygon after background subtraction, and

then converted to flux density.

Table 6.1 lists five measurements of flux density at
408 MHz, and eight measurements of flux density at 1420
MHz. The flux density values have been averaged to obtain
6.92 + 0.50 Jy at 408 MHz and 6.33 + 0.40 Jy at 1420 MH=z.
In addition to the 5 polygons used in the 408 MHz average,
a sixth polygon was defined with boundaries significantly
outside those of S183. From this polygon the flux density
was 10.11 Jy, showing that the measurement is very
dependent on locating the boundaries of S183 accurately.
Changing the location of the sides of the polygon has the
effect of changing the value of background that is

subtracted in the determination of flux density.

The polygons used for each measurement are shown on
figures 6.1 and 6.2, for 408 MHz and 1420 MHz respectively.
The values of flux density for 408 MHz and 1420 MHz include
the contributions of point sources that are con.ained
within the boundaries of S5183. This enables direct
compariscn of these flux densities with those measured

previocusly with broader beams.
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TABLE 6.1

FLUX DENSITY MEASUREMENTS OF S183

408 MHz
Polygon # Flux Density (Jy)
1 6.081
2 7.087
3 7.254
4 7.303
5 6.871
6 10.107

Ave (excluding # 6) = 6.92 * 0.50

‘1420 MHz
Polygon # Flux Density (Jy)
1 6.275
2 6.659
3 6.137
4 5.872
5 5.879
6 6.169
7 6.698
8 6.977

Ave = 6.33 + 0.40



Declination (1950)

Right Ascension (1950)

Figure 6.1
The 408 MHz Polygons

Polygons used for the determination of 408 MHz flux
density. Polygons 1 to 5 are drawn around S183 on its
approximate boundary. Polygon 6 is drawn to include a
greater area to illustrate what effect poor resolution has
on the flux density measurement.
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Right Ascension (1950)

Pigure 6.2
The 1420 MHz Polygons

Polygons used for the determination of 1420 MHz flux
density.
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The flux density measurements of S182 at 408 MHz and
1420 MHz are listed in table 6.2 along with previous
measurements of the object at other frequencies. The
spectrum of Si83, which is shown in figure 6.3, is
obtained by plotting the flux density values of table 6.2
versus frequency. A spectral index of & = 0.10 * 0.05 is
obtained by fitting a weighted least squares line through
the measurements listed in table 6.2. The measurement by
Bonsignori-Facondi and Tomasi®® in 1979 at 408 MHz was not
included in the spectral index detarmination because of
poor resolution in the N-S direction (110*'). It was this
measurement that suggested that S183 was a supernova

remnant.

For ccmparison, the spectral index of 8183 using only
the DRAO flux density measurements is & = 0.07 + 0.07.
This estimate includes the point sources, which are
probably mostly extragalactic with steep synchroten
spectral indices. Including the sources will steepen the

spectral index slightly.

The value of X = 0.10 + 0.05 shows that S183 is
probably an HII region instead of a supernova remnant,as
was suggested by Bonsignori-Facondi and Tomasi>0, A
spectral index of ~ 0.1 does not rule out the possibility
that S183 is a supernova remnant of the type resembling the

Crab Nebula. However, the appearance of S183 is not typical



TABLE 6.2

Frequency
(MHZ)

2695

1420

1420

1400

408

408

MEASURED FLUX DENSITIES FOR S183

Resolution

(arcmin)

18

36

10

4.2 X 110

Flux
(3Y)

5 + 1.5

Observers

Churchwell

& Walmsley47

4.8 + 1.0 Galt & Kennedy“3

6.33 + 0.40

7.1 + 2.5
11.5 + 1.7
6.92 + 0.50

This work

Felli
& Churchwell48

Bonsignori-
Facondi & Tomasi

This work

50

Year

1973

1968

1987

1972

1979

1987
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Figure 6.3
The Radio Spectrum of S183

A spectral index X = 0.10 + 0.05 is obtained by fitting a
weighted least squares straight 1line though the data in
table 6.2. The individual measurements are: A) Bonsignori-
Facondi & Tomasi, B) this work, C) Felli & Churchwell,
D) this work, E) Galt & Kennedy, and F) Churchwell &
Walmsley. The flux density measurement by Bonsignori-
Facondi and Tomasi was not included in the determination
of O¢ because of poor N-S resolution (110').

211



212

of the centrally concentrated Crab-like supernova remnants.
Furthermore, other evidence to be presented later makes

the HII region interpretation the most plausible one.

A brightness temperature spectral index e , may alsc

be calculated. If the Rayleigh-Jeans law (equation 6.8),

S = 2kT
)}

is substituted into equation 6.1, it follows immediately
that

where: T, and T, = the brightness temperatures at the low

and high frequencies \)2 and x)l
respectively, and that § =2 + (X

’

where X is the spectral index of equation 6.1.

Figure 6.4 is a brightness temperature spectral index
map of S183. To make the map, a background of 58.0 K was

subtracted from the 408 MHz map, and 1.6 K was removed from
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the 1420 MHz map. Equation 6.9 was solved for P giving

equation 6.10 below.

G; a |,°3'° -i‘:.) 6.10
we (%)

The 1420 MHZ map was smoothed to the resolution of the
408 MHz map. Then the 408 MHz map and the smoothed 1420
MHz map were used as inputs for equation 6.10. The
MANTPULATOR feature of the program MADR was used to
calculate @ for eaéh pixel of the brightness

temperature spectral index map.

A brightness temperature spectral index of
approximately 2.0 to 2.1 is consistent with an optically
thin HII region. It can be seen , by looking at the map in
figure 6.4, that most values of @ within the boundaries
of S183 fall within the limits 1.9 < B < 2.3. a
supernova remnant would likely have values of ? clustered
around a val:e in the range 2.2 to 2.7 on such a map.
There are some areas around the edge of S183 that have
either a high or low spectral index. These are errors
caused by taking ratios of small numbers in T,/T, of

equation 6.10, after the backgrounds have been subtracted.
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6.1.2 A MODEL OF S183

The appearance of S183 suggests that we are looking at
shells of ionized gas. One shell, nearly complete, has a
diameter of about 20' and is centered at o 50®, &5° 30'. A

second incomplete shell lies to the south-east.

Therefore, S183 can be modeled as an HII region made
ur of two separate components. - The first component is the
circular region that has edge brightening on the east and
west sides. This can be modeled as a shell of gas with
inside and outside diameters of 15' and 25'. The second
component is the slightly fainter region of emission that
forms the SE side of S183. It can be modeled as a hemi-
spherical shell of gas with inside and outside diameters of
20' and 35'. Figure 6.5 shows the model of S183 with the
various angular dimensions labeled. The angular sizes of
S183 were obtained from measurements on the 408 MHz and
1420 MHz maps shown in figures 5.28 and 5.17, and are

essentially the same at both frequencies.

Figure 6.6 shows the model of S183 with the brightness
temperatures of the various parts labeled after the
background was removed. The model parameters of size,

optical depth, electron temperature, and electron density



component 2

component: 1

Fiqure 6.5
Model of 5183

Shell modsl of S183, showing components 1 and 2, with
angular dimensions labeled. The shaded (rim) areas
approximate the regions of higher brightness temperature
seen in the maps shown on figures 5.18 and 5.17.
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408 MH2z
(58 ¥. background removed)

16 XK

1420 MHz
(1.6 K background remocved)

Figure 6.6
Brightness Temperatures of the Components of S183

S183 showing central and rim brightness temperatures for
components 1 and 2 at 408 MHz and 1420 MHz.
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must be chosen such that the model will pradict the

appearance of S183 as is shown in figure 6.6.

The basic question that must be answered, before
attempting to determine the physical parameters of the
model, is the distance to S183. Fich and Blitz>1
determined a kinematic distance te S183 in 1984. It is
based on a rotation curve for the outer Galaxy, the
assumption that a CO cloud with a measured radial velocity
of -10.3 km s~l in this direction is associated with S183,
and the assumption that all the objects in the Galaxy are
undergoing only circular motion. The rotation curve for
the Galaxy was based on HI terminal velocities from the
first quadrant of the inner Galaxy52 and CO velocities and
distances to exciting stars of optical HII regions in the
outer Galaxy53. The rotatiol. curve used by Fich and Blitz
is shown in figure 6.7, and is used in the following manner

+o obtain an estimate of the distance to S183.

The galactic rotation velocity W (km sl kpc'l) of

any object orbiting in the plane orf the Galaxy is given

py54
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Fiqure 6.7
Rotation Curve of the Galaxy

a) Galactic rotation curve, (Adapted from Fich and Blitz51)
used to determine the distance to S183.

b) The CO rotation curve of the outer Galaxy showing the
data points which gge omitted in the top curve (Adapted
from Blitz and Fich’°).
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where: Vv = the measured radial velocity of an object,
Ro = the distance of the sun from the galactic
center,
b and £ = the galactic latitude and longitude of
the object, and
Wo = the ahgular velocity of the Sun about the

galactic center (km s~1 kpc'l).

Fich and Blitz5! used 25 km s™1 kpc"1 for lA)O and 10
kpc for R,. A value for W is found by substituting
the galactic coordinates for S183 and the values for V,,Rq
and W) o into equation 6.10. The tangential
velocity €@ was then determined to be 238 knm s~1 using

equation 6.11 below.

6 =Rr, W 6.11

Given that © = 238 m s~!, Fich and Blitz®! then found
Rgpg3 = 10.42 + 0.3 kpc by numerically interpolating on the
rotation curve in figure 6.7a. Then by geometry, the

distance to S183 was found to be d = 0.74 + 0.51 kpc.

The large relative uncertainty in the distance is due

to the flat slope of the rotation curve in the locality of
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the Sun. As well, the data on which the rotation curve is
based has significant scatter, as is shown in figure 6.7b.
This means that a fairly broad range of R could satisfy the
angular velocity requirement of © = 238 xm s~1. However,
for the model calculations, the distance to 8183 will be

assuned to be accurate, and equal to 0.74 kpc.

To arrive at a model for S183 the following list of
parameters was calculated using the DRAO program RADPHYS

written by Higg556:

1) opacity ( K )

2) optical depth ( T )

3) brightness temperature ( T}, )
4) emission measure ( EM )

5) mass ( M )

6) flux density ( S )

7) excitation parameter ( U )

The program requires values for electron temperature
(Tg) , electron density (Ng), distance (d), angular size,
frequency of observation, and the percentage of singly
ionized He. Of these, the frequency, angular size and
distance are known, the first two from the survey, and the
distance from Fich and Blitz®l. To calculate the mass, the
percentage of singly ionized He has been assumed to be 14%.

The electron temperature has been assumed to be 8000 K,
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which is typical for HII regions.

With T,, 4, and angular dimensions held constant, the
value of electron density was varied, and a table of output
parameters was constructed for each frequency. By looking
at the tables, an electron density that correctly predicts
the observations at 408 MHz and 1420 MHz can be found.

Using this approach, the parameters of a model for S183

were obtained.

The following example is a detailed explanation of the
calculations that are performed by RADPHYS. The example is

applied to component 1 of S183 shown in figure 6.5.

1) Calculation of opacity (/)

The first step in calculating the parameters of the
model for S183 is the determination of opacity cm~1 (K ).
The required input values are: frequency ( 4 = 1420 MHz),
electron temperature (T, = 8000 K), and electron density
(Ng = 10 cn~3). For small h 4 /kT, the expression in

c.g.s. units for opacity (cm’l) is37

Y ¢ z
- B8 [([w\? e — Z3 NeNi 6.12
K) 3 (b) C(MQKTQSB/Z 02_ € N

where: e = charge of the electron,

=2
f

e mass of the electron,
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k = Boltzmann's constant,

T, = electron temperature,

Neo, Nj = number density of electrons and ions,
Z = the ionic charge ,

g = the Gaunt factor, and

0 = the frequency of observation.

The Gaunt factor g in equation 6.13 is given by Lang58 as

s, (kTe\?2 kT ]
- Co ()% () G o

for: W >> Wy, where L, = 5.64 X 10°N.1/2,

T < 3.6 X 10°22 X, and ¥ =1.781.

Using equation 6.13, g = 5.58 for To=8000 K and 4 = 1420
MHz. Using this, equation 6.12 is evaluated, and the

opacity is found to be

6.84 X 10724 cm~Y

K
or K

2.11 X 1079 pc~1,

where 1 pc = 3.086 X 1018 cnm.
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2) calculation of optical depths ( T )

Next, to calculate optical depths for S183, the actual
dimensions (D) of the shell in parsecs are needed. They

are calculated using

D=da ¢ 6.14

where: a the distance in parsecs to S183 (740 pc),

A¢ = the angular dimension of the feature being
considered ( 15' and 25' for the inside
and outside diameters of the shell for

component 1).

Using equation 6.14, the inside and outside diameters of

the shell are found tc be

o
il

o 5.38 pc.

The optical depth along two paths were calculated, the
maximum path length (1) and the central path length (1.).

These are shown on figure 6.8a. Figure 6.8b shows the
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Figure 6.8

Cross-Section Through Component 1 of S183

a) Model of S183 showing shell cross-section. Path lengths
l, and 1, are shown for which various parameters are
calculateg.

b) Shell cross-section showing the quantities 1./2, Dg/2,
and D;/2 used to calculate ln.
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quantities used in equation €.15 below to calculate 1.

D,,)Z (o;)’-‘

3 Z — - L ,6.15

i f( 2 2

The above values of 3.23 pc and 5.38 pc for D; and D

result in

1, = 4.3 pc, and

l, = Dy - D; = 2.15 pc.

o

Roh1£s®® defines optical depth as

T-= YKJ ds 6.16
o

where: i, = the opacity, and

S = the path length.

In this case,

Tn = Kl = 9.07 X 107°

and o= K1lc = 4.54 X 1072,
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3) Calculation of brightness temperature (Tp)

Since the above values of 't' are small, equation 6.5
can be used to calculate the brightness temperatures as

follows

Ty p = Te Tm = 8000(9.07 X 16~%) = 0.73 X, and

= = -5
Te ¢ = Te T = 8000(4.54 X 10°°)

0.36 K.

4) Calculation of emission measure (EM)

Emission measure is defined by Rohl£s®? to be

S
EM = [Nez ds 6.17

(1]

where: Ne number density of electrons (cm'3) and,

S = path length (pc).

With the assumed electron density N, = 10 em™3, and
the dimensions 1, = 4.3 pc and 1, = 2.15 pc, the

corresponding emission measures can be found.

il

102(4.3) = 430 cm™® pc

EMp,

Em, = 102(2.15) = 215 cm™® pc
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5) Calculation of mass (M)

The mass of hydrogen (in solar masses M,) of a

spherical shell of HII is given byso

x ( pe -D3)(3- 080 % ‘0'9)3 Ne My

where: D; and D, = the inside and outside diameters of
the shell in parsecs,
No = number density of electrons cm™3,

24

My = mass of hydrogen atom (1.673 X 1074* qg),

M, = mass of the Sun (1.989 X 1033 g),
FIye = fraction of helium assumed to be singly
ionized (1.0),
Pge = % of He in nebula (14 %), and

3.086 X 1018 = the conversion from parsecs to cm.

3 gives

Evaluating equation 6.18 for Ng = 10 cm_

MHT = 13.87 MQ.

The total mass (Mp) is then found by using
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Mp = Myp(1.03 + 4.0(Pye)) 6.19

The total mass is then

Mp = 22.1 M,.

6) Calculation of flux density (S)

The expression for flux density is given by6°

S= —z,_—,; (wnoze’)(.z._"iggi)(l(, Te)(bkoDi.A(\ 6.2C

"
l

where:

<
"

Q
il

Di and

Boltzmann's constant,

frequency (Hz),
velocity of light (cm s™1)

_1)

’

opacity (pc '

electron temperature (K),

A, = the solid angles of the inside and
outside surface of the shell in steradians,
using 15' and 25' for their angular
dimensions, and
D, = the diameter of the inside and outside

surface of the shell in pc.
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Using equation 6.20 the flux density was found to be

S = 1.22 Jy.

7) Calculation of excitation parameter (U)

The last item to be calculated in the above 1list is

excitation parameter (U). It is given by60

6.21

oo [ oo

where: N, = electron density (cm"3) '
D, = outside diameter of shell (pc), and
D; = inside diameter of shell (pc).

Using D; and Dy = 3.23 pc and 5.38 pc, the excitation

parameter U is

U = 11.34 pc cm?/3

The above values 1) through 7) were calculated for
component 1 of 8183 at 1420 MHz, assuming an electron
density N, = 10 cm™3. These values form the first line of

data in table 6.3, which is a tabulation of parameters 1)
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through 7) for components 1 and 2 of S183 at both 408 MHz
and 1420 MHz. The table was generated by holding the
inputs constant for each frequency while varying the
electron density N,. The electron temperature was assumed

to be 8000 K for all of the calculations.

The idea »ehind table 6.3 is that the true electron
density of each component of S183 should fall within the
range of tabulated values. If this is the case, the values
of brightness temperature listed in table 6.3 that are
associated with that electron density, should correctly
predict the rim and central brightness temperatures for
each component of S183 (shown in figure 6.6), at both 408

MHz and 1420 MHz.

Table 6.4 is a listing of T, for the rim (the maximum
brightness temperature) and the central brightness
temperature for both components of 5183, at 408 MHz and
1420 MHz. Backgrounds of 58 K and 1.6 K have been removed
at the low and high frequencies respectively. Now, an
electron density must be found for each component of 5183
in table 6.3, that correctly predicts the values of Ty. By
inspection, it can be seen that for component 1, an
electron density of 17.5 cm™3 for 1420 MHz, and 15 em™3 for
408 MHz comes reasonably close to predicting the observed
values in table 6.4. For component 2, a good agreement

exists between the predicted and observed temperature



TABLE 6.4

Component
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MEASURED BRIGHTNESS TEMPERATURES OF S183
(From figure 6.5)

Frequency Ty, central Ty max. (rim)
(MHZ) (K) (K)
408 12.0 17.0
1420 0.8 2.1
408 8.0 12.0

1420 0.4 0.9
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brightness values at N, = 10 cmn™3.

Table 6.5 shows the puedicted values of brightness
temperature (Tp) that have been extracted from table 6.3
using Ng = 16 cm~3 for component 1, and No = 10 em™3 for
component 2. The values for N, = 16 cm™3 were interpolated
from table 6.3 using second order polynomials. By comparing
the values in tables 6.4 and 6.5, it can he seen that
reasonable agreement exists between the measured and model
values of brightness temperature. This wvalidates the
choice of Ng = 16 cm~3 tor component 1, and Ng = 10 cm™3
for component 2, of S183. Table 6.6 lists the complete set

of mode). parameters for S183 at 408 MHz and 1420 MHz.

The remaining task is to combine the results for
components 1 and 2, to obtain an average electron dens:ity,
and mass for S183 as a whole. Components 1 and 2 have
approximate volumes of 64 'pc-:3 and 91 pc3 with electron
densities of 16 cm™> and 10 cn™3 respectively. Using a
weighted average, the electron density for 5183 works out

to be
- =3
Ng = 12.5 cm™°.
The model predicts a flux density of 5.47 Jy at 408

MHz, and 4.89 Jy at 1420 MHz as compared to measured values

of 6.92 Jy and 6.33 Jy for the same freguencies. Therefore
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TABLE 6.5 MODEL BRIGHT & TEMPERATURES OF S183

(Extract - ‘om table 6.3)
Component Ng Frequency T, central Tp max. ( rim}
(cm™3)  (MHz) (K) (K)
1 16 408 12.7 25.4
1420 0.94 1.87
2 10 408 7.4 14.2

1420 0.55 1.05



TABLE 6.6
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LIST OF PARAMETERS FOR THE MODEL OF S183

(Assuming Te = 8000 K, 4 = 740 pc, and angular dimensions

as shown on fig.

Parameter

Electron gensity
)

Ng (cm

Optical Depth

(v x 10'g';
Central
Max. (rim)

Opacity
(K X 1073)

Brightness Temp.
Ty (K)
entral
Max. (rim)

Emission Measure

EM (cm™°pc)
Central
Max. (rim)

Excitation
Paramete
U (pc cm£/3)

Flux S (Jy)

Mass (Mg)
Hydrogen

Hydrogen + Helium

6.5)

Component 1

408 Miz 1420 MHz
1s
1.58 0.12
3.17 0.23
0.737 0.054
i2.7 0.93
25.4 1.87
551
1102
15.5
3.52 3.14
22.2
35.3

408 MHz

Component 2

1420 MHz

10

0.068
0.13

0.021

322
618

16.1
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the model under-predicts the flux density, but it still
comes very close considering the uncertainties involved.
For example, the distance given by Fich and Blitz®! nas

uncertainty of + 510 pc in a distance of 740 pc.

The mass of hydrogen contained within S183 is 42.0 M,.
When the 14 % "elium is considered, the total mass is found
to be 66.7 M. Table 6.7 summarizes the main

characteristics of S183.

6.1.3 EXCITING STAR OF S183

The distance to S183 given by Fich and Blitz®1l was
kinematically determined, because no exciting star for the
nebula had been identified. The distances to stars can be
measured independent of kinematics. The stars in this
field are quite faint, with the brightest (within the
boundaries of plate 5.1) being sa0%l 011502 with m, = 6.0.
Table 6.8 lists a number of the brighter stars in the
field, that are identified in the SAO catalogue. There are
two stars, numbers 011439 and 011476, that fall within
the boundaries of S183. They have magnitudes 8.3 and 9.2,

and are listed as spectral type A2 and A0 respectively.

From table 6.6, the model for S183 gives an excitation

parameter U = 16 pc cm2/3, Roh1£s®2 1ists excitation



TABLE 6.7 SUMMARY OF THE MAIN CHARACTERISTICS OF 5183

Coordinatas

Distance

Flux Density
408 MHz

1420 MHz

Volume
Mass
Hydrogen

Hydrogen + Helium

1 = 123.2° b = +2.9°

0.74 + 0.51 kpc

L
o
o,
L
o]
0
W

42.0 Mg

66.7 Mg
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Note: Assuming that component 1 is a complete hollow sphere
and component 2 is a complete hollow hemisphere.



TABLE 6.8
# SAO
#
1 011400
2 011411
3 011416
4 011439
5 011476

6 011502

45

46

46

49

53

55

09

06

39

29

17

20

64
65
64
65
65

66

DEC

50
46
48
37
26

c4

50

44

39

12

17

57

m,,

SELECTED SAO STARS IN THE FIELD OF S183

Spectral

Type

G5
G5
A5
A2
A0

B9
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parameter vs. spectral type; a porticn of his table is
reproduced in table 6.9. An excitation parameter of 16
pc cm?/3 (from the model parameters listed in ti¢'.ie 6.9),
indicates that a star with spectral type between LJ and
B0.5 is responsible for exciting S183. Neither of the SAO0
stars that are within the boundary of €183 (SAO 0114I9 and
SAC 011476), fits this description. The other stars within
the boundaries of S183 are ccnsiderably fainter than these

two, so that their m, 2 10.

Allea®3 states that a main sequence BO star has an
absolute magnitude M, = -4.1. Using equation 6.22, the
apparent magnitude of such a star can be calculated, given

that its distance coincides with that of S183.

m-M=25 loglo(r/lo) 6.22

where: m = apparent magnitude
= absolute magnitude (M, = -4.1)
and r = distance in pc (740 pc)

The apparent magnitude of a BO star at 740 pc works
out to be m = 5.25, assuming no interstellar extinction,

and no extinction by dust and gas in S183. Looking at the
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TABLE 6.% EXCITATION PARAMETER (U) FOR STARS OF
SPECTRAL TYPE 684 TO Bl
(Adapted from Rolphs™“)

Spectral U (pc cm2/3)

Type

04 148
05 122
06 90
07 68
08 54
09 41
09.5 34
BO 24
B0.5 11

Bl 3.5
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stars within the boundary of S183 on plate 5.1, it can be
seen that they are at least magnitude 10 and fainter.
Therefore, assuming that a BO star is responsible for
exciting S183, it must suffer at least 5 magnitudes of
extiuction. This is possible since there is considerable

obscuration in this direction (plate 5.1).

6.1.4 THE SEARCH FOR A RADIO RECOMBINATION LINE IN S183

Recombination lines in the radio spectrum result from
electrons undergoing downward transitions in the upper
levels of the hydrogen atom. Finding such a line in S183
would be useful since it would confirm that €183 is indeed
an HII region, since recombination lines are not observed
in supernova remnants. Also a recombination 1line
observation would allow an additional check on the distance
given by Fich and Blit251, which is based on a CO radial
velocity «~ V. - 0.3 km s™1. A recombination 1line

velocity would also be useful information to have when the

HI data from the synthesis survey is reduced.

An attempt was made to observe a recombination line in
S183 with the DRAO 26 m tel:s:scope, but without success. It
was quite difficult finding a line, within the range of the

spectrometer, that was firee of contamination by satellite
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interference,

Three .ines were observed, H157 & ,H158 &« ,and
H159 & , with west frequencies of 1683.20, 1651.541, and
1620.672 MHz respectively. A receiver bandwidth of 2.0 Miz
was used with frequency switching to record the line. 1In
alternate cycles receiver was tuned to the
recombinatic:® line fr juency and to a reference frequency 1
MHz lower. The difference between spectra on the line and
at the reference frequency was calculated and integrated
for about 10 minutes before recording. Each recorded
spectrum was made up of 40 samples of 16 seconds duration.
After collection, each recorded spectrum was plotted and
inspected for satellite interference. The contaminated
records were rejected with the remaining ones being added

to form the final spectrum.

The H157 & line had strong broadband satellite
interference which made it ursuitable for observing S183.
It was used as a check on the system by oisexving the HII
region W3. The peak H157 X brightness temperature on W3
after about 4 hours of integration was approx. 230 mK. E.

J. Chaisson® gives H157X = 310 mK + 10 mK.

S183 was observed at Hi58 & for about 24 hours and at
H159 X for about 40 hours. Each spectrum was fitted with

a fourth order polyromial using FITAPOLY to remove the
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curved baselines. Neither line was detected 2bove the rms
noise levels of 3.0 mK and 2.5 mK for H158 & and

H159 X respectively.

The expected sensitivity of the H159 X recombination

line search is given by

T
Trms = AL 6.23
.[ TS
where: Tsys = gystem temperature (60 K),

B = channel bandwidth, (2MHz/ (128 channels)
15.6 KHz), and

T = integration time in seconds (40 hours

1.444 X 10° seconds) .

When equation 6.23 is evaluated, T, g = 1.27 mK. This
value must then be multiplied by {2' because the reference
spectrum is being subtracted frem th: “on”spectrum (the line
is in both since switching is only 1 MHz in a 2 MHz band).

Therefore the expected sensitivity is

J2' (1.27) = 1.8 mK.

This is reasonably close to the observed 2.5 mK.
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6.2 IRAS (INFRARED ASTRONOMICAL SATELLITE) DATA

In 1983 an infrared telescope was launched into a
900 km circular orbit above the earth. During an 11 month
period an all sky survey was completed in four wavelength

bands centered on 12, 25, 60, and 100 pm65.

IRAS maps of S183 in the 60 um and 100 um bands are
shown in figures 6.9 and 6.10. These maps were obtained by
accessing the data contained in the IRAS 60 and IRAE 100
micron survey (splines I) by van Albada et al.%6, Both
surveys are available in machine readable form on the VAX

system at DRAO.

Figure 6.11 shows a 1420 MHz map with the 60 um
emission superimposed. This figure illustrates the

relation of the infrared to that of the 1420 MHz continuum.

6.2.1 CALCULATION OF DUST TEMPERATURES

The IRAS maps at 60 uym and 100 um can be used to

calculate the temperature of dust grains (Tp) in S183 using

equation 6.24 given by Evans®7.
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65°
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20’
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Right Ascension (1950)

Figqure 6.9
S183 at 60 um

IRAS map of S183 at 60 .um. Angular resolution is
8'. Contours are at 60, 70, 8Q, 902 io0o0, 115, 130, 160,
200, 350, and 450 X (6.667 X 10 "W/ (m sr)). The elongated
beam is an artifact of the scanning process used to acquire
the data.
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Figure 6.10
§183 at 100 um

IRAS map of S183 at 100 Jm. Angular resolution is 8°'.
Contours are at 175, 200, 225,9250,_, 275, 300, 350, 400,
475, 550, and 630 X (3.333 X 10 °W/(nm*sr)).
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Figure 6.11
1420 MHz Map with 60 um Emission Superimposed




249

T - K\ P 6.24
D— L 3

(+8) (2N + In [ SVOW )
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Here grain emissivity is assumed to follow d (\3-‘ E,, PN ,

eNS/KT -5 1 for both >\1 and 7\2, and

61,
N, = 60 um,
Ao = 100 um,
Sy = flux density at N, and X,,
h = Planck's constant,
c = velocity of light, and

k = Boltzmann's constant.

After removing backgrounds of 5.67 X 10”7 and
8.33 X 1077 W m™? sr”! for the 60 nm and 100 um maps
respectively, and correcting for the different bandwidths,
equation 6.24 was used to calculate the dust temperatures
shown in figure 6.12. This figqure shows that S183 has dust
temperatures of approximately 46 K with + 5K variations
over its extent. The one exception to this is the infrared
source on the west side of S183 at RA = oP 46™ 51.25, DEC =

65° 27' 19". The dust temperature at this location is
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Figure 6.12
Map of TD 60/100 For S183

IRAS map of S183 at 60 um showing Tp 60/100 for various

2 1 and

locations. Backgrounds of 5.67 X 107 w m~2sr™
8.33 X 10~7 w n™2sr”! have been removed from the 60 um and

100 um maps respectively, before calculating Tp.
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66 K, or about 20 K warmer than those for S183. This
source appears outside the boundary of S183 at 408 MHz and

1420 MHz.

6.2.2 CALCULATION OF THE PARAMETER "R"

Furst, Reich, and Sofue®® have proposed a method to
distinguish between thermal and nonthermal sources using
the ratio of IRAS 60 um to radio 2.7 GHz emission. This
method can be applied to S183 as a further check of its
nature. They use the fact that the ratio R of infrared to
radio continuum flux density is ~ 1000 for HII regions,
whereas it is < 15 for supernova remnants. This results
from HII regions being much stronger infrared emitters than

supernova remnants.

To obtain the ratio R for S183, the maps must be in
the same units of Jy/sr, and the backgrounds must be
subtracted. Since the ratio R for S183 as a whole is
desired, the maps have not been converted to the same
angular resolution. The beam size for both the IRAS 60 um
(8') and the 408 MHz (3.5' X 3.8') maps is much smaller

than the angular dimensions of S183.

The program AIM(INTEGRATE) which was used to obtain
the flux density of the 408 MHz polygons shown in figure

6.1 also gives the brightness after background subtraction
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for each polygon. When these values were averaged for the

408 MHz map the following value was obtained.
Byog = 37,659 Jy sr™l

To convert the 60 um map to brightness, van Albada et
al.66 give the multiplicative conversion factor 0.262 MJy
sr-l. The average of the 60 um map is about 120 tape units,

with a background of about 85 units. Therefore,

Bgo am = (120-85) (0.262 X 106) Jy Sr-lr

giving Bo ym = 9-17 X 106 gy sr-l.

The R ratios by Furst et al.5® Luz: 2.7 GHz, so in this
case the 408 MHz brightness should be converted to a 2.7
GHz brightness using a spectral index X = 0.07 in equation

6.25 below.

3 -0007
By .7 GgHz = B4os Muz(2700/408) 6.25

Using the value for the 408 MHz brightness found

above, the 2.7 GHz brightness is found to be

= -1
By.v gHz = 32993 Jy sr .

Finally, R is obtained by taking the ratio of the
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60 um to 2.7 GHz brightness, giving
R = (9.17 X 10%)/(32993) = 278

From the above it can be ecen that R >> 15, which shows
again that S183 is probably an HII region, and not a

supernova remnant.

6.3 LBN 0611

This is a small regicn of emission that is visible to
the SW of S183 on both the 408 MHz and 1420 MHz maps. It
is also evident on the red print of the Palomar Sky Survey
shown in plate 5.1. The temperature brightness spectral
index map (figure 6.4) shows it to have a spectral index in
the range 1.9 < e < 2.3, which indicates that it is a small
HiI region. Figure 6.12 shows it to have a dust

6.4 CONCLUSIONS

The 408 MHz and 1420 MHz maps of S183 which were
obtained using the DRAO synthesis telescope, have better
resolution than any previous surveys of the object. The

information obtained from these maps has shown that S183
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is an HII region and not a supernova renmnant, as has been

suggested previously in the literature.

Flux densities of 6.33 + 0.40 Jy and 6.92 + 0.50 Jy at
1420 MHz and 408 MHz have been found which corresponds tc a
spectral index of & = 0.07 * 0.07. A map of spectral
jndex shows that there are no significant variations of
this parameter across the nebula, thus eliminating the
possibility that the object is a supernova remnant

superimposed on an HII region.

The radio continuum images reveal that a large part of
the nebula is optically obscured. The distance to s183 is
0.74 + 0.51 kpc based on a CO emission line measurement by
Fich and Blitz®!. Although no radio recombination lines
were detected, 40 hours of observation with the DRAO 26 m

telescope has placed an upper limit of 2.5 mK on H159( .

IRAS images also suggest that S183 is an HII region,
with dust temperatures of 50 + 5 K. Modeling indicates
that S183 has a mass of ~ 42 M, of hydrogen or about
66.7 M, if 14 % helium is considered, with an overall

electron density of ~ 12.5 cm™3.
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CHAPIZIR 7

CONCLUSXONS

This thesis has explored * /o topics which are related
to the synthesis telescope at DRAO. The first 1is an
investigation into the antenna jpexformance at 1420 MHz.
It has shown how to improve tihs sensitivity of the
telescope by reducing the antenna temperature of the

individual elements of the array.

Before this work, an estimate of antenna temperature
equal to 19.8 K was obtained by considering the individual
contributors in turn. This was about 5 or 6 K lower than
the measured value of 26 K. By measuring the power pattern
of one of the antennas, a better understanding of the
individual contributors has been obtained. It has shown
that feedleg scatter can account for most of the
discrepancy between the estimated and measured values of
antenna temperature. A numerical calculation of antenna
temperature using the power pattern has given an antenna
temperature of 27.6 K, which is in good agreement with the
measured value of 26 K. This demonstrates that the values
of the individual contributors to antenna temperature are

known with a reasonable degree of accuracy.

A reduction of antenna temperature due to spillover

and feedleg scatter was obtained by adding two
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modifications to the anterna. The first modification was a
fence attached to the rim of the antenna, which lowered
the antenna temperature by about 8 K. It accomplished this
by partially suppressing the spillover lobe and the feedleg
scatter lobes. The second modification involved changing
the shape of the feedlegs from a circular to a triangular
cross-section. About a 5 K improvement in ai ' enna

temperature was realized as a result of this modification.

Modifying the antenna with a fence to improve the
performance of the telescope at 1420 MHz could Adegrade the
performance at 408 MHz. by increasing the sidelobes in the
front half of the ant*enna pattern. For this reason,
changing the shape of the feedlegs seens to be the best
modification to impl -zent at this time to reduce the
antenna temperature. 1- is a relatively easy modification
to the existing and futur antennas of the array, and would

have little influence on their mechanical performance.

The second topic of ihis thesis is a discussion of an
observation of Sharpless 183 (S183), made with the
DRAO synthesis telescope. Previous observations of this
object failed to show conclusively whether it is an HII
region or a supernova remnant. The 408 MHz and 1420 MHz
maps from the synthesis telescope have better resolution
than any of the previous observations of this object. Flux

densities of 6.33 + 0.40 and 6.92 + 0.50 Jy have been found



257

at 1420 MHz and 408 MHz respectively. These measurements
combined with previously published flux densities give a
spectral index of 0.10 * 0.05, which implies that 5183 is
probably an HII region and not a supernova remnant. .There
is no significant spectral index variation across the
nebula. The radio continuum images reveal that a 1large
part of the nebula is optically obscured. This likely
accounts for the failure to identify the exciting star of
the nebula. A kinematic distance of 740 pc to S183 has
been estimated based on the probable association with a CO
cloud with a measured radial velocity of -10.3 Knm s™1.51
Modeling indicates that ~ 67 My of ionized material is
present with N, ~ 12.5 cm™3. Comparison with IRAS images
also suggests that S183 is an HII region. An upper limit
of 2.5 mK has been placed on the H159 X brightness

temperature as a result of 40 hours of observation with the

DRAO 26 m telescope.
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