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ABSTRACT 

This thesis describes the properties of interstellar water 

maser sources, and other sources near 22 GHz. Calculations 

based on manufacturer's specifications of the 22 GHz mixer, 

which was to be used in a water radiometer, and on the size 
a..~r-~ ... e. 

of the proposed antenna a~etupe, show the viability of constructing 

such a radiometer for spectral line and continuum work. Various 

sections of the radiometer were constructed, including the 

Cassegrain feed system and its support, an intermediate frequency 

amplifier and buffer, a timing control unit, and a data processor . 

These units are part of the radiometer, which is almost ready for 

observations of sources. 
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CHAPTER I 

WATER MASERS AND OTHER ASTRONOMICAL SOURCES AT 22 GHz 

;.1 Historical Background 

The theory that the solar system is heliocentric - first 

proposed by Aristarchus in the second century B.C., and 

subsequently rediscovered by Copernicus seventeen centuries later 

was the first major breakthrough in man's understanding of the 

universe. A breakthrough as important as the first was heralded 

by the reception and identification of radio noise from 

extraterrestrial sources by Jansky in 1931. 

This breakthrough is the opportunity to study the universe 

with radiation in parts of the electromagnetic spectrum other 

than the 'optical wincbw'. The subsequent study of the universe 

with optical- and radio- wavelength techniques together has 

yielded a vast amount of information on stars, interstellar matt}{er, 

and galaxies. 

The discovery of interstellar line emission from the 

hydroxyl radical at 1665 MHz and 1667 MHz by Weinreb startled mary 

people (Dieter 1963, 1966, Kerr 1968). This discovery wasn ' t 

altogether unexpected, for Merril had discovered two diffuse - ............ . ..... ..... 

interstellar lines optically in 1934, which Swings in 1937 

attributed to CO2 bands (McNally 1968). Townes later (1957) 

listed about thirty simple molecules which might be detected in 

the interstellar medium by their microwave rotational-level 

transitions. 

OH Was one of these 'molecules'which, after its initial 

discovery in absorption, was discovered in emission in several H II 

(ionised hydrogen) regions by Weaver in 1965. 
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This discovery sparked off a series of microwave frequency 

line studies of interstellar clouds. In 1968 and 1969, the 

discovery and analysis of interstellar microwave transitions of 

ammonia, water, and formaldehyde (LitveK 1972) - of which ~ :1e 

former two were also predicted by Townes (1957) - indicated 

that a wealth of new interstellar molecules awaited discovery 

and that thermal equilibrium of the molecules concerned was 

hardly likely in many cases. Maser action was proposed to 

account for-the non-thermal behaviour. 

Up to the present 36 interstellar molecules have been 

discovered; about 30 of these since 1969 (Snyder 1970a, 1970b). 

In this thesis the design of a telescope suitable for 

stUdying the water microwave sources at 22 GHz is described. 

The rest of this chapter is devoted to a description of these 

sources, with emphasis on those features which affected the 

telescope design. 

1.2 The discovery of water sources and the need for further study 

tn'\l!o!oI.,., 

The discovery of water vapour 0 at 22,235 GHz was made by 

Cheung et al (1969) in Sgr. 82, Orion A, and W 49 with the Hat 

Creek 20 ft. parabolic antenna. They excluded the 22,234 8Hz 

ammonia inversion transition as a possible explanation of t he 

line. 

Since this discovery, water has been found in more than 

50 sources, most of which occur in the galactic plane, especially 

towards the galactic center. Figure 1.1 (Johnston 1972b) shows 

the water sources known in 1972, and indicates that they are 

associated with two types of object, as shown in extensive surveys 

by American and Australian astronomers. 



Figure 1.1. 
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Map of the entire sky showing celestial sources 

Sources of water radiation known before 1972. 

associated with interstellar clouds are 

concentrated towards the galactic equator 

(horizontal diameter) (Johnston 1972b). 

The first type, consisting of OH emission sources linked 

to H II regions, are interstellar clouds which lie very close to 

the galactic plane, and are presumably young Population 1 objects. 

The other sources of ~O radiation are cool, late M-type stars, 

which have greater dispersion in galactic latitude, indicating 

that they are older Population 1. Figure 1.2 shows a plan view 

of the distribution of water sources in the galaxy (Johnston 1973). 

The observed microwave transition of water corresponds to 

the 6 16 - 523 transition, the numbers 5 and 6 defining the angular 

momentum. The first subscript refers to the average projection 

of the angular momentum along the axis of -the least moment of 

inertia, the second is that along the axis of the greatest moment 

of inertia (Burke 1969). The reference frequency, the mean of 

the frequencies of the hyperfine components weighted by their 

L.T.E. (local thermodynamic equilibrium) intensities , is 

22 235,07986 MHz (Moran 1973). 



Figure 1. 2 

DIS TNrOUT , ON CF H20 SOUR':E S 
IN GALACTIC LO NGITU DE 

' 0 ~ ___ _ 

Distribution of H20 sources in galactic l ongitu de . 

Filled circles denote sources having known distances. 

Open circles and triangles denote t he possible 

distance limits of sources with uncertain distances 

(Johnston 1973). 

Apart from surveys of hydrogen, systematic surveys of large 

areas around the galactic plane have been made onl y for the 

" molecules " OH (at wavelengths of 18 cm) and HzCO (at wavelengths 

of 6 cm) (Wickrama-singhe 1972). Because both lines are seen 

pre dominantly in absorpt ion against galactic continuum sources , 

the results may be biased. In the case of HzO surveys , the 

results are biased, for water has been sought only in localised 

sources such as dark clouds, loR. (infra-red) objects, late M-type 

stars, and OH sources, and many of these observations have been 

done i n the Northern Hemisphere only. An unbiased, full-sky 

survey of HzO sources i s t hus needed to supplement existing data, 

and t he equipment described in this t hesis was constructed to that 

end. So far, all the information on HzO masers indicates that 

they a r e associated with s tar formation (in H II regions) and 

decay (if the late M-type stars are in fact late main sequence 

stars). Hence it would seem that further knowledge of H20 

sources is essential to our understanding of stars. 
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1.3 Water Masers Occurrence and Properties 

As already mentioned, water maser observationlare associated 

with two types of object, late - sequence - type stars, and early 

main - sequence stars. Since the radiometer was to be built to 

study mainly these water sources, a thorough knowledge of the 

characteristics and occurrence of these two types of object was 
O..,<..t.. t'\.,.(., 

highly desirable. ~a'o'ing GalG' ,l"ted the sensitivity of the 
t....o..d.. b~ .... c..o.J.~'Ui... 

proposed radiometer" the feasibility of stUdying the water masers 

could be estimated. This feasibility study is discussed in 

chapter II. This information WOUld, further, influence the 

design of the 100-channel receiver, and provide a starting-point 

for water maser searches. Sections 1.3a and 1.3b deal with these 

two types of object, and the properties of the masers associated 

with them. In section 1.3c the association of water masers with 

supernova remnants and globular clusters, which has been proposed 

by some workers in the field, is discussed. 

1.3a Late Seguence Stars 

Io..\:.e - tj re. ..... 0... • .:... 

The ~sequence ~ stars~ with which water masers are 

associated, all show 18 cm wavelength hydroxyl-radical maser 

emission. 

emission. 

More than 50 late-sequence type stars exhibit OH maser 

These oxygen-rich, late M-type stars have photospheric 

temperatures of about 2 000 K. Some of them have large excess 

radiations at 5 ~m and 10 ~m (Neugebauer 1971) due to circumstellar 
~C I~!lt:. 

gas clouds. Of these 50 stars, I!l8pg than 19 have H20 masers. 

These 19 stars have been divided into two groups (Wilson 1973, 

Winnberg 

(Raimond 

1973) depending on their OH emission characteristics 

1969, Kerr 1968). The first group consists of Mira 

Ceti type variables for which the OH emission is strongest in the 

two main lines at 1665 MHz and 1667 MHz (Oieter 1966). These 

variables do not show a large 10 micron I .R . excess above the 
dr"g ....... 

radiation predicted.Py the photospheric temperature (Goss 1973, 

Wi lson 1972), as 

of1 OH/r. R. star, 

opposed to the second class. The second c lass 

the Supergiant 

VY C.Ma., VX Sgr., and NML Cyg. 

Wilson 1970, 1973). 

group, consists of three stars, 

(Herbig 1970, Hyland 1970, 
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The 1612 MHz OH emission of these irregular variables isn't highly 

polarised, as opposed to the significantly polarised 'main line' 

emission at 1665 MHz and 1667 MHz, which is also weaker than t he 

1612 MHz emission in this case. 

~y~' oj 
Both these,water sources exhibit brightness temperatures 

of up to 1010 K. (The concepts of brightness temperature and 

flux density are discussed in appendix A.) Litvak (1969) 

derived cloud lengths of 2 x 1015 cm and hydrogen densities of 

about 109 cm-3 with kinetic temperatures of 100-1 000 K at a 

radius of 3 x 1015 cm (in the outer stellar atmosphere) for these 

sources. Excitation of both OH and H20 is probably caused by 

I.R. pumping (Johnson 1966, Wallerstein 1971). 

The OH/I.R. stars are typically less than the 18th 

magnitude visually I , and the maximum i n the H20 emission 

corresponds with the maximum light (Dickinson 1973, Johnston 1972b). 

Cohen (1973) notes that there is an anticorrelation between the 

visible and the I.R. maxima. The correlations, shown in figure 

1.3 for the H20 and I.R. emission, could more easily be studied by 

a small telescope than by a large instrument, which is too 

expensive to allow it to be used to observe variable sources for 

long periods. Long integration times will, however , be necessary 

to make up for the lack of collecting area. 

1.3b Early Main Sequence Stars 

This type of HzO maser source is located in or near H II 

regions where proto stars and young T Tauri type stars are forming. 

These young massive stars are surrounded by dust "cocoons" having 

temperatures typically lower than 100 K (Solomon 1973), with radii 

of the order of 1017 cm. They are often associated with radio 

continuum (spatial) peaks due to enhanced electron densities . 

(These electrons produce continuum radiation by free- free emission). 

Several reviews on these objects have appeared recently (Knowles 

1969a, b, Litvak 1969, Heiles 1971 , Bok 1972, Henderson 1972, 
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Wickramasinghe 1972, Buhl 1973, Larson 1973, Turner 1973, 

Sulli van 1973). 

::: 
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Figure 1.3 : The H20 emission 

of the Mira-type variable star 

R Aquilae (top frame) changes 

in much the same manner as the 

infrared magnitude measured at 

a wavelength of 1,04 microns. 

Similar large variations have 

been observed for the 

Supergiant NML Cyg. (Moran 

1973). Davies (1972) and 

Wallerstein (1973) give 

kinematical models for 

NML Cyg. 

The dust cocoons surrounding the proto stars or protostar 

clusters are surrounded by or close to H II regions, and radio 

condensations where "interstellar" organic molecular emission 

originates. The H20 sources, located frequently ~ collapsing 

protostars, are generally a hundred times brighter than the late­

sequence type star sources often with brightness temperatures of 

over 1015 K. This value corresponds to a flux density of 

30 000 f.u. for a feature in W49 which has a diameter of 4,5 

astronomical units. (The actual masering region is up to 200 

times the observed dimension, as one observes "hot spots" of 

the maser (Litvak 1971,1973) ). 

Figure 1.4 shows the relative flux densities of the 

thirty seven known ~O sources in H II regions. All of these 

are associated with type I OH emission sources - for which the 
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two main-lines at 18 cm are the most intense. 

Figure 1.4 (Johnston 1973) : Histograms of the flux S of all 

known H20 sources associated with H II regions. 

The crosshatched areas are for sources found in 

Johnston's southern hemisphere survey (Johnston 1972a). 

The protostars are probably formed from dense gas clouds of 

1 DOD M0 to 3D M0 (RObinson 1973) in the shock fronts accompanying 

the galactic spiral waves of Shu et al (19708, b, 1972). This 

process is discussed by Parker (1966), and Field (197ob). Once 

the D-stars. reach the M.S. (main sequence) they ionise the remnant 

of the proto cluster and star formation in this subgroup comes to a 

halt. This remnant appears to be tightly packed around the 

O-stars in the form of a shell or cocoon, and the ionised gas is 

therefore first observed as a very compact H II region of high 

density, which subsequently rapidly expands. 

It has been confirmed that in W3, W49, and W51 the H20 and 

oH sources are close to, but not always coincident with, the other 

molecular and continuum sources and I.R. objects. In some cases, 

however, the H20 sources are clearly separated from the compact 

H II regions (Hills 1972, Emerson 1973, Moran 1973), and oH sources 

(Mezger 1971, Johnston 1973). 

Figure 1.5 (Johnston 1972) shows a typical low spatial­

resolution ~o spectrum - in this case of the Orion Nebula. 



Figure 1.5 
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H20 SOURCE 
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The H20 radiation source in the Orion nebula is highly 

complex in structure. As this spectrum shows, its 

microwave line of 1,35 centimeters wavelength consists 

of at least eight Qiscrete peaks, each indicating a 

separate source with its own radial velocity. 

Very long baseline interferometry has to be used to resolve 

individual sources which are small and packed close to each other. 

(Angular diameters of 0,000 3" have been measured, and 12 separate 

sources appear in an angular area of two square seconds in W49) 

It would be useful to conduct vari~bility studies of the 
c.o,,",pl,u .. t~ 

known Hzo sources, which all exhibit eam~lituBe variations over 

different periods of time (Buhl 1969, Becklin 1973). For example, 

a feature of 3 160 f.u. was discovered in M17 in 1973 where in 

1971 no Hzo had been detected above 200 f.u. On the other hand 
"s 

a feature in Orion B dropped to half 4-t-Ls- intensity in three days 

in 1972. (Johnson 1972). Other possible candidates for Hzo 
searches have been mentioned . These are discussed below. 

1.3c Other objects possibly associated with Hzo masers. 

H20 and oH sources have been associated by some authors 

with supernova remnants (Litvak 1973, Gardner 1972). However, 

some oH and H20 regions have recently been reclassified from 

"supernova" classification to "H II regions" (Caswell, 1972). 

Litvak classes the three supergiant late-type stars discussed 

earl i er as supernova remnants, but these are regarded by many 

• 
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other workers as late-M type stars, which are red supergiants. 

However, supernova remnants are usually white dwarfs surrounded 
• by expanding nebula: There is thus some doubt attached to the 

association of H
2

0 with these objects. 

Globular clusters and extreme population II objects have 

previously been searched for OH and H20 masers. Each cluster 

contains about ten variable metal-defiqient red giants. Poor 

H20 and OH abundances are, however, expected for these objects 

because of the poor heavy element abundances. Knapp (1973b) 

gives a few exceptions which are too southerly for observations 

from Maryland and which could be searched from Grahamstown. 

White (1970) lists colour-magnitude diagrams for these objects, 

which would aid searchers for them. 

Many theories have been proposed to account for the 
• 

exist~nce of the many molecules, including ~O, in the hostile 

conditions in interstellar" space". It is probable that one or 

rrore of the mechanisms of Aanestad (1973b), Watson (1973), Brown 

(1973), Oalgarno (1973), or Williams (1971) operate to produce 

the rrolecules, but the position is still confused. Pumping 

mechanisms to explain the ~O maser line in the regions of 

occurrence of these rrolecules have been investigated by 

Dickinson (1970), Johnston (1973), Gwinn (1973), Knapp (1973), 

Li tvak (1969a, 1972, 1973a, 1973b), and others. 

1.4 Summary of the possible uses for a 22 GHz telescope. 

From the foregoing discussion of the occurrence and 

properties of water masers, it can be seen that a telescope 

operating at 22 GHz could usefully be used to study the 

variability of the H20 masers, and to survey selected objects 

for ~O masers. Suitable objects to survey include known 

Southern Hemisphere H II regions (Gardner 1965) , radio condensations, 
L . 

glObular clusters (Knapp 1973b), Xnfrared objects (Schwartz 1970), 

OH emitters (Turner 1970), and Mira variables showing H20 absorption 
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(Spinrad 1965). In addition, an unselective (full sky) survey 

could probably be undertaken with reasonable sensitivity in a 

period of about 12 months, because of the large beamwidt h of the 

proposed telescope. 

However, other uses for a small telescope will further 

increase its viability, and greatly strengthened the motivation 

for i~s construction. These other uses include the study of 

other spectral lines near 228Hz, and of continuum sources, mostly 

free-free electron transition sources and thermally radiating 

sources. The properties of the other sources near 228Hz, 

besides H20 masers, are surveyed briefly in 

feasibility of studying such ~urces with a 

be demonstrated in chapter II. 

1.4a Spectral lines near 228Hz. 

this section. The 

small telescope will 

Four molecules have been detected by their emission in 

lines close to 228Hz. Ammonia, the most abundant of these, was 

di~covered by Cheung et al. (1968) in a few sources in the 

interstellar medium at 23,7 8Hz. It has since been found in 

numerous sources in absorption (Mayer 1973, Mezger 1972, 1973, 

Foley 1973) and ~n emission in ten sources, at seven frequencies _ 

from 23,7 8Hz to 25,1 8Hz (Barret 1969). 

Methyl alcohol hss been discovered in four sources at 25,3 8Hz 

(Litvak 1973); a weak Q-branch has been discovered at 26,3 8Hz 

(Lees 1972). Isocyanic acid whose microwave spectrum is given by 

Hocking (1972), was discovered in SgrB2 by Buhl (1972), at 21,9 8Hz. 

He worked out an excitation temperature of 12,8 K for this observed 

cloud. The last of these molecules, found in emission in two 

sources, is cY.noacetylene (Dickinson 1972). It was discovered by • 
Snyder (1972) at 18,2 8Hz with a flux density of 7 f.u . in SgrB2. 

There are other simple molecules which would be expected in 

reasonable quantities in molecular Clouds, but which have not yet 
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been found. Meeks (1969) failed to detect one of these, HOD, at 

22,3 8Hz corresponding to the S32 - S33 transition. He put an 

upper limit on the intensity of 1/1000 that of ~O sources. Two 

other important molecular lines are those of glycaldehyde at 

23,4 GHz (~rown ' 1973), and of N20 at 25,1 GHz (Townes 1957). 

These too have not been found. 

It will be shown in chapter II that the proposed telescope 

would probably be too insensitive to detect the above lines - but 

a few searches for them might still yield fruitful results. It 

will also be shown, however, that many continuum sources could be 

meaningfully studied, 

1.4b Continuum Sources at 22 GHz 

There are a large number of interesting radio objects which 

could be studied at 22 GHz. The need for stu.dying objects such 
s~,-t\-c:..("'\...l> 

as the Crab Nebula (Matveenko 1972, 1973), aa§§itaFi~s A (Jones 

1973), and other sources at 'high' frequencies (above 10 GHz) has 

been pointed out by many authors. Continuum studies would be 

started on sources listed in the many available cataloques 

(Baars 1965, Kraus 1~66, Blake 1970, Wynn-Williams 1970, Kurichik 

1972, Jones 1973, and Strull 1973); Suitable sources for study are 

those which have reasonably flat spectra and high flUXes at the 

lower frequencies. As will be seen in chapter II, the solar 

' system contains seven microwave sources powerful enough to be 

detected by the proposed equipment. These are 

in order of their decreasing ease of detection. 

is the sun. 

discussed briefly 

The first of these 

The sun's emission at 22 GHz consists of a slowly varying 

component (Steinberg 1963) superimposed on a background with an 

equivalent temperature of 1,3 X 104 K (Harvey 1963). In addition 
6 7 ( solar flares of 10 f.u. to 10 f.u. have been observed Bhatia 

" 1970, Furst 1971). The next most easily detectable body in our 

solar system at 22 GHz is the moon, which has a large phase-
"" .... variation between 200 K ~ 270 K (Steinberg 1963, Hey 1971) in its 

equivalent temperature. 
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The centimeter wavelength radiation from the planets has been 

extensively studied and is the subject of reviews by Barber (1963), 

Steinberg (1963), Harvey (1963), 8ulkis (1973), and NeWburn and 

8ulkis (1973). Venus is the most easily detectable planet 

(excluding the earth:) at 228Hz. Its microwave spectrum is 

interesting in that it is enhanced at 22, 238Hz by its atmospheric 

water (Barret 1970, Jones 1972) , and exhibits intensity phase-

variations at 10 8hz but not at 158Hz (Morrison 1969). The other 

planets which could be detected are mentioned in chapter II. 

.. 
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CHAPTER II 

THE 228Hz RADIOMETER 

The radiometer described in this thesis incorporates an 

equatorially mounted parabolic dish antenna as the main reflector 

of a Cassegrain feed ~ystem, the design of which is detailed in 

chapter III. The received signal is fed directly to a low-noise 

Schottky-barrier diode mixer (Irvin 1969, Elder 1969), as no cheap 

low noise amplifiers exi~t for 228Hz. An electrically tunable 

8unn-effect diode oscill~tor serves as the local oscillator. An 

i.f , (intermediate frequency) preamplifier, which has a bandwidth of 

110 MHz and a gain of 35 dB, is matched directly to the mixer to 

reduce noise. The receiver section following the high-frequency 

'front-end' and this preamplifier consists of two separate receivers. 

These are the continuum receiver with a bandwidth of 110 MHz, and the 

spectral line receiver, consisting initially of 50 narrowband 

amplifier channels. The spectral line receiver will eventually 

contain 100 such contiguous bandpass channels with bandwidths of 

50 KHz each, typical of many spectral line water radiometers 

(Balister 1968, Sarma 1972, Henderson 1972). In this chapter the 

major factors influencing the radiometer design are discussed, 

including the receiver stability and sensitivity. 

2.1 The theory of noise and rediometer sensitivity 

'. The signal being investigated by radiometers~invariably 

buried in noise signals from background sources and from the 

receiver. A short summary of the concepts involved follows. (A 

more detailed treatment is given in Kraus 1966). 

A resistor at a temperature To will deliver to a matched load 

a noise power W8 , given by the N~quist formula for Johnson noise. 

2.1 
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where k is Boltzmann's constant, and B is the bandwidth of the 

instrument measuring WG• The 'noise temperature' T of an amplifier 

with gain G and bandwidth B is defined analogously by 

2.2 

where WN in this case is the exchangeable output noise power of the 

amplifier due to its noise sources, usually contributed mainly by 

the first high gain stage and the noise source at its input. The 

amplifier noise figure F is defined by 

F = 1 + T/To 2.3 

where To is the ambient temperature. The corresponding noise 

temperature T of an attenuator, with a loss L and at a temperature 

To, is 

T = (t L - 1}To. 2.4 

The factor t is 1 for passive attenuators. Its value lies between 

one and two for modern mixers (or active attenuators), and in this 

case L is the conversiqn loss of the mixer. 

The total 'antenna temperature' TA is composed of two parts; 

Tsky is the contribution to the antenna noise temperature due to 

background sky noise entering the antenna sidelobes, while Tu is the 

contribution due to the source being investigated in the antenna 

main beam. The background 'sky' noise comprises the extended 

galactic background radiation, ~he atmospheric contribution due to 

the radiation by the atmosphere at a temperature of about OOC 

(figure 2.2), and the small cqntribution from the ground radiation 

which leaks into the sidelobes. The atmospheric radiation 

introduces an equivalent noise temperature of about 50 K for well 

designed Cassegrain systems, and is the main contributor to Tsky. 

The antenna noise temperature TA is also defined in terms of the 
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Nyquist formula, 

2.5 

where k is Boltzmann's constant, and W is the total power received 

in bandwidth B. The antenna temperature due to the source, Tu , 

can be expressed in terms of the source temperature Ts , if the 

Rayleigh-Jeans law holds (see appendix A), 

T u = ~A J T s (e, 1js) P nv (e, ~) d ", 

" source 

2.6 

where "A is the antenna main-lobe solid angle, and Pnv is the 

normalised power pattern of the antenna. The value of Tu is 

usually much less than that of Tsky,and is neglected in calculations 

involving TA. The radiometer system temperature is given by 

where L is the loss factor of the transmission line between the 

horn and the mixer, and To is its temperature. TR is the noise 

temperature of the receiver, and is determined almost entirely by 

the mixer-preamplifier combination. 

T he minimum detectable signal A T min of the radiometer is 

defined to be the signal noise temperature A Tu which produces a 

receiver d.c. output power equal to the total d.c. noise output 

power, which is due to the noise temperature contribution given by 

Tsystem in equation 2.7, and 

1 

A Tmin = Ks Tsystem/(A VT)~ 2.8 

K is the sensitivity constant of the receiver (Kraus p 258) A v 
s 

is the predetection equivalent bandwidth (Kraus p 245), and T is 

the postdetection integration time. The integration time is 

limited by the receiver stability, and may be increased by addi ng 

r ecords of succ essive integration periqds. The minimum 

detectable flux density (appendix A), A Smin, 
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derived from equation 2.8. 

~ 5 min = 2k A Tmin/Ae. 2.9 

Ae is 

about 

the effective 

srf'/, to 7rf'/o 0 f 

aperture area of the 
",pt.("~rG 

antenna, and is usually 

the physical afjst'll"9 area. 

2.2 Th§ receiver stability and stabilisation by modulation methods 

Low frequency gain instabilities inherent in all radiometers 

(Colvin 1961) stop them from attaining the sensitivity given by 

equation 2.8, unless the receivers are modulated. In modulation 

receivers the input is switched at a low audio-frequency 

alternately to a reference source and to the antenna signal being 

measured. The difference in power between the unknown and 

reference sources appears as a modulation on the detected output 

of the receiver, and may be converted to a d.c. signal by 

synchronous rectification. The output d.c. level will be 

proportional to the difference in power between the unknown and 

reference signals, if the receiver detector is a square-law device. 

The square wave modulation technique is depicted in figure 2.1. 

The power levels of the input signals may be 

R 
R 
L 
A 

jjE'l'EC ']:':";D 

uc'l'PUT 

l' L TSky+Tu rime T + '1' 
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(1 ) 

OUTPUT 

~-,.I~~4 

Figure 2.1a Modulated Receiver 
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defined in terms of noise temperatures, as was seen in the last 

section. The source signal being investigated, with noise 

temperature Tu , is always buried in the antenna noise temperature 

TA. The receiver input is switched between the antenna with noise 

temperature TA, and the reference source with noise temperature TL, 

which is made as close to TA as possible. After amplification and 

square-law detection the signals from the front-end are fed to the 

phase sensitive rectifier (p.s.r.). This rectifier is controlled 

by a field effect transistor (fet) which is switched at a frequency 

fO by the modulator. When the front-end and the p.s.r. are 

switched in phase, the effect of the phase sensitive rectification 

is to subtract the signal due to TL from that due to TA resulting 

in the integrator output being proportional to the unknown source 

noise temperature Tu' The receiver noise TR is added to both 

signals, and so is also subtracted out in the phase sensitive 

rectifier . Out of phase switching results .in a negative output 

voltage of the same magnitude, as shown in figure 2.1b. If the 
°1 »-­modulation frequency fO is greater than the lew frequency gain,..-

instabilities, then t heir effect, which is random, is minimi sed 

(Kraus 1966, Kuz'min 1966). The sensitivity constant K in 
s 

equation 2.8 is '2' for square Wave modulation. 

For stabilisation purposes the reference noise source may be 

a gas discharge tube, in which case the radiometer is a standard 

'Oic~e' type. Beam switching, on the other hand, involves 

switching the input between two horns in the Cassegrain focal plane; 

the one directs the antenna beam at the source, the other directs 

it at a slightly offset sky region which acts as the reference 

(Baars 1966, 1970, Conway 1963). This method can only be used for 

small sources, and will only be introduced into the radiometer 

when the rest of the system is fully operational. The third 

method of switching, 'frequency switching', is used only for spectral 

line work. The local oscillator frequency is switched so that the 

receiver is tuned alternately to the water spectral line frequency, 

and to a nearby frequency where no spectral lines are likely to occur. 

Precautions are taken to ensure that the receiver image channel never 
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receives spectral line emission. The comparison noise source in 

this case is the continuum background radiation, and since the 

signal and reference noise paths are exactly the same, excellent 

stability results. The radiation from the earths atmosphere is 

~ , 
1 
J .. 
1 

\00 · 

., . 

0.1 

".. _. 
'w'v·r .... w .. ,.·p.,· .. le ........ ~"' ..... 

, 
- , . ..... . . -w"c 2.I'!!'!!L _____ ' 

-'==w':-";;'-- ---- . 
o..r~, - .............. ~.u..;,O;;-~ .................. t; .. AO-'~-'cI.500 

F.., .... ., IGI'III 

Figure 2.2. Total Atmospheric 

Absorption 

(Findlay 1971) 

related to the attenuation it produces by equation 2.4. The 228Hz 

atmospheric water emission line is pressure-broadened, and it can 

be seen from figure 2.2. that if frequency switching of 100 MHz is 

employed, the attenuation-change will be less than one percent. 

Combinations of the switching methods have recently been used by 

Albaugh (1968) and Dolan (1970). 

2.3 Sensitivity of the proposed telescope 

Before the minimum detectable flux density can be evaluated 

from equation 2.9, the system temperature Tsystem must be 

evaluated from equation 2.7. 

It has already been noted that the antenna noise temperature 
s 

due to the sky baCkground, Tsky , is around 50 K for Cas~grain 

telescopes at 228Hz. This will be the value assumed for the 
o.pt.("\:;......r~ 

telescope as it is independent of a~etuFe size. The second and 

third terms on the right hand side of equation 2.7 depend on the 

transmission line loss. The loss factor is 0,14 dB for the 

estimated length of 22 cm for the waveguide to the mixer (Benson 

1969), plus an estimated loss of 0,1 dB for the three joins in 
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this waveguide (Harvey 1963). The total loss factor L is thus 

0.24 dB, or (if not expressed in dB) 1,057 . The double channel 

noise figure for the mixer - i.f. preamplifier combination which 

has been acquired is 4.4 dB)or 2,75 when expressed linearly. 

The receiver noise temperature TR is determined by this noise 

figure, and is given from equation 2.3 as 

TR = (F-1) To = 509 K, 2 . 10 

if an ambient temperature To of 290 K is assumed. The effective 

noise temperature of the receiver when it is used for spectral 

line work is double this value, as only one channel is used 

(Harvey 1963, Kraus 1966) . The system temperature given by 

equation 2 . 7 can now be evaluated for double channel (continuum) 

and single channel (spectral line) work, and 

= 604 K and 1084 K respectively. 2.11 

The modulation technique of receiver stabilisation could 

conceivably allow total integration times of an hour or more, but 

these times are limited by integrator drift. However, the 

addition of successive records could result in effective integration 

times of many hours. The minimum detectable flux is evaluated from 
'I." 

equation 2. B and ~ assuming an integration time of 10 hours, using 

equation 2.11 for the system temperature, and assuming a sensitivity 

constant Ks of 2. The values of the minimum detectable flux for 

the continuum work and for the spectral line work are given by 

6 Smin (6v = 110 MHz, ~ = 10 hours) = 1,05 f.u. 2.12 

6 Smin (6v = 50 KHz, ~ 10 hours) = 99 f.u. 2.13 

O'(l'tr\:. .... r~ 

respectively . The efficiency of the 1,B3 m diameter apet~re was 

assumed to be 6ry~. However, this calculation assumes that the 
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contribution to the noise figure of the receiver section following 

the intermediate-frequency preamplifier is negligible. 

2.4 Spectral line studies and sky surveys 

The minimum detectable flux density for spectral line work is 

99 f.u. for an integration time of 10 hours. From figure 1.4 it 

can easily be shown that about 75 percent of the known water masers 

would be above the detection limit of the telescope, making it very 

useful for variability studies of these sources. 

However, the other molecules mentioned, whose emission lines 

occur close to 228Hz, would probably all be undetectable. Not 

only are the known sources below the detectable threshold of 99 f.u., 

but also this threshold is considerably high~r at frequencies 

different from 228Hz , as the mixer double channel noise figure 

rises from 4,4 dB at 228Hz to 6,5 dB at 248Hz and 188Hz. 

Before the detection limit attainable in a rapid sky survey 

can be evaluated, the antenna half-power beamwidth (H.P.B.W.) must 

be known . The H.P.B.W. can be minimised by illuminating the 

parabolic dish uniformly - this maximises the antenna gain, as will 

be shown later. (The sidelobes are increased at the same time, 

but as they are directed at the sky they don't contribute much to 

the antenna noise temperature). In this case (Harvey 1963) 

1,02 A/o .,:;: HffiW < 1,20A/0, 2.14 

c...~er\::,u..re 
where A is the wavelength (1,35 cm) and 0 the apet~pe diameter 

(1,83 m for the paraboloids which had been bought). Thus 

26' < HffiW < 30' 2.15 

The beam area is given by 

2.16 
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where E, the beam efficiency, is usually 0,75 (Kraus 1966). The 

expected beam area corresponding to the pessimistic value of the 

HPBW (30') is thus 

5 2 
= 10,3 x 10 rad 

2 
= 0,33 deg 2.17 

As mentioned previously, the radiometer will eventually have 

100 50 KHz channels. The Doppler velocity range covered with 

t his resolution is 68 km s-1 (from equation 1.5). Provided that 

the central frequency of the receiver is placed at the frequencies 

most probable Doppler shifts for the region corresponding to the 

being searched, this ± -1 coverage of 34 km s should suffice for the 

survey. 

If a year say is spent on a full sky survey, the integration 

time available per search grid point is 

,. = 2.18 

Antennas are seldom directed below about 250 above the horizon, and 

are usually unable to point below 150 above the horizon. If the 

latter figure is taken as an extreme limit, then figure 2.3 shows 

the radio sky visible from Grahamstown (at a lattitude of 330 19' 

South). (It will be noticed that the galactic centre region 

tIl = bII = 0 which is thought to comprise a vast molecular cloud, 

and which contains many ~O sources, passes almost directly overhead.) 

The sky area visible from Grahamstown is thus 

" sky 2rr cos e d e = 10,46 ster. 2.19 
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Figure 2.3 Celestial and Galactic Coordinates 

Equation 2.21 to 2.23 Can be used to find the integration time 

per search point: 

'I' 310 seconds 2.20 

The corresponding sensitivity is 

L\ S min, survey 1050 f.u. 2.21 

Figure 1.4 shows that a survey with this detection limit would 

'pick up' about 16 percent of all known water sources associated 

with HII regions . 
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Previous surveys from the northern hemisphere heve been conducted 

with a sensitivity of 20 f.u. The only survey from the southern 

hemisphere was conducted at Parkes, Australia, to 

in which 5 new sources were found (Johnston 1971: 

a limit of 125 f.u. , 

1972) • i-bwever, 

as has been mentioned, these surveys were conducted by searching 

late M-type stars, HII regions etc. The proposed search would be 

unselective and still have a good chance of locating new sources in 

a short time (see also Rudnitskii 1973). This probability is 

further increased by the knowledge that many HII regions which 

haven't been discovered in optical surveys are being discovered all 

the time (Grasdalen 1973). A higher sensitivity could be achieved 

by spending more time surveying the galactic plane only where the 

probability of detecting sources is greatest. 

There are only two radiometers in the southern hemisphere 

capable of working at 22 GHz, the Parkes dish in Australia, and the 

McKenzie University dish in Brazil . The Parkes dish centre section 
Clre.rt;.......r-e 

(diameter 32m), which has an a~etuFe efficiency of 14~ and a 

beamwidth of 1,6 arc minutes at 22 GHz, was used to search for water 

masers in 1972 (Johnston 1972a). The mixer used had a single 

sideband noise temperature of 3200 K, and 64 channels with bandwidths 

of 

of 

33 KHz were used, corresponding to a radial velocity search range 
-1 only 28 kms If the Parkes dish were to be used for an 

unselective full sky survey with a detection limit of 1156 f.u. 

(equation 2.21), and for a range of about 60 kms-
1

, it would need 
, 

19 years of full-time observation to do so. This is obviously 

completely impracticable for a large telescope, which in any case 

is in demand for other studies. 

2.5 Continuum studies and a sky survey 

If a power splitter is used to simultaneously feed the spectral­

line and continuum receivers, the latter receiver could be used during 
".4. 

the full sky survey. It's sorresponding sensitivity would be (from 

sections 2.3 and 2.4) 
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2.23 

where T is the source brightness temperature discussed in 
bv source 

appendix A. The received flux S , is given by 
u 

o.v~rt....("e 
where Ae is the effective antenna a~et~Fe. The results of the 

calculation in equation 2.23 and 2.24 are shown in figure 2.4 for 

the bodies in the solar system, which are listed in the order of 

their ease of detection. Seven of these bodies will be detectable; 

the weakest of these, Saturn, would appear above the detection 

limit in just 285 seconds (from equation 2.9). 

This section has shown the usefulness of a small telescope 

operating at 22 GHz in the southern hemisphere. In the next 

section a description of the full system design is given. 

2.6 The 22 GHz Radiometer System design 

The operation of the 22 GHz radiometer system is described in 

this section in sufficient detail to put the rest of this thesis in 

context . 

2.6a The receiver section 

The design of the Cassegrain feed system, and the antenna- and 

front-end-mounts was part of the work performed for this thesis, 

and is detailed in chapter III. Provision was made in the front-

end for the three methods of modulation described in section 2.2, 

as shown in figure 2.5a. The 22 GHz Gunn-diode oscillator was 

to be frequency-stabilised by phase-locking it to a harmonic of a 

stable 5 MHz oscillator. Frequency switching of the Gunn-diode 

would be achieved by frequency switching the 5 MHz oscillator. 



Object 

Sun 

Moon 

Venus 

Jupiter 

Mars 

Mercury 

Saturn 

Measured 
Brightness 

Temperature (k) 

136 ± 5 

107 + 12 

139 + - 6 

181 + 11 

280 ± 20 

127,2 :!: 5 5 , 
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at 
wavelength 

(cm) 

1,35 

1,35 

2,00 

1,35 

1,35 

1,33 

1,35 

1,35 

1,35 

Average solid 
angle at 2 

earth (deg) 

0,22 

0,21 

2,4 x10 -4 

-4 1,2 x10 

3,28 x10 -5 

9,6 x10-6 

1,6 x 10-5 

. Reference for 
Column 

Expected 
received 
flux (f.u.) two 

1,42 x106 rarvey 1963 

3,06 x105 Hey 1971 

7,97 x10 
2 Law 1968 

Janssen 1972, 
1973b. 

1,03 x10 
2 Janssen 1973 

Wrixon 1971 

81,6 Law 1968 

106 Newburn ' 1973 

37,8 Ingersoll 1971 

17,1 Morrison 1970 

13,0 Newburn 1973 

Instrument detection limit in 

sky survey (equation 2.22) 11,3 

10 hour integration (equation 2.12) 1, 05 

Uranus 

r 

169 ± 20 1,35 2,7B x10-7 0.30 ~ Pauliny-Toth 

Neptune 255 I 20 2,7 6,74 x10-8 0.90 f. u •. 1970 

Pluto + asteroids many Driers of magnitude less detectable. 

I I I 

Figure 2.4 Table of thermal sources in the solar system The average 

measured brightness temperatures were Obtained from the 

references in column 6. The average solid angles subtended 

at the earth were evaluated from the mean distance to the 

earth and the diameter of the body concerned (Kraus 1966, 

Harvey 1963). 

. , 

i 
I 
I 

I 
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Figure 2.5a The Full Receiver 

A 'f. e .t.' (field effect transistor) - controlled attenuator was to 

be attached to the output of the i.f. pre-amplifier for calibration 

purposes. A power splitter following the attenuator would feed the 

broad-band and spectral-line channels. The broad-band (continuum) 

channel provides a further 60 dB gain before detection. For 

spectral line work, however, the output of a 30 MHz i.f. amplifier­

which has a bandwidth of 10 MHz and a gain of up to 80 dB - is fed 

via a buffer stage to the 100 channels. This buffer stage was 

designed for the work in this thesis (chapter V), and provides input­

and output- impedance matching to the 50 ohm-impedance coaxial cable 

ussd, and also reduces interchannel 'crosstalk'. Each of the 100 

channels selects t he required bandwidth by mixing the signal with a 

second local oscillator, at an appropriate frequency near 30 MHz, 

and then passing t he signal through a 25 KHz lowpass filter (figure 

2. 5b). The channel is then sensitive to frequencies within 25 KHz 
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above and below the local oscillator frequency. The phase sensitive 

rectification is performed by the capacitor'c'and the f.e.t. switch 

at the frequency fO' The channel outputs may be switched selectively 

onto a common data bus line by f.e.t. switches, and the outputs may 

all be 'zeroed' by the reset line, again via f.e.t. switches, which 

short the integrating capacitors. 

1 INE 
MIXER 25kHz BANDPASS FIl.'1'ER 3£ LOWPASS 

FIE ER X 0 
p.s.r. 

Lf. 

Figure 2.5b 

BUFFER AlJIP. 

J 

., 
AMPLIFIER 

Layout of 100 Channels 

2.6b The control section 

4 

The so-called 'receiver executive timing control', described in 

chapter VI, controls the switching of the front-en~ and p.s.r.-

modulators. The 'executive' also controls the switchable 

attenuator and the 'reset' line, and supervises the control of the 

'output select lines' and the 'data processor'. The data 

processor, also described in chapter VI, digitises the output 

voltage values, and stores them at a rate of 200 characters per 

second in a 500 - ci-aracter buffer memory. A paper tape punch 

then punches the contents of this memory at 20 characters per second, 

while the receiver proceeds with the next run. The complete block 

diagram of the radiometer appears opposite (figure 2.6), and in 

'1'0 DATA BUS 

more detail in appendix 8 (figures 82.1, 82.2). Standard time signals 

and frequencies are Obtained, from broadcasts such as "Z.U.O." and 

"w.W.V", for calibrating the system. The telescope drive system is 

being designed to allow tracking of several sources sequentially, with 

correction for instrument-pointing and atmospheric refraction effects. 

The telescope drive will be controlled by a program fed to a paper tape 

reader, which 

ra dio met er • 

will also control the executive, and hence the entire 
0". 1..:"e. 

Output data will eventually be fed directly to an eutliAe 

NOVA computer instead of onto paper tape. 



CHAPTER III 

THE CASSEGRAIN FEED DESIGN 

3 . 1 Geometrical optics and design equations 

3.2 The determination of the paraboloid diameter and focal length 

3.3 Choice of the paraboloid edge illumination 

3.4 Measurement of feedhorn power patterns 

3.5 Choice of subreflector determining parameters 

3.6 Hyperboloid-template and hyperboloid construction 

3.7 Evaluation of Cassegrain design performance 



-30-

CI-I'I.PTER III 

The Cassegrain Feed Design 

Cassegrain antennas are frequently used in radio astronomy 

because of their inherent low noise, which results from the sidelobes 

being directed at the sky only, and not at the ground. The Physics 

Department at Rhodes University had bought several 1 ,83m diameter 

parabolic 'dish' reflectors before the work described in this thesis 

had been started; a Cassegrain antenna system incorporating one of 

these 'dishes' had to be designed for maximum gain. 

3.1 Geometrical optics design equations 

Figure 3.1 shows t he elements of a Cassegrain feed s ystem, 

_ .- .. ----------------- ----.- ---
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Real Focal Point 
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: •• ----- Lr 
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Figure 3.1 Cassegrai n feed antenna 
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where the virtual focal point of the hyperbolic subreflector coincides 

with the focus of the parabolic dish, and the real focus of the 
...... t-..... 

hyperboloid coincides with the focal - or a~et~ro - plane of the horn. 

The analysis of the operation of tl .e Cassegrain systom may be 

performed semi-optically to a good approximation, when the wavelength 
~p~~~~~ ( 

is small with respect to the a~ot~r9 diameter Rusch 1970). In the 

present Case the approximation holds, as the ratio of the wavelength 

to the dish-diameter is 10-3 • 

The optical description of the system requires four fixed 

parameters, two for each reflector (Hannan 1961). The equation 

describing the parabolic surface, with respect to the axis defined 

by x and y (figure 3.1), is m m 

2 
xm = y m/4 Fm 3.1 

where Fm is the focal length of the reflector. This focal length 

Fm and the diameter Om completely doscribe the main reflector. 

These parameters may be obtained from measurements of the parabolic 

reflector surface, and used to evaluate the angle subtended by the 

reflector at it's focus, ~v 

~v = 2 arc tan (Om/4 Fm) 3.2 

The antenna gain is determined by the 'feed taper', which is 

the Lllumination by the feed system at the edge of the parabolic 

reflector, with respect to that at the centre of the reflector. 

The 'feed taper' is in turn determined by the cutoff angle of the 

foedhorn power pattern, ~ro, which is one of the two parameters 

neodod to describe the hyperbolic surface of the subreflector. 

Tho other parameter needed 

interfocal distance F , is 
c 

to describe the subreflector, the 

related to ~ro and tv by the equation 

describing the hyperbolic surfaco, which is 

3.3 
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where Xs and Ys define a coordinate system as shown in figure 3.1, 

and where 

a 

and the eccentricity e sin [~ (~v + ho)] 

sin [~ (~v ~ro) 1 

The two parameters Fc and ~ro completely determine the hyperbolic 

reflector for a given feedhorn and main reflector. Once these are 

determined the subreflector diameter Os, and the distances to its 

focal points from its centre, Lv and Lr , can be evaluated from, 

respectively (Saad 1971): 

o 0 (F IF )(tan ~ tan ~ ) 
5 m c m v ro 

(2 tan ~)2)(tan ~r + tan ~ro) 
3.4 

3.5 

3.6 

The design procedure for the Cassegrain system is shown in 

figure 3.2. It involves, initially, 

paraboloid-defining parameters Fm, Om 

the determination of the 

and ~v' An edge illumination 

for the paraboloid is then chosen, and uniquely determines the feed 

angle <Pro for a chosen horn. The hyperboloid interfocal distance 

Fc is then chosen to satisfy certain physical conditions (to be 

discussed in section 3.5). A final choice of horn is then made on 

the basis of the size of the resulting subreflector (figure 3.2). 

When the choice of feedhorn has been made, the parameters Lv and Lr 

can be evaluated, as well as the subreflector shape (equation 3.5, 

3.6, and 3.3 respectively). From the flowc~art in figure 3.2 it 

can be seen that the feed angle ~ro depends on the Horn chosen 

(once the feed taper has been fixed), and the parameter Fc is 

adjusted to suit design criteria for various horns. The best 

design resulting from the variation of Fc and the horn pattern 

(obtained by using various horns) is then chosen. The operations 

depicted in figure 3.2. will be detailed below. 
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Figure 3 .2 . Flowc hart of Cassegrain design 
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3.2. The determination of the paraboloid diameter and focal length 

The diameter Om of the paraboloid was measured between points near 

the rim of the paraboloid, where it was estimated that the parabolic 

shape is not yet deformed by the strengthening cylindrical rim. The 

value obtained was 

Om = 1,83 ± 0,01 m 3.7 

The focal length Fm of the paraboloid was obtained by first measuring 

t he depth of the parabola (Xm) at regular distances (Ym in figure 3.1) 

along several diameters of the paraboloid. The measurements were 

made on the inverted dish with two straight-edged steel rulers held at 

right angles by a slotted metal block. Plots of (xm/Ym) versus Ym 

(figure 83.1, appendix 8) yielded an average slope of Fm/4, i.e. 
-1 + 0,359 m ,from which Fm = 0,70 - 0,01 m. The large error in the value 

of Fm results from the fact that the measurements were made on a slightly 

damaged paraboloid. Hbwever, it will be shown that a knowledge of the 
c 

exact values of Fm and Om is not critical to the s~ceeding calculations. 

The angle ~v is obtained from equation 3.2, and is given by 

3.8 

o 
3.3 Choice of the parab¥loid edge illumination 

The edge illumination of the paraboloid by the feed (the horn plus 

the subreflector), with respect to that at the centre, determines the 

sidelobe levels and also the antenna gain. The gain increases, as 

t he edge illumination increases, to a maximum when the edge illumination 
o 

is a bout 8dS to 9d8 less than that at the centre of the parab~loid (in 
o.~vl. ........ c. 

which case the illumination across the paraboloid a~et~pe plane is most 

nearly uniform). As the gain increases, so does the sidelobe level 

(Collin 1969). Hbwever ; the sidelobes, which are directed at the sky 

(at a temperature of about 270 K), will not introduce much noise into 

the system in comparison with the receiver noise temperature (about 

600 K, equation 2.11). It was thus decided to maximise the gain, even 

though the sidelobe levels would increase. 
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The directivity 0 of an antenna is the ratio of the maximum 

radiated power density (along the forward symmetry axis in this case) 

to the average power density over 4n steradians. The gain G takes 

the losses of a real antenna into account, and is defined by 

(Jasik 1961) 

G = 'T) 0 3.9 

where 'T) is the antenna efficiency, and usually lies between 0,0 and 

0,75. It has already been mentioned that the gain (and hence the 

directivity) depends on the paraboloid edge illumination. This edge 

illumination results from the feedhorn power pattern taper, and also 

from the unavoidable "space attenuation". This space attenuation 
2 • 

results from the 1/r depen~nce of 

and from the parabolic 

given by (Silver 1965) 

shape of the 

illumination from a point source, 

main dish (Hosking 1973) and is _ 

2 
= 20 log sec (~vl2) (c£l ) 3.10 

= 3,1 C£ 

where ~v was obtained from equation 3.8. The space attenuation 

reduces the paraboloid edge illumination by 3.1 dB below the uniform 

illumination level, and adds to the edge attenuation produced by the 

feedhorn power pattern taper. 

The overall directivity 0 of the antenna can be characterised 

by the E- and H-plane directivity factors of the feedhorn, which are 

DE and 0H respectively. The appropriate expression is 

3.11 

O-.pu-t. ..... t"t,. 2 
where A is the area of the reflector aeet~pe (=nOm/4) (Hosking 1973). 

The directivity factors take\ into account the illumination taper and 

the type of feedhorn, and are plotted in figure 3.3 for pyramidal 

feedhorns. 
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Figure 3.3 The E- and H- directivity factor DE and DH for a 

pyramidal feedhorn. 

~,~ 

It can be seen from figure -a.4- that DE and 0H both have maxima, 
o..?~('"tc.....C"e. 

corresponding to a maximum in D, when the apet~re edge illumination 

is between 7 dB and 9 dB (below the central illumination of the 

paraboloid) • The value chosen for the paraboloid edge illumination 

was 8,6 dB, to minimise the sidelobe level while retaining the 

maximum gain (as the sidelobe level decreases 

illumination) • Since the space attenuation 

with decreasing edge 

is 3,1 dB (equation 

3.10), the attenuation at the edge of the paraboloid due to the 

feed must be 5,5 dB, for an overall edge illumination of 8,6 dB for 

the paraboloid below the central value. A feedl· orn at the focus 

of the paraboloid WDuld need a taper of 5,5 dB at an angle of ~v 

degrees to provide an edge illumination of 5,5 dB (at the paraboloid 

edge due to the feed alone). Since the feed is at the second focus 

of t he hyperboloid, it must have a taper of 5,5 dB at ~ro degrees 

(figure 3.1) to provide the same edge illumination for the paraboloid. 

3.4 Measurement of feedhorn power patterns 

The angle ~ro from the central axis of a horn, at which the 

power level (emitted by the horn) is 5,5 dB below the maximum power 

level, is dependent on the horn power pattern. The power pattepns 

of the three horns available, with gains of 10 dB, 15 dB, and 20 dB, 

were measured to allow an evaluation of the cutoff angles (fro) for 

these horns. 
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The horn whose power pattern was to be measured was attached 

via an attenuator to a Hewlett-Packard power meter, and mounted 

securely in a horizontal position on top of a spectrometer table 

by means of an adjustable support. This arrangement allowed the 
o..{)e..c-\:;_C"c:, 

horn to be rotated about a vertical axis in its a~et~Fe plane, 
t. 

whil~ the ver'nier scales on the spectrometer table allowed the 

angles of rotation to be measured accurately. Spurious reflections 

were avoided by mounting the spectrometer table and horn assembly on 

a 1 m high stand in the middle of a hockey field. The horn was 

covered with black paper to prevent sunlight from influencing the 

thermistor. A small transmitting horn, attached to a Gunn diode 

oscillator, was placed 6 m from the receiving horn 1 m above the 

ground to simulate an isotropic point source. The separation of 6 m 

satisfies the far field condition proposed by Steinberg (1963). 

This is 

3.12 

where R is the (far field) distance between the tarns, 0 is the 
o.."c..C"\::.....re 

receiving horn a~etYFe diameter, and A is the wavelength (1,35 cm). 

This far field distance for the largest horn (D = 6 cm) is 3 m. 

The power meter was first calibrated. The 'E-plane' power 

pattern was then obtained at half-degree intervals for each 

receiving horn (to an accuracy of ± 1 percent in power level, and to 

± 2' arc in angle), while the E-planes of both the transmitting and 

receiving horns were horizontal. The H-plane patterns were 

obtained similarly . The two patterns obtained for the 20- dB horn 

are shown in figures B3.2 and B3.3 (Appendix B). The cutoff angles 

(~ro) were now obtained for each horn as discussed at the beginning 

of this section. Since the cutoff angles for the E- and H-planes 

of each horn differed slightly, an average of the two values was taken 

to be ~ro' For example, the E- and H-plane cutoff angles for the 
0' 0' 20 dB horn are 12 30 and 11 45 respectively. The value chosen 

- 0 ' for ~ro was taken to be 12 O. The illumination taper around the 
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paraboloid rim will vary s~ightly because of this averaging process. 

However, t his will not noticeably affect the directivity of the 

antenna which changes only slightly for even large variations Df 

illumination taper between 6 dB and 9 dB (see figure 3.3 and equation 

3.11). 

3. 5 Choice of sUbreflector-determining parameters -, 

The choice of feedhorn and the hyperbQloid interfocal distance 

Fc are linked as shown in figure 3.2. The choice of Fc depends on 

constraints relating to the feedhorn position, and also on the 

subreflector blockage. The choice of the feedhorn position was 

limited by two factors. First, the feedhorn had to be located on 

the concave side of the parabolic refl~ctor, due to the small size of 

the hole in the middle of the reflector, and as close to the parabo~ic 

surface as possible, to avoid mechanical flexing of the support~ng 

wavegui de and to reduce attenuation of the signal in this waveguide. 

Second, room had to be allowed between the parabolic surface and the 

end of the feedhorn for a ferrite switch to be used with two focal­

plane horns for beam-switching. The focal length of the paraboloid 

is 70 cm (section 3.2), and as the available horns are between 5 cm 

and 11 cm long and the switch is 5 cm long, the distance Fc had to 

be between 50 cm and 60 cm to satisfy the above two conditions. 

\\~'r4 
Within the above limitati9A6, the value of Fc had to be chosen 

to minimise the subreflector blockage. For a chosen horn the value 

of the subreflector diameter can be evaluated from equation 3.4. 

There exists a minimum value of the subreflector diameter, 0smin, 

for the paraboloid at the operating wavelength of 1,35 cm, as is 

shown in figure 3.4, where (Hannan 1961) 
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Lltr.flGE OR CLOSE: FEED 
SMALL sua PI$H 

Cond..ition for minimum bJo"'kil1S' by sub dish and feed. 

Figure 3.4 Type of apeture blocking - illustrating the minimum 

blocking condition 

Os min = 2 Fm A/k 3.13 

= 15,3 em 

where k is the ratio of the effective - to the blocking - feed 
o..~t,.("t.. ...... ("e 

apet~re diameter (about D,S), and where Fm is the paraboloid focal 

length (70 cm) (Hannan 1961). 

The choice of Fc was simplified by writing a FORTRAN program 

(figure B3.4, appendix B) to evaluate Os, Lr , Lv, and the constants 

e, a, and c (= Fe/2) relating to the hyperboloid surface (from 

equations in sections 3.1), for values of Fc between 50 cm and 60 cm. 

The program printout revealed that the use of the 10 dB, 15 dB, and 

20 dB horns would necessitate subreflector diameters of about 50 cm, 

30 cm, and 20 cm respectively. The 20 dB horn results in the least 
Cl,c.c-t. ....... c, 
apDt~rD blocking by the subreflector and was chosen for the feedhorn. 

The printout of the program in figure B3.4 for the 20 dB horn appears 

in figure 3.5 
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Figure 3.5 Cassegrain parameters for t he 20 dB gain horn 

"-i'u-\;; .... rc. 
The closest t hat the a~et~po plane of this horn can be to the 

paraboloid is limited by the horn lengt h (11 cm) and t he ferrite 

switc h length (5 cm) to 16 cm, This value results in a value of 

Fc (Fm - 16 c m, fi gure 3.1) of 54 cm. The value chos en for Fc was 

53 cm, to allow a focussi ng movement towards the paraboloid of 1 cm, 

From f igure 3 .5 it can be seen that the resulting subreflector 

diameter is 20,6 cm, which is 6~ffi8iontlJ' close to the minimum 

blocking diameter of 15,3 cm ( equation 3.12). 

A program , designed by F. Jacot-Guillarmod (private communications) 

f or use on a HP Model 10 calculator, was employed to check the above 

FORTRAN progra m for an interfocal distance Fc of 53 cm. This program 

was also used to plot t he hyperboloid shape to scale. The plot was used 

as a rough check on the template described in the next section . 

3.6 Hyperboloi d-templ ate and hyperboloid constructio n 

A second FORTRAN program was written to first evaluate the 

hyperbolic surf ace points from equation 3.3, a nd then tabulate t he 
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values of these coordinate points (Xs versus Ys in figure 3.1), at 

0,1 mm intervals. The hyperboloid template was constructed with the 

aid of this table, a portion of which is shown with the program listing 

in figure 83.5 (appendix B). A strict criterion for a reflecting 

surface is that the surface be accurate to within a sixteenth of a 

1965). This requirement wavelength to avoid phase errors (Silver 

necessitated a surface accuracy of ± 0.8 

hence for the template. 

mm for the hyperboloid, and 

After an unsuccessful attempt to use a precision densitometer 

as a two dimensional travelling microscope to map out the hyperbolic 

shape on a sheet of brass, it was decided to draw the shape, at double 

the scale, on plastic tracing paper. The portion of this tracing 
b 

paper on the concave side of the hyper~olic so drawn was blackened, 

and the resulting pattern was photographically reduced to the correct 

size as· a negative. Two such negatives were cut accurately along 

the hyperbolas, and checked with the densitometer 

to be accurate to within ~ 0,3 mm. 

They were found 

The sub-reflector was fabricated as follows in the Physics 

workshop. A steel template was made from one of the plastic ones 

by spraying marking paint onto the plastic template, which was held 

firmly in contact with a metal sheet. This sheet was filed to shape, 

and used to shape a block of wood on a lathe. A 1/8 inch aluminium 

sheet was heated and dipped in water to soften it, and then spun onto 

the shaped wooden face. The steel template was now used to FSljghly 

shape the aluminium face, which was then polished with abrasive papers 

with decreasing grain size, until it matched the plastic templates. 

9O"....,~ 
A depth gljags mounted on the lathe was used to measure the 

accuracy of the hyperbolic surface. It was found to be accurate to 

within 0,5 mm, corresponding to one-twenty-fifth of a wavelength, 

along several diameters. A 2 cm cylindrical edge for mounting was 

turned behind the surface, and a 2 mm hole was drilled through it's 

centre to facilitate l ining-up of the surface with a laser beam. 
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3.7 Evaluation of Cassegrain design performance. 

The directivity ° of the antenna is obtained from equation 3.11 

(page 35), where DE and 0H may be found from figure 3.3 for an 

aperture edge illumination of -8,6 dB: 

° = 51,1 dB 3.13 

The gain is given from equation 3.9 as 

G = 51,1 - 10 log 'T] dB, 3.14 

where 'T] is the antenna efficiency. The theoretical upper limit of 
o..9~r~...rc. 

the value of 'T]is a function of the frequency and a~et~re angle and 

is 0,96 for the antenna being considered (Potter 1963, 1967), but'T] 

is decreased by spillover and other effects. Theoretical 

evaluations of these effects can be performed numerically, and yield 

reasonable resul ts( Potter 1963, Weinreb 1970, Leonard 197.3). 

The only way of obtaining the actual value of 'T] is by experiment, 

by measuring the astronomical "standard sources" mentioned earlier. 

It was also mentioned that 'T] is commonly between 0,5 and 0,75. The 

pessimistic value (0,5) would yield a gain of 48,1 dB for the 

Cassegrain system designed above. 

The next step in the design of the antenna is the design of the 

Cassegrain support framework: this is discussed in chapter fo ur. 



CH'\PTER 4 

CONSTRUCTION OF THE CASSEGRAIN AND FRONT-END SUPPORT FRAMEWORK 

4.1 Front-end layout and the model telescope 

4.2 Evaluation of allowed tolerances 

4.3 Choice of suitable structural beams with regard to 
loading and tolerances 

4.3a The parabolic dish support 

4.3b The front-end, and counterweight supports 

4.3c The feedhorn support 

4.3d The subreflector supports 

4.4 The construction of the support framework 
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CHAPTER IV 

CONSTRUCTION OF THE CASSEGRAI N AND FRONT-END SUPPORT FRAMEWORK 

The Cassegrain system discussed in chap t er 3 had to be mounted 

on the telescope support. The supporting framework was designed 

with the aid of a scale model. Since the framework would deform 

with antenna elevation angle changes, the next step in the design 

was an evaluation of the amount of defocussing, due to t his effect , 

which could be allowed . The various framework structural beams 

or rods were then chosen to keep the deformations within the 

calculated tolerances. The above design steps are discussed in 

this chapter. which is concluded by a short description of the 

constructional details. 

4.1 Front-end layout and the model telescope 

The antenna and its support had to be l ight, a nd bal anced 

about the horizontal rotation axis , to reduce the strain on the 

tracking motors, and had to allow the antenna beam to point to 

within 150 of the horizontal. The paraboloid and its support had 

thus to be positioned as c l ose to the horizontal rotation axis as 

possible to reduce the counterbalancing torque needed, while 

allowing the paraboloid symmetry axis to point to within 1~ of the 

horizontal without any projections int erfering with the framework. 

It was decided to mount the front-end (waveguide) section behind 

the paraboloid in the yoke of the telescope mount , together with 

the counterweight. The 

assisted by the building 

design of the support structure was 

of a scale (1:3) balsa-wood model of the 

telescope mount and t he parabolic dish. This model is shown in 

figure 4.1, together with the model of the framework which was 

chosen to suit the a bove cr iteria. 

Becaus e construction of the two supporting octa~ons would be 

relatively simplei , and because these would allow easy mounting 

onto the telescope bearings, it was decided to mount the front-end 



flat on a thick aluminium sheet, and to allow a length of waveguide, 

attached to the mixer, to project through the hole at the centre of 

the paraboloid to support the feedhorn. Posi tioning and focuss ing 

of the horn could then be achieved by moving the front-end plate. 

Figure 4.1 Model of the telescope and Cassegrain support framework 

Several layouts of the front-end (figure 2.6a) were set up in attempts 

to find one which could be mounted on a sheet of metal, and which still 

fitted inside the telescope mount. When a layout had been chosen a 

framewo rk was built around the front-end plate f or enc losing it 

against the weather. This framework was designed to house the 

counterweight at the bottom, as far from the horizontal axis as 

possible. Because of excessive flexing by the counterweight of the 

box framework, it was designed to be mounted on the telescope bearings 

almost independently of the front-end and paraboloid supports. The 
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subreflector was to be supported by four pairs of aluminium rods 

if possible,so as to reduce the weight, attached symmetrically to 

the paraboloid support framework. 

The next step in the framework design was the evaluation of 

allowable deformations so that sufficiently rigid materials 

could be chosen for the construction of the telescope. 

4.2 Evaluation of allowed tolerances 

The hyperboloid subreflector and the feedhorn have to be 

aligned to within certain tolerances with respect to the 

parabolic reflector surface, and must stay aligned as the 

telescope tracks a source. The parabolic reflector itself must 

be rigidly supported to prevent sagging, and distortion of the 

parabolic shape. The usual requirement on reflecting surfaces 

is that on average they be kept to within an eighth of a 

wavel ength of the required shape at the operating frequency. 

The paraboloid should thus be true to within 1,7 mm for operation 

at a wavelength of 1,35 cm. Deviations from this criterion will 

noticeably decrease the antenna efficiency (equation 3.4), given 

by 

where 6
2 

is t he mean square phase-error (Findlay 1964). (The 

efficiency is commonly measured by measuring the system response 

to a standard source (Cogdell 1973).) 

The allowable tolerance on the axial displacement of the 

subreflector is evaluated as follows:if it is displaced axially 

by a distance 60 from the focussed position, the phase-error 6 

is (Silver 1965) 

6 = 6 cos Ii o ro 4.2 
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The focussing tolerance of the hyperboloid needed to satisfy the 

one-eighth wavelength criterion (6 = A/e) is thus 

+ = - 1,7 mm 4.3 

Baars (1973) discusses the Case of radial displacements of 

the horn and subreflector (normal to the symmetry aXis). The 

decrease in gain in this case is not much affected by even 

moderate feed displacements ~sed when twc horns are positioned 

in the focal plane for beam-switching}. However, the feed tilt 

from the symmetry axis should be restricted to a minimum, as the 

gain decreases by 0,1 percent when this tilt is one beamwidth 

(0,50
), and decreases rapidly for larger tilt angles (Saad 1971). 

The maximum allowable tilt was chosen to be half a degree to keep 

the resulting loss in gain to below 0,1 percent. The tolerances 

on the reflector surface deformations and on the positioning of the 

subreflector and feed horn were fixed, allowing of a choice of 

structural materials. 

4.3 Choice of suitable structural beams with regard to loading 

and tolerances 

The deflection of beams with uniform cross-section can easily 

be evaluated. However, complicated framewcrks,such as the paraboloid 

support, are tedious to evaluate analytically, and simplifying 

assumptions were made to yield order-of-magnitude results for the 

deflections. 

4.3a The parabolic dish support 

There were two possible steel beams which could be used for 

the paraboloid supporting framework. Their cross-sections and 

dimensions are shown in figure 4.2, together with formulae for I, 

the second moment of elasticity about the neutral fibre axis 

(Boltz 1973). 3 The values of I are 1,49 cm for the square tube 
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3 and 1,08 cm for the L-beam, which is thus more flexible. This, 

together with the fact that 

structure (it has a mass of 

the square tube 
-1 1,18 kg m ,as 

would yield a lighter 
-1 opposed to 1,35 kg m 

for the L-beam), make the square steel tube the obvious choice. 

It can be seen from figure 4.1 that the parabolic dish woul d 

be supported around it's l ip onlY,by the large octagon, which is 

in turn supported by eight struts attached to a smaller octagon 

and hence to the bearing mounts. Assuming that the hyperboloid 

supports remain completely rigid, it is highly probable t hat the 

axial defocussing of the Gassegrain system will be minimal as the 

telescope elevation angle changes, as such defocussing would have 

to be caused mainly by buckling of the struts between the two 

octagons. The main effect of the change in elevation a ngle will 

be to change the shape of the rim of the paraboloid from circular, 

due to elastic deformation of the large octagon. 

When the antenna is pointing at the horizon, the top and 

bottom arms of the large octagon will have the maximum deformation. 

The loading of t he two side arms of this octagon (vertical to the 

ground when the antenna is pointing at the horizon) will not 

contribute to the deformation of the paraboloid. If, as an 

approximation, the four arms of the octagon discussed above are 

each considered as carrying a quarter of t he total weight of the 

antenna, distributed along their length,the deformation at the 

centre of the top and bottom arms can be evaluated from (Boltz 1973) 

In equation 4.4. s is the beam length 

modulus of elastic ity for steel (2,11 

4.4 

(74 cm), E is Young's 
6 -2) x 10 kg cm ,and I has 

been evaluated above. Wo is the weight distributed along the bar, 

which, in the approximation mentioned, is a quarter of the total 

weight (40 kg) of the paraboloid (19 kg), subreflector (about 10 kg), 

an d the large hexagon and its support struts (10 kg). Wo is thus 
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10 kg. The value obtained for y (s/2) is 

y (s/2) = 2,72 mm, 4.5 

which is about a fifth of a wavelength. However, the paraboloid 

and its strengthened cylindrical rim is firmly held onto the 

large octagon by 16 evenly spaced clamps, which probably stiffens 

the whole structure, so that the mean square phase-error over the 

whole dish (in equation 4.1) probably nearly satisfies t he A/B 

criterion. 

4.3b The Front-end. and counterweight supports 

The L-beam in figure 4.2 was chosen both for the framework 

supporting the front-end plate, and for the counterweight support 

beams, even though the square cross-section tubing is stiffer. 

The reasons for this choice are detailed below. 

The chosen front-end layout allows a supporting framework to 

be mounted behind the aluminium plate . The face of this framework 

had to be machined flat so as not to distort the aluminium plate 

when bolted to it. The sides of the L-beam are twice the thickness 

of the sides of the square-beam (figure 4 .2), which are thus far 

less suited to f lat machining. A further reason for using the 

L-beam for the front-end support is that the square-beam would tend 

to distort when bolted through t wo opposite sides onto the 

aluminium plate. 

An L-beam was chosen for the counterweight support struts 

because flexing of the supports will not affect the focussing or 

pointing accuracy of the antenna, since the supports are mounted 

on the telescope bearings independently of t he antenna and front-end. 

The L-beam allows more room inside the front-end box, and minimises 

the stresses in the supports. The stresses are less than for the 

square beam as demonstrated below. 
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When a moment M is applied to a beam, the maximum stress in 

the upper or lower boundary fibre,,, ,is given by max 

"max = cM/I, 4.6 

where c is the distance between the neutral fibre plane, and the 

appropriate boundary plane (Sommerfeld 1964). The beam with the 

lowest c/I ratio will subject the metal boundary fibres to the 

least stress. These may be evaluated from figure 4.2. For the 

square tube c/I is 0,84 cm-2 , while the two values for the L-beam 

/ / 
-2-2 are c1 I, and c2 I, which are 0,725 cm and 1,72 cm 

respectively. The smallest value is obtained for the L-beam, when 

the moment to which it is subjected tends to stretch the '8 side' 

(figure 4.2). The orientations of the various struts supporting 

the counterweight were all arranged so that the least stress was 

applied to the metal boundaries for all elevations of the 

telescope. 

4.3c The Feedhorn support 

The ensuing argument demonstrates that the waveguide alone 

can support t he feedhorn without excessive tilting of the feed. 

The H-plane of the waveguide (parallel to the two widest sides) 

supporting the feedhorn is parallel to the plane containing the 

front-end plate and the bearing mounts. The second moment of 

elasticity, I, for the flexing in the E-plane perpendicular to this 

can be evaluated (from Boltz, 1973) for t he dimensions of the brass 

waveguide (figure 4.2). 

I 3 0,0213 cm 4.7 

The horn is 11 cm long, and the waveguide section 5 cm long 

(Chapter 3). The additional length of unsupported waveguide 

behind the paraboloid is 2 cm. Assuming the horn to be a s 

flexible as the waveguide 

flexing), the deflection 

(giving a pessimistic value for the 
o.povt ... rt,. 

of the horn at the a~et~Fe plane, from its 
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undeflected position, when the horn is horizontal, is (Pipes 1946) 

P a2 

y (.1,) = -IT- (~ - ~) . 4.8 

Po is the weight of the horn (0,24 kg), "a" .the distance of the 

centre of gravity from the supported end of the waveguide (13 cm), 

and ",t" the length from this supported end to 

(18 cm). The resultant (maximum) deflection 

y(,t) = 0,12 mm, 

a.p(.,t"t......re 
the horn a~ot"re 

will be 

4.9 

which corresponds to a feedhorn tilt angle of 2,4 minutes of arc 

This is far less than the telescope beamwidth (30-), and is 

acceptable in terms of the tolerance allowance mentioned in 

section 4.2. 

4.3d The subreflector supports 

The subreflector supports consist of four pairs of rods, of 

which one pair is shown in figure 4.3. 

A rough calculation showed that axial defocussing of the 

hyperboloid, with elevation-angle changes, would be negligible for 

even the thinnest-walled one-inch diametor aluminium tubing. 

The major effect contributing to the movement of the subreflector 

is the torque exerted by the subreflector and its support (the 

combined center of gravity of which is shown in figure 4.3), about 

the midpoint of the support connected to the aluminium rods. 

This torque is a maximum when the antenna symmetry axis is 

horizontal. A mathematical model representing a pair of support 

rods is shown in figure 4.4. This model is representative of 

the situation where the rotating joints (figure 4 .3 ) are bolted 

do wn, and where all forces except the torque mentioned are 

supposed to act along the aluminium rods 
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Centre of gravity 
ref Ie c to r + support 

,JOcm I 

Hyperboloid Subreflector support 

hyperbOlOid} 

The amount of tilting of the subreflector is given by (Appendix 

A.2) 

(dy/dx)x ~ i ~ -Til EI . 4. 10 

I 
• 
• 
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.~-------l----~L------l------~, 

y(x.O.) .. 

dy/dx(x=O)=O 

o 

T=76kg.m 

Figure 4.4. Mathematical model of subreflector support flexing 

The value of E, Young's modulus was obtained from tables 
, 5 -2 ) v,38 x 10 kg cm for aluminium alloy, and I was evaluated from 

the relevant formula (Kotz 1973) to be 1,43 cm3 • The expected 

value for (dy/dx)x = ~ is 7,76 x 10-3 , which results in a lateral 

movement of the subreflector surface of 1,2 mm, which is negligible. 

This movement is halved by the pair of rods opposite to the two 

considered above. 

4.4 The construction of the support framework 

The model telescope in figure 4.1 was used, together with 

accurate measurements of the telescope bearing mounts, to produce 

the design diagrams for the antenna framework. The detailed 

diagrams used by the workshop in the construction of the framework 

appear as figures 84.1 to 84.4 (appendix 8). Several design 

features which were included during the construction are discussed 

br iefly. 

The front-end-supporting plate was mounted, as discussed, on 
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a framework with a machined face . The aluminium plate and the 

framework were attached by means of bolts, through slotted holes, 

so as to allow the plate three mutually perpendicular degrees of 

freedom. This allows both coaxial alignment of the feedhorn 

with the paraboloid symmetry axis, and its focussing. The 

hyperboloid also had these three degrees of freedom. Two of 

these degrees of freedom were allowed by mounting the fl at 
o~to 

back-plate of t he hyperboloid ~ a second plate, with the bol ts 

passing through large holes in the second plate. These large 

holes allow lateral movements of the hyperboloid. Focussing 

of the hyperboloid is achieved by means of the threaded pipe 

connecting the second plate to the hyperboloid support (figure 

4.3). Tilting of the hyperboloid is achieved by altering the 

supporting length of the aluminium rods (figure 4.3) by means of 

the locknuts. 

A removable steel block was mounted with locating pins on 

the aluminium plate for lining-up . This block had a cylindrical 

hole in it the size of the hole in the paraboloid, and concentric 
he .-", 

with the central axis of the -FeP4-feed position. A cylindrical 

brass plug inserted in the hole i n the steel block, and protruding 

above the level of the bottom of the paraboloid, was used to locate 

the position of t he paraboloid hole. A narrow hole was also drilled 

through, and concentric with, the brass plug. A laser beam directed 

through this hole would locate the subreflector centre position. 

Figures 4.5 and 4.6 show~ the completed support structure on the 

telescope stand. A lead counterweight was later hung underneath the 

front-end box to allow mor'e room inside this box, and to provide 

greater leverage. 

The remainder of the work completed involved the design and 

construction of electronic circuits; this is described in the two 

following chapters. 
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CHAPTER V 

THE INTERMEDIATE FREQUENCY AND DISTRIBUTION AMPLIFIERS 

The 25 MHz - 35 MHz amplifier, and the 100 channel buffer, shewn 

in figure 2.5a (page 28) were both designed during t he period of 

this thesis. The amplifier was not used, as it was replaced by a 

commercial model with better specifications. Its construction is, 

however, described briefly in the first section of this chapter. 

The second section (5.2) deals with the construction of t he buffer. 

5.1 The 30 MHz intermediate frequency amplifier 

The gain required of the i.f. amplifier is determined by the 

mixer output power and the power needed to drive the detectors. 

This gain had to be evaluated before the amplifier could be built; 

this evaluation is described first. 

If t he factor t (in equation 2.4, page 16) is assumed to be 

unity for the mixer, t hen its output noise power is given by 

equation 2.1 as - 157 dB,in the bandwidth of 50 KHz of the 

individual spectral-line channels. The output noise power from 

the preamplifier attac hed to the mixer is - 122 dB., as it has a 
t. 

gain of 35 dB. The de~ectors require 1 mW or - 30 dB of noise 

power to function properly. Of the remaining amplification needed 

between the preamplifier and the detectors, 92 dB, a gain of 65 dB 

was to be supplied by the i.f. amplifier, and the remaining 27 dB by 

amplifiers in each of the 100 channels. It was decided to build 

a bandpass i.f. amplifier with a centre frequency of 30 MHz, and 

with a bandwidth of 10 MHz,to allow for a constant gain over t he 

5 MHz bandwidth of the spectral line receiver. It was also decided 

to incorporate an automatic gain control into the amplifier; this 

would necessitate a maximum gain in excess of 65 dB to allow the gain 

control to operate efficiently. 

The i.f. amplifier block diagram appears in figure 5.1. The 

design of the s ix-stage tuned amplifier (shown in detail in figure 



-57-

B5.1, appendix 8) was based on a 45 MHz 

This amplifier stage has a 

amplifier built 

gain of 57~ dB 

at Cambridge 

from 26 MHz University. 

to 34 MHz • Further gain is provided by the 23 dB gain broad band 

.•.. . ..•• • •. • • • .. •• . •• • ••• • •• • . .. .. , .• + 2Qx , __ .... __ . , •. , ._, .. §-1QY , " 
I I :, I 

:: : ~. : • b fler d ; 
:: : 1 I Inte ra regu/ lator 

:! :; -15v 
. 

inpUI ~~:;~lA~,G~C~ __ ~~ ______ ~ 
~ ' . , 2 

: band : bandpass filter .. , slage: buf' ou pu : broad .; s~age '00- I I 

i amplifier : f.e.! . I.f. : v ; 

: ........... .i ............. _ ....... J ............. ! ....... ·1 ...... _ ........ . ";l,. 
23dB 457dB (-3dB ~ 

Figure 5.1 The 25 - 35 MHz 1. f. amplifier with> 65 cIS gain 

amplifier at the input (figure 5.1). The output of the tuned 

amplifier is fed to two buffers, one pf which provides the 50 ohm 

impedance output to the distribution amplifier. The other buffer 

feeds a detector and integrator to provide the automatic gain 

control signal for the six stage amplifier. 

Because of difficulties encountered during the construction of 

the i.f. amplifier, a commercial model was ordered . The difficulty 

found was that for large changes in the input voltage, the automatic 

gain control altered the individual gains of the six field effect 

transistor stages differently. These stages were stagger tuned as 

proposed by Fisher(1966), and SO the amplification change over the 

band wasn't uniform. The commercial model arrived while this problem 

was being investigated, and was used because of its high gain (88 dB 

over 10 MHz), low noise, and excellent stability when controlled by 

its automatic gain control input. The model shown in figure 5.1 was 

abandoned in favour of the commercial i.f. amplifier. 
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5.2 The 10G-output buffer 

The buffer was mentioned in section 2.6. As can be seen from 

figure 2.5a (page 28), it is fed by the 30 MHz i.f. amplifier 

discussed in the last section, and feeds the 100 channels of the 

spectral line receiver. The various stages in the design of the 

buffer are discussed in this section. 

The task of the buffer is to provide 100 isolated outputs to feed 

the 100 channels, with 50 ohm impedances to match that of the coaxial 

feeder cable. 

outputs, so that 

affect the input 

It is necessary to provide isolation between these 

the local oscillators in individual channels cannot 

signals of the other channels. The buffer consists 

of 100 identical stages, which contain attenuators to provide the 

isolation, and feedback amplifiers to provide further isolation and 

output impedances of 50 ohms. Since the 100 individual stages are 

preceded by attenuators, several amplifying stages are used to 

compensate for the resulting attenuation. 

The 100 spectral line channels are arranged, ten in a row, in 

ten heated and thermally stabilised trays. It was decided to locate 

a ten-output buffer in each tray to feed the ten channels in that 

tray, and a further "master" buffer in an eleventh tray to feed the 

ten buffers. The block diagram of the buffer, consisting of the 
"-

master b~ffer and ten buffers identical to it, is shown in figure 5.2a. 

It can be seen that each of the eleven buffers in turn consists of 

a wideband amplifier feeding ten identical "attenuating and matching" 

distribution amplifiers. 

5.2a The "attenuating and matching" distribution amplifiers 

The design of the 100 distribution amplifiers was determined by 

the expected input and output voltage levels, and the required 

frequency response. They must supply an output voltage of 100 mV 

to the channels, and have a flat frequency response up to 35 MHz or higher, 
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Figure 5.2a 5pectral line receiver i.f. buffer 
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The proportion of noise introduced by the ten feeder cables , between 

the master buffer and the ten buffers in trays, is likely to be less 

if large signals are fed along these cables. The value chosen for 

the signal voltage level in these cables is 1 V peak-to-peak, which 

sets a lower limit on the required dynamic range of the buffer stages. 
bC-._d..b--..o.. 

The 40 MHz ,amplifier~ in each buffer feed510 di stribution amplifier 

stages in parallel. For this to be an efficient process, the output 

impedance of the amplifier must be at most a half of the combined 

input impedances of the ten stages. A value of 50 ohms or lower was 

selected for the amplifier output impedance. This sets a lower 

limit on the input impedances of the ten distribution amplifier s tages 
I~'II" I)~...., 

of 11, sl1m, so that their combined input impedance is 100 ohms or more. 

The last criterion for the distribution amplifier stages was one of 

cost (as 110 of these were necessary). 

Several distribution amplifiers were tested; the one chosen is 

shown in figure 5. 2b . This buffer stage has an almost flat frequency 
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response from 25 MHz to 35 MHz, and a dynamic range of 1,4V. Its 

forward attenuation is 3x, and'~ontrolled by the variable resistor 

R2 , while its reverse attenuation is 12x. The attenuator, consisting 

of the resistors R1 and R2 and the input impedance of transistor T1 

feeds the feedback amplifier, consisting of transistors T1 and T2 and 

L -+1<. 

L-____ - - - -----'------!..------'---L....:~ 

= 
'il 

Figure 5.2b Design of a single distribution amplifier stege. (The 
component values are given in figure 85.2, appendix 8.). 

their biasing resistors. The resistor R controls the feedback 

fraction, and allows the output impedance to be controlled between 

40 ohms and 65 ohms. (The input impedance is 1,5k ohms.) The 

power supply filter consisting of the coil L% and the capacitors 

C2 and C3 ) isolates the supply lines between the stages. (There are 

two such filters between any two stages). The coil L consists of a 

few turns of wire on-~ ferrite bead capable of operating effiCiently 

at 30 MHz, while two different types of capacitor were used to give 
1", .. 

a wide frequency response. ~ passive attenuator at the input of 

each channel attenuates signals by a factor of two in the forward 

direction, nnd ten in the reverse direction. The total attenuation 

or isolation factor, in the reverss direction between the channel 
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and the input to the distribution amplifier stage feeding it, is 

thus 120. The isolation factor in the forward direction (of the 

signal) is 6, due to the attenuations of 3x in the distribution 

amplifier, and 2x in the channel. 

5.2b The eleven wideband amplifiers 

It was mentioned in section 5.2a that the output impedance of 

the wideband amplifiers, each of which feeds 10 distribution amplifier 

stages, must be 50 ohms or lower. The input impedance of these 

amplifiers must be 50 ohms to match the cable impedance. 

The circuit selected for the amplifier stage uses a linear 

integrated circuit, and is shown in figure 5.3. The input attenuator 

(consisting of the resistors R7 , RS and R9 ) has an input impedance of 

in 

Figure 5.3 

c 

.T1 

V--L-~~C 

c 
l 

40 MHz high gain amplifier. (Component values are given 
in figure -B5.4, appendix S.) 

5!> .~ 
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nearly 50 ohms, a forward attenuation of between 10x and 100x, and a 

reverse attenuation of five times the forward attenuation. The 

variable network R5 , and R6 , controls the voltage on pin 2 of the 

integrated circuit, and so controls its gain. The maximum value 

of the gain is 30. An LC circuit is again used to isolate the 

power supply. The output impedance at the output on pin 5 of the 

integrated circuit is 350 ohms, which is far too high for this 

output to feed the ten buffer stages (with a combined input 

impedance of 150 ohms). This impedance of 350 ohms is effectively 

reduced by adding a low output-impedance stage to the output. The 

stage chosen was the feedback stage of figure 5.2 (excluding the 

input resistors R1 and R2 at the input, on the left of figure 5.2b). 

The manner in which the broadband amplifier is attached to the gate 

of the transistor T1 is shown in figure 5.3. The wideband amplifier , 

together with the added feedback stage, now has a minimum output 

impedance of 40 ohms, which is sufficiently low for driving ten 

distribution amplifier stages in parellel. 

It was noted in the previous section that the forward and 

reverse isolation factors between the input to a channel, and the 

input to the buffer stage feeding it, are 6 and 120 respectively. 

The isolation factor~ between two channels in 

720. The isolation between individual trays 

the same tray is thus 
t 

is at leas~ ten times 

this figure, due to the isolation by the first ten-stage buffer (of 

720x again), and due to the attenuation factor of. the attenuator at 

the input of the amplifying stages (10 or mqre). 

5.2c Construction of the buffers 

The buffer circuits were built up on double sided copper-clad 

printed circuit boards. The copper sheet on the side facing the 

components was used as an almost continuous ground-plane. The 

connections between the components Were etched on the revers e side 

of the boards; these connecting strips Were made narrow to avoid 

capacitive coupling between them. The ten distribution amplifier 

.-
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stages Were mounted on a single board, and the wideband amplifier and 

its impedance-matching stage on another . These boards were both 

placed in an aluminium box , with an aluminium partition between them. 

This box has a well fitting lid to completely shield the inside . 

The signals are fed to , and from, the buffer with 50 ohm impedance 

coaxial connectors . The regulated voltages are fed through 

inductances and feed-through capacitors to both boards. A completed 

buffer can be seen in figure 5.4 . 

"' .... 
Figure -&.a- A completed buffer 

The isolation factors, the frequency responses, and the dynamic 

ranges quoted above are the result of measurements on tne buffer in 

figure 5.4. Care had to be exercised to take into account the 

capacitive impedance of the oscilloscope probe used for measurements. 

This buffer has also been s uccessfully used to feed ten channels in one 

tray. Tests for interaction between channels in this configuration 

yielded negative results . The design of the buffer i s thus acceptable, 

and others are being constructed to feed the rest of the channels . 
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THE DIGITAL CONTROL SECTION 

6.1 The executive timing control 

a The integration-run start, ~, tEl t, restart, 

and stop controls 

b The receiver controls 

6.2 The data processor 

a The data processor "mennry signal input" logi8 

b The buffer mennry and punch control 

6.3 Construction and testing of the data processor 
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Chapter VI 

The Digital Control Section 

The general operation of the digital control section, consisting 

of the "executive" and the "data readout" shown in figure 2.6, was 

discussed briefly in section 2.6 (page 29). The details of their 

operation are given below. 

6.1 The executive timing control 

The block diagram is shown in figure 6.1 (overleaf). The unit 

was built on six printed circuit (P.C.) boards, and can be controlled 

by the paper tape reader logic (figure 2.6), Dr by the controls on 

the front panel shown in figure 6.2. The light emitting diode 

(l.e.d.) displays on the front panel indicate the mode of operation 

of the executive. The executive controls the starting of integration 

runs, the phase synchronous modulation of the front-end and the 

channel detectors, and the length of integration runs. At the end of 

each integration run the executive stops the modulation switching, and 

allows the data readout system to digitise and store the channel output 

voltage value. When this process is completed, the executive resets 

the channel outputs to the ground potential, and restarts the next 

integration run. The executive also controls the i.f. attenuator 
"-

(figure 2.5¢, page 28). The operation of the executive is detailed 

below. 

6.1a The integration-run start. halt. restart. and stop controls 

There are two methods of starting the executive. The first 

method, the "full start" controlled by the circuit board 5 (figure 6.1), 

first allows the digital values of the two frequencies, of the crystal 

oscillator used in frequency switching, to be entered into the data 

readout buffer memory. (It will be recalled that the frequency of the 

22 GHz Gunn oscillator is stabilised by a harmonic of the crystal 

oscillator, in a phase-locked loop, and that the Gunn oscillator is 

frequency-switched by switching the crystal OSCillator.) The first 

frequency value is stored in a counter, and entered into the memory 
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Figure 6.2 Front panel of the "executive" unit 

when the "full start" mechanism is actuated, either by a front panel 

switch or by the paper tape reader logic. The executive then 

switches the crystal oscillator in the front-end to the second 

frequency, the value of which is entered into the buffer memory after 

a delay of 256 seconds. This delay allows the frequency to be 

counted to an accuracy of 8 decimal digits. The "housekeeping" 

information, consisting of the run number, t he universal time , and 

the phase-modulation-mode information, are entered into the buffer 

memory after the second frequency value has been entered. The 

subsequent operation of the executive is the same for the "full 

start" as its operation when the "start" switch (figure 6 . 2) is 

• 
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depressed. This latter operation starts the first of a series of 

timed integration runs via the start/stop logic circuitry on 

circuit board 6. This logic circuitry starts the run by starting 

the receiver modulation. 

The length of the first, and subsequent, integration runs is 

controlled by the circuit board 4 (figure 6.1). The length of the 

run is set by the front-panel thumb-wheel switches (figure 6.2), Dr 

can be timed manually if the "timed/inhibited" switch is up. The 

start/stop logic halts a run by stopping the phase synchronous 

modulation of the receiver. The modulation is halted before the 

preset time if and when the output voltage of anyone of the 

channels exceeds a certain value, which is selected to prevent 

saturation of the integrators. When the run is halted by one of 

the above methods, a pulse from the start/stop control initiates 

the data readout cycle, during which the channel output voltage 

values are digitised and stored in the memory of the data processor, 

in the manner described in section 6.2. At the end of the data 

readout cycle the executive is restarted by the data processor. 

During the restart cycle the outputs of the channels are grounded by 

the reset control on the circuit board SA; and the housekeeping 

information for the following run is entered into the memory. (A 

counter on circuit board 5 counts the number of 'restarts' and 

serves as a 'run number' counter.) The next timed integration run 

is then begun, while the contents of the buffer memory are punched 

onto paper tape. 

The executive can be stopped in one of two ways. The 'stop' 

switch on the front panel serves to stop the executive completely. 

Alternatively, the 'end' switch may be used. This stores the 

'stop' command in a flip flop until the run, the data readout cycle, 

and the housekeeping readout cycle are completed, and only then stops 

the executive. During the 'stop' cycle all counters are cleared, 

and all control flip-flops and gates are disabled. The 'stop' and 

'end' commands may also be applied via control lines on a plug at 

the rear of the executive. When either command has been effected, 

the executive can be started again by one of t he two start methods 

mentioned above. 



-68-

The controls affecting the timing of the executive have been 

discussed. The method of control of the receiver switching is 

detailed in t he next subsection. 

6.1b The r eceiver controls 

The three parts of t he receiver operation controlled by the 

executive are the phase synchronous modulation, the grounding of 

the channel outputs, and the i.f. attenuator switching, as 

discussed below. 

The modulation of the receiver is controlled by circuit boards 

6, SA, and 58. The circuitry on board 58 selects the type of 

front-end switching to be employed, whether beam, frequency, or/and 

Dicke (noise) switc hing. The front panel oscillator switch selects 

a high fr equency oscillator for beam switching, and a 19 Hz oscillator 

for frequency switching, and at the same time gates the front-end 

signal to beam- and frequency-switch controls respectively. The 

ferrite switch controlling the calibrating argon gas noise source 

is switched synchronously with the beam- or frequency-modulation, 

when the front panel 'noise cal.' switch is on. The two modulation 

oscillators are very stablei ) and their outputs are passed through 

a divide-by-two flip-flop to ensure that the front-end spends 

exactly the same time on the source signal and the reference noise 

signal. 

The relative phases of the front-end and the 1DD channel 

switching (either in- or out-of-phase, see figure 2.1b, page 18) are 

controlled either manually by the 'phase override' front panel 

switch, or automatically when this switch is in the mid-position. 

The automatic phase control on the circuit board 5A reverses the 

relative phase, of the front-end and the synchronous channel 

switching, 

due to the 

every run. This results in the channel output voltages 

signal being positive every alternate run, and negative 

every other alternate run. The integrator drift will always 

increase the output voltages, and its effect is reduced by 

combining the run voltage values in pairs and subtracting the 

negative value in this pair from the positive one. 
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The channel outputs are grounded ei t her before each run, as was 

mentioned, or when the 'manual zero' switch on the front panel 

(figure 6.2) is switched on. 

The last part of the executive is the i.f. attenuator (figure 
;a,. S Q., 

~ page 28) control on the circuit boards 7 and 6. This logic 

circuitry switches the calibrating attenuator on for a run at a time, 

with a predetermined number of runs between such switchings. The 

paper tape reader logic (figure 2.6) presets the number of runs 

between switchingsj the number is stored in a latch. The front 

panel attenuator switch can switch the attenuator on (indicated by 

a display light) at any stage, and can also disable the preset 

command. 

The full logic diagram of the executive appears in the appendix 

(figure 8 6.1, and 8 6.2, appendix 
'"e the circuit for,working version of 

8). This logic diagram shows 

the executive, and differs in 

many places from the original, as logic errors were discovered while 

the circuit was being built. The method of construction is detailed 

after the next section, in which the data processor is described. 

6.2 The data processor 

The data processor consists of two parts. The first part, the 

"memory signal input" section accepts analogue signals from the channel 

outputs, digitises them, and provides this information at a common 

output, with the digital "housekeeping" information. This common 

output is connected to the second part of the processor, consisting 

of the 500 word buffer memory, and the paper tape punch control logic. 

These two sections of the data processor are detailed separately. 

6.2a The data processor "memory signal input" logic 

The block diagram of the memory input circuitry is shown in 

figure 6.3. 

The timing logic circuitry for the commercial analogue- to- 14 

bit digital (a/d) converter is on the circuit board 20. This board 

also accepts analogue signals from the front panel of the data 

processor, shown in figure 6.4. The common analogue data bus line, 
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SEQUENCE 
NUMBER 

DISPLAY SUNDRY 

B·····B t-- LOGIC 
INRJTS 

~ T 
P.C.20 P.C. 18 P.C.C.10 

SIGNAL ANALOGUE SHIFT 

CONDITION TO LATCH REGISTER ,....., 
AND H DIGITAL ---, MULTI-

CONTROL CONVERTER PLEX 
SHIFT ......, 

r--l REGISTER 

Figure 6.3 Memory signal input 

from the outputs of the 100 receiver channels,is attached to the 

'output channel' coaxial plug (figure 6.4). The signal from this 

plug is fed to the ~/d converter when the 'source' switch is on 

'internal' . The 'input' plug, selected by the 'external' position 

of the switcn, provides a means of using the unit as an ordinary 

voltmeter, with the voltage being displayed on the 'volts D.C.' 

display. 
+ _ 1,999v, 

The aid converter can convert analogue voltages up to 

while the channel output voltages are expected to reach 

---{> 

+ _ 15v. 

swi tch 

A divide-by-ten attenuator, controlled by the 'volts' 

(figure 6.4), provides a 20v range for the digital voltmeter. 

During the channel data-readout cycle, a control line from the executive 

switches t he divide-by-ten attenuator on, and the aid converter input 

to the analogue busline, regardless of the state of the front panel 
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sWitches. 

• 
A U TO 

Figure 6 .4 

SOUlC.1 I V Ol r s 
L.:....:..:,.; 2 0 _~_~_~ l n t • 

• 2 

• I n put 

" ~ . 

• '0 UI P ul 

C han n 

S OURC.! .-...... 
"" 

t 
I ..... 

'- -

• • t. 

t·' . ~, . t. r-',',,-" - '\.. , ~ ")- ,.. . 
.. II _ _ ... ~ _ _ . ~ _ 

• 
Data processor front panel 

• 
v 0,1 S D.C. 

C!) 

The input circuit board (20) provides a high input impedance 

buffer for the analogue signal, before feeding it to the convertor. 

It also provides a buffered output for a histtogram generator, 

which will sweep the busline sequentially betWeen the channel 

outputs (during an integration run), and which wi ll display the 

outputs in histogram form on an oscilloscope. If at any time one 
of the channel outputs exceeds a certain value, a voltage 
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comparator on board 20 will halt the executive to prevent saturation 

of that output, and the data readout cycle will begin. 

A multiplex unit, controlled by the timing circuitry on beard 

20, switches the channel outputs sequentially to the analogue 

busline at the end of each conversion. The digital value from 

the converter is stored in the latch on beard 18 (figure 6.3), 

leaving the converter free for the next conversion. The digital 

value stored in the latch is displayed continuously, by the display 

logic circuitry (figure 6.3), on the front panel 'volts' display 

(figure 6.4). The run number (from the executive) is also 

displayed on the front panel, by numbers from 0 to 99. 

When the data from the channels is being read, the lower 

(parallel-to-serial) shift register in figure 6.3 stores the digital 

voltages in the latch, and presents them via the multiplex unit to 

the 500 word buffer memory. The multiplex uni t has a five bit 

output: four of these bits are used as a data channel, while the 

fifth bit is used as a "data present" signal to the buffer. The 

other shift register chain (figure 6.3) is the "housekeeping" 

information source, and has its parallel i nputs attached to t he 

frequency- and universal time clock- counters and the modulation-mode 

information lines (labelled 'sundry' in figure 6.3), and to the 

sequence, or run-number, counter. The information in t r e second 

chain is entered into the memory, via the multiplex unit before each 

integration run, on the command of the executive . 

6.2b The buffer memory and punch control 

The block diagram of , the first-in first-out buffer, and the 

punch circuitry, is shown,figure 6.5. 

The 500 word recirculating memory and part of its control 

circuitry are located on the circuit board 13. The 5 MHz clock on 

board 10 drives the memory, and provides timing pulses for loading 

data to it, and offloading data from it. The input-output logic 

(on three identical P.C. 9 beards) enters information to t he memory 

as soon as it appears at the multiplex output (figure 6 . 3 ), and 

feeds the infor mation from the memory asynchronously to the punch 
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logic, at the punching rate of 20 words per second. The decoder 

on board 16, and the parity generator on board 
ASc",'L'I. 

information into the computer readable A56 II 

14 code the 

format . The 
A~c:..'L'L 

numerical values in the buffer are converted to the ,0,56 II numerics, 

while the numbers 10 to 13 ( used for the "+", "-", and housekeeping 

characters) are coded as n+", "_", "*11, and "newline" respectively. 

P. C.1o MANUAL 

4 PHASE CONTROL 

CLOCK I 
P.C.11 

PUNCH 
CONTROL 

~ 
P.C.13 P.C. 16 P. C. 14 ,1/ 

P.C .32 
~ ..... PUNCH 500 PUNCH LATC H - TIMING 

v.GRo DECODER + 
-c BUFFER f-+ ~ PARITY t 

+ GENERATOR P. C.33 

LOGIC POWER 

DRIVER 

1- + 
3X P.C. 13 P.C.34 

IN/OUT PUNCH 

LOGIC HOLD/START 

CONTROL 

Figure 6.5 Buffer , and Punch Control 

The latch on board 14 stores the character to be punched. If the 

"punch source" switch following this (figures 6.4 and 6.5) is 

switched to "internal", the punch timing circuitry will punch the 

character in the latch, via the 8- line power driver circuitry. 

f-i> 
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When each character has been punched, the punch timing logic loads 

the latch with the next character and starts the next punch cycle. 

If the punch source switch is turned to "external", the punch can 

be controlled manually via the punch control logic and circuit 

board 11. The manual control is located in a box attached to a 

long lead , which is plugged into the front-panel multi-socket plug. 
A-Sc .. : :I, T. 

An operator can punch any ASG II character singly by selecting the 

code with thumb-wheel switches, and pressing a "punch" button. 

This enables the operator to mark, and later to identify, particular 

events or runs with any codes. 

The punch hold/start control board 34 switches the punc~ motor 

off whe~ the data in the memory has been punched out, after waiting 

20 seconds in case data is loaded into the memnry within this period. 

If information is loaded into the buffer in this period, the motor 

is left running ann punching can begin immediately. If information 

is loaded while t he motor is off, it is switched on and allowed to 

reach operating speed before the punch is enabled. A light 

transmitter-receiver combination senses i f the paper tape is finished, 

and stops the motor and punch when this condition is reached. 

There are three further controls or. the front panel (figure 6.4) 

which ~ 'ave not been described. The runout button allows a length of 

blank paper tape to be fed as a leader • The "punch enable" switch 
• can enable the punch to operate, or di.able it, while the "memory 

enable" switch can prevent information transfer to or from t he memory , 

so that information in the memory can be retained indefinitely. The 

"memory loaded" indicator signals a full memory condition, while the 

"paper" indicator shows when paper tape has run out. 

The full logic diagrams of the data processor appear in appendix 

8 (figure 86.3 to 86.14). The constructional details are given 

briefly in the next section. 

6.3 Construction and testing of the data processor 

The layouts for the double-s i ded printed circuit boards, on whicr 

the components for the digital section were mount ed, were designed on 

transparent plastic sheeting. These layouts were reduced photograp hi cal l, 
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to the correct size, and used to produce the circuit boards using a 

photosensitive etching techn;.que. Each circuit bo.ard plugs into 

a 50-pin socket, mounted in a tray. Connections between sockets 

were made underneath the two trays used, and connections external 

to the trays were made with the sockets mounted at the rear. 

The two trays used are shown in figure 6.6, mounted in a sliding 

rack mount. The control panels, shown also in figure 6.2 and 

6.4, are shown at the front. The power supply regulators ere 

mounted at the rear of each tray. 

Figure 6 . 6 The digital control section. 

The various circuits detailed in appendix 86 were tested 

logically, and corrected and redesigned where necessary. The 

main difficulty encountered during testing was the detection of 

short pulses, especially when several of these occurred in 

quick succession. 
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T~e executive timing control unit works according to the design 

specifications, and has already been used to control the switching 

of ten test channels. 

The data processor was not completely working at the time of 

writing. The "memory signal input" of figure 6.3 worked as 

expected, but the punch timing (board 32) in figure 6.5 hadn't been 

completely checked, although the rest of the circuitry in figure 6.5 

worked. [The original circuit for the punch t iming has been 

completely redesigned to prevent spurious characters being puncred 

occasionally. 1 

When the punch timing board has been checked, the data processor 

can oe linked up to the ten test channels for initial spectral l ine 

and continu um observations . 
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CHAPTER SEVEN 

CONCLUSIONS 

The survey of the properties of interstellar water maser sources 

in chapter one, and the vi abilit y s tudy of t he 22 GHz radiometer 

being buil t at Rho des , have shewn the extreme usefulness of a n 

instrument of this size for making observatio ns from :3o 'Jtr Africa. 

The front end of t re radiomet er described in Chapter two 

(section 2 . 6a), has been 

spectral line modes with 

assembled, a nd tested in the canti'luum and 
c., 

a second 22 GHz ~unn oscillator simul a ting 

a line source. A buffer and ten of the receiver channei s W8re us ed 

successfully during the spectral line mode test. Tt18 Cassegrain 

antenna i s fully assembl ed , and awaits precise alignment ot t he 

feed syst em . The executive unit, as previously ment i o ne c , nas 

been success fully used for testing t he receiver. The da t a 

processor, except fo r the paper tape punch interface Circuit , 

oper ates as planned . It is expect e d that observatians Df sources 

will be made in the near future. 



Appendix A 

A1. General Radio Astronomy Theory 

This section, in which the concepts of "brightness", "spin 

temperature", and "flux density" are defined for radio sources, 

has been included to make the thesis more comprehensible to the 

non specialist. More complete descriptions of these parameters 

appear in Kraus (1968), Kerr (1968), Baars (1970), and Mezger 

( 1972). 

, 
Brightness-. Spin-, and Kinetic-temperature 

The brightness temperature, T
bv

, of a black-body radiator is 

r elated to the surface brightness or specific surface intensity, 

B ,of thi s source . 
v 

In the centimeter-wavelength region, where 

the Rayleigh-Jeans approximation to the Planck black-body law holds, 

the relationship is 

2 2 
= B C /2k V • 

v 
A1 . 1 

TbV can be seen to depend on the frequency of the radiation, v, and 

the values of c, the speed of light, and k, Boltzmann's constant , 

H20 and OH maser sources aren't black-body 

measured effective brightness temperatures 

radiators, and so the 

- exceeding 1013 K-

bear no relation to the kinetic temperatures of these sources . 

The spin temperature or excitation temperature, T , of a 
s 

gas is defined by the Boltzmann equation for a transition between 

two hyperfine SUblevels, 

N = C exp (- hv/kT) . 
s 

A1 . 2 

N is the 'population ratio' of the two hyperfine energy levels 
c.. 

involved in the transition, while ¢ is the ratio of their 



statistical weights, and hv is the energy difference between them. 

~ is thus a measure of the population of the higher level with 

respect to the lower. For most transitions of galactic disc 

gases, the collisional deexcitation rate of the upper level far 

exceeds that of spontaneous deexcitation, and the spin temperature 

is approximately equal to the kinetic temperature. However, OH 

and H20 masing sources will have low spin temperatures due to the 

radiation-dominated population distributions. 

If ~ is the optical depth to infinity along a line of sight, 
\) 

and T is constant along this line of sight, it can be shown that 
s 

for an emitting gas characterised by ~ and T , 
\) s 

, 
T = T (1 - exp (- ~ ) ). 

b\) S \) 
A1.3 

This equation is frequency-dependent. The frequenc ies that must be 

considered in the line emission and absorption are determined by 

the line bandwidth. 

The source flux density S is obtained by integrating the 
\) 

brightness B over the solid angle ~ subtended by the radio \) s 
sourcs, 

The 

P'Tl 
\) 

S = 
\) 

r P (e,~) B (e,~) dSt. J 'Tl\i \) 
.S1.S 

A1.4 

polar coordinates e, and ~, ere referenced to the antenna, and 

(e, ~) is a normalised, frequency-dependent measure of the 

antenna response to radiation from the direction (e, ~). 
-26 -2 -1 unit, f.u., is defined by 1 f.u. = 10 Wm Hz • 

The flux 

The spectral power received by a radiometer is 

W = ~ S 
\) 2 \) 

A1.5 

O"'?t..t't.....r~ 

where Ae is the effective a~et~po area of the antenna. The 

factor of 1/2 takes into account the fact that most antennas 

receive linearly polarised waves. 



Appendi x A2. 

Deri vatio n of Eguation 4.10 

As is shown in figure 4.4, it was assumed that the wei ght of the 

aluminium rods supporting the hYPRrboloid is neglected . The 

hyperboloid exer ts a torque T at t he end of the rod being considered , 

which is fixed at the other end . These conditions are t he bo undary 

condit ions, which are expressed mathemat ically as: 

Ao) = 0 A. 2. 1 

(as the rod is fixed at x = oJ, 

y( 1) = 0 A.2 . 2 

(as the rod is weightless) , 

E!l 
dx = 0 A.2 . 3 

X ::::: 0 

(as the rod is fixed at x = 0 , and is weightless). 

The equations defining the state of the rod are (Pipes 1946): 

= ~ EI = 0 A. 2 . 4 

where W(x) is the wei ght per unit l ength of the rod ( = 0), E is 

Young ' s modulus , a nd I i s the seco nd moment of elasticity of the ro d ; 

Hence by integration, 

= A A.2.5 



where A is constant. But 

dzJ. 
EI ~ 0 

where the vertical shear force F(x) is zero for all x; 

and 

Again, by integration 

But 

iy~ 
2 C, 

dx 

E!l:: ~ Cx + B 
dx 

A.2.6 

A. 2.7 

A.2 .B 

A.2 .9 

and using A.2.3, the angle by which the unfixed end of the rod 

i s tilted can be derived from the slope of this end, 

E!l:: 
dx 

x ~ 1 

which is equation 4.10. 

anticlockwise. 

n 
~ - EI 

A.2 . 10 

The negative sign arises from T being 
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Figure 85.' The six-stage t uned i.f. amplifi er. 

Ael:listors (ohms) Capacitors 
no.~oA ... ·.c-o...cl.!o 

(RaR8 fara as ) 

A, 3,3k C, 1 (ceramic) 

A2 470 C2 100 (tantalum) 

A3 'k C
3 1 (ceramic) 

A4 100 

A5 4,7k Inductor L 1 mHo 

A6 560 

A7 50 Trans istors 

A8 47k T1 5486 

A9 470 T2 3906 

A10 10k Intel:lrated circuit 1 MC 1590 

R 2,2k 

Figure B5.2 Table of component values of buffer. 
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